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Abstract 

 

This thesis presents work carried out on the development of a real-time variable rate 

bitumen spraying system. Sealing roads with bitumen binder and stone chip is used 

to provide a protective, wear resistant layer and waterproof road surfaces. One of the 

predominant causes of road surface failure is flushing, which is the bitumen binder 

bleeding through the aggregate, and is caused by an excess of bitumen binder. The 

build-up of excess bitumen binder replicates itself on successive re-seals, with flushed 

areas bleeding through to the next layer, exacerbating the problem. Different parts of 

the road surface require different bitumen application rates based on the applied 

loading in service, and the amount of flushing present. Using a single bitumen spray 

rate, the seal design is a compromise between an application rate that suits the high 

loading in the wheel paths, with some possible chip loss elsewhere (between and 

outside wheel paths), and an application rate that suits the majority of the road.  

Transverse Variable Spray Rates (TVSR) are varied across a full lane width to apply 

more bitumen binder in between the wheel paths and on the shoulders, and less in 

the wheel paths. The current methods of variable rate spraying typically use a constant 

profile along the length of the road and do not adapt to specific road conditions. Other 

options involve using a road network survey vehicle that collects and stores the 

surface texture using data gathered from a network survey vehicle. The data is then 

fed to a separate vehicle and the spray rate is adjusted according to the data and GPS 

coordinates. This multi-step process leads to a great deal of inaccuracy through the 

use of multiple vehicles and the poor resolution afforded by GPS. The ability to 

measure the road surface texture and vary the spray rate in real-time using a single 

vehicle will greatly improve the accuracy and efficiency of application. The benefits of 

this are two-fold: a reduction in cost through minimising bitumen waste, and producing 

longer lasting reseals. 

  



 

 

A new, simplified, and low-cost method is developed to obtain surface texture 

measurements in real-time that enable further development of a sensing and variable-

rate bitumen spraying system in a single vehicle. 

The aim of this PhD was to develop image processing algorithms and an initial proof-

of-concept prototype for a real-time variable rate bitumen spray system. A number of 

methods for measuring the current road surface texture were investigated. Due to the 

high cost of commercially available systems, and the lack of need for the high rate of 

data collection offered, a custom machine vision system was developed specifically 

for this project. The machine vision system utilises a custom-made laser line generator 

and a commercially available industrial USB 3.0 camera to capture and transfer image 

data to a processing computer. The image data is then processed using novel 

algorithms developed specifically for this project to extract the road surface texture 

information from the images. The output result is a discretised measure of surface 

texture, which is used to calculate an optimum bitumen application rate for the 

measured area.  

A number of trials were conducted in order to test the efficacy and repeatability of the 

measurement system. The results from one trial demonstrated the limits of down-

sampling the spatial resolution in both axes while retaining key features of the road 

surface. This result may later be used for determining a suitable spatial interval that 

matches the bitumen spray nozzle resolution. Dynamic continuous motion in the 

direction of travel was introduced, along with controlled image capture at the intended 

spatial intervals in the direction of travel. A trailer test rig was built for the purpose of 

this study, and was towed by a vehicle along roads identified to have a range of surface 

textures. Large amounts of testing data was collected and post-processed allowing 

comparison with visual inspection. Following on from this, a trial was designed to verify 

repeatability of measurements of the machine vision system. The results showed that 

the machine vision system produced accurate and repeatable measurements. Finally, 

a study was conducted to optimise the filter used in the final surface texture 

measurement algorithm developed during the course of this study. The output results 

for texture measurement were then compared against the current gold-standard 

measurement method – the sand circle test. The output metric monotonically 

increased with the sand circle test, and conformed to expected behaviours.  



Development of a Prototype for a Real-Time Variable Rate Bitumen Spray System 

Additional considerations and future work on the development of the final commercial 

application of a real-time variable rate bitumen sprayer are discussed, including the 

introduction of real bitumen spray nozzles to the system. In this study, LED lights were 

used as a surrogate to bitumen spray nozzles. This addition allowed for the 

investigation of using a micro-controller to output a physical command to a surrogate 

component, allowing for the demonstration of precise synchronisation between 

camera trigger and bitumen binder application events, regardless of changes in 

vehicle speed, without the need for spraying hot, volatile bitumen solution. Finally, 

upscaling the prototype to a full-size apparatus to cover both surface texture 

measurement and spraying of full road lane-widths is discussed. 

The developments of this thesis provide the technical groundwork to proceed with the 

development of economically feasible real-time TVSR for road repair within New 

Zealand and Internationally.
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Glossary 

 

 

The following Glossary of Terms contains nomenclature used throughout this thesis. 

Some of the terms, particularly those describing different levels of road surface at a 

broad level, are considered less than intuitive. However, it has been a focus to keep 

terminology consistent with those commonly referred to within the chip sealing 

industry. For a more in-depth glossary, please refer to the Chipsealing in New Zealand 

manual – Chapter 14 (NZTA, 2005). 

 

ARRB: Australian Road Research Board. 

 

ASPHALT: a natural or manufactured mixture in which bitumen is associated with 

inert mineral matter. 

 

BASECOURSE: one or more layers of material usually constituting the uppermost 

structural element of a pavement and on which the surfacing may be placed. It may 

be composed of fine crushed rock, natural gravel, broken stone, stabilised material, 

asphalt or Portland cement concrete. 

 

BINDER: a general term for a viscous material used to hold solid particles together as 

a coherent mass (e.g. bitumen, clay). In a chipseal, it is the waterproof adhesive 

viscous material that binds to both the existing road surface and the sealing chips of 

the chipseal as a cohesive mass. 
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BINDER RISE: a natural action which occurs during the life of a chipseal that can 

cause flushing and bleeding, where the binder rises up through the aggregate or 

aggregate is pushed down into the binder. 

 

BITUMEN: a viscous liquid or a solid, consisting essentially of hydrocarbons and their 

derivatives, which is soluble in trichloroethylene. It is almost non-volatile and has 

thermoplastic properties, i.e. it softens gradually when heated and hardens when 

cooled. It is black or brown in colour, and has waterproofing and adhesive properties. 

See also RESIDUAL BINDER. 

 

BLEEDING: the extrusion of a bituminous binder onto the road surface, generally in 

hot weather. It is distinguished from FLUSHING, which is a solid smooth surface 

caused by binder rise that may be the end result of Bleeding. 

 

BONEY: a road surface with a great deal of surface texture present, with no signs of 

flushing. 

 

CHIP: crushed aggregate of similar size, used for road surfacing, particularly in 

chipsealing. Sizes range from 4.75 mm to 19 mm. 

 

CHIPSEAL: a wearing course consisting of a layer or layers of uniformly sized 

aggregate or sealing chip, spread over a film of freshly sprayed binder and 

subsequently rolled into place. Called Surface dressing in UK, Sprayed seal in 

Australia. 

 

FLUSHING: see also BINDER RISE, BLEEDING. Loss of Macrotexture (see 

TEXTURE), either through presence of solid binder high up around the sealing chip, 

or chip embedment, or chip loss.  
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FLUSHED SURFACE: a smooth pavement surface caused by the presence of binder 

at the top of the sealed surface.  

 

LONGITUDINAL DIRECTION: the direction of normal vehicle travel. 

 

LATERAL or TRANSVERSE DIRECTION: perpendicular to the direction of travel. 

 

TEXTURE: Irregularities in the pavement surface are classified into three groups by 

their broad dimensions (NZTA, 2014): 

Group Horizontal (mm) Vertical (mm) 

Microtexture 0-0.5 0-0.2 

Macrotexture (Surface Texture) 0.5-50 0.2-10 

Megatexture (Surface Roughness) 50-500 1-50 

 

Microtexture is the fine texture caused by irregularities or asperities on the surfaces 

of each individual chip.  

Macrotexture is the overall texture of the road surface and is given by the spaces in-

between the chips. Macrotexture is often referred to as texture depth or surface 

texture. The relationship between Microtexture and Macrotexture is shown 

schematically below: 

 
 

The relationship of macrotexture and microtexture of a road surface 
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Megatexture or surface roughness is the overall shape of the road’s surface, and is 

usually the result of unwanted defects such as potholes, corrugations, or 

slumping/settling of the road in the wheel tracks.  

 

 

MEAN PROFILE DEPTH (MPD): the measure of texture given by SCRIM+ and Transit 

New Zealand’s STATIONARY LASER PROFILER (SLP). 

 

MEAN TEXTURE DEPTH (MTD): the measurement given by the volumetric patch test 

using glass spheres of 0.15 to 0.3 mm diameter. 

 

SCRIM+: Sideway-force Coefficient Routine Investigation Machine – a road network 

survey vehicle developed by WDM that collects data on range of condition aspects 

including skid resistance, texture, rutting, roughness, and centreline GPS coordinates. 

 

SENSOR MEASURED TEXTURE DEPTH (SMTD): the term used by the ARRB Multi 

Laser Profiler (MLP) to report measures of macrotexture. SMTD is the adopted term 

for the output measured surface texture from the machine vision system developed 

during the course of this study. 

 

SHOVING: lateral displacement of the pavement structure caused by braking, 

accelerating or turning vehicles. 

 

 

 Macrotexture Megatexture 
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1 Introduction 

 

Safe and durable roading is a necessity for all industrialised nations. New Zealand has 

a low population density compared to many industrialised nations and most internal 

freight is undertaken via the roading network. Thus, New Zealand roading demands 

are unique and are very heavily dictated by cost. Due to the low-cost, chipsealed roads 

have become popular in New Zealand, with approximately 60,000km of chipsealed 

road (NZTA, 2005). 

Chip-sealed roads are typically laid by compacting ground including a gravel layer, 

followed by a bitumen binder layer and finally a stone chip is distributed on top to 

provide a high friction, durable and waterproof surface for vehicles. The bitumen binder 

provides a mechanical binding between stone chips, but can become inviscid at high 

temperatures. The rate of application of binder should be designed to rise two-thirds 

of the way up the height of the stone chips, to leave a non-skid, non-glare stone 

surface to take the wear and stress imposed by traffic (NZTA, 2005) 

One of the predominant causes of road surface failure is flushing. Flushing is 

characterised by a smooth, black road surface with little or no surface texture and is 

caused by an excess of bitumen binder. Reduced seal life through premature flushing 

can occur through one of the following mechanisms: 

• Stone chip being forced into a soft substrate 

• Layer instability of a pavement, with build-up of successive seals and excess binder 

• Binder rising because of moisture vapour 

A frequently used remedy for flushing is to re-seal the road with another chip sealed 

layer. A reseal is any chipseal applied to a surface which has previously been sealed. 

A reseal is applied because the existing surface is showing, or is about to show, signs 

of distress. This criteria includes but is not limited to a lack of surface texture 

(macrotexture). 



Development of a Prototype for a Real-Time Variable Rate Bitumen Spray System 

20 

This resealing process can also result in a deleterious condition called: layer instability. 

Layer instability refers to the build-up of multiple chip-seal layers. It is deemed 

particularly deleterious when the combined thickness of chipsealed layers is greater 

than 40mm with an excess of bitumen binder (NZTA, 2005). This build-up of excess 

bitumen binder is of particular interest, as the problem simply replicates itself on 

successive re-seals, with flushed areas bleeding through to the next layer.  

Flushing may occur as the natural end-of-life condition of a well-designed chipseal, or 

from faults in design or construction. In hot weather a flushed surface may soften and 

bleed (Figure 1.1). 

 

Figure 1.1. Road showing a slick, bleeding or flushed surface that has low friction and therefore 
low skid resistance (NZTA, 2005)  
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If flushing is left untreated, the local region of roading will reduce significantly in surface 

friction coefficient and may become geometrically distorted. This flushing process 

results in a reduction of friction between the road surface and vehicles and will lead to 

safety issues such as loss of traction and extended braking distances in the wet. 

Further bitumen binder rise can occur, exacerbating the problem and requiring costly 

repairs. These regions are distinguishable by their particularly smooth surfaces.  

 

 Motivation 

Different parts of the road surface require different bitumen application rates based on 

the applied loading in service. Using a single bitumen spray rate, the seal design has 

to be a compromise between an application rate that suits the majority of the road and 

the high loading in the wheel paths, with some possible chip loss elsewhere (between 

and outside wheel paths). According to Alderson (2006), “It may be impossible to 

design a single binder application rate for flushed wheel path areas and for the highly 

textured non-trafficked areas across a pavement”. However, recent advances in image 

acquisition, computational power and instrumentation mean that localised and roading 

surface specific bitumen spraying may be possible.  

Transverse Variable Spray Rates (TVSR) are varied across a full lane width to apply 

more bitumen binder in between the wheel paths and on the shoulders, and less in 

the wheel paths (Shann, 2008). The method is designed to ensure sufficient binder in 

low-loaded areas and prevent flushing in high loading areas. The current methods of 

variable rate spraying are inaccurate and cumbersome. A road network survey vehicle 

collects and stores the surface texture using High-Speed Data. The data is then fed to 

a separate vehicle and the spray rate is adjusted according to the data and GPS 

coordinates. This multi-step process leads to a great deal of inaccuracy through the 

poor resolution afforded by GPS. It is important to have accurate, spatially 

synchronised data as flushing can be quite localised on the road surface, and the 

general assumption that flushing only occurs within the wheelpaths is inaccurate.   
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The ability to measure the road surface texture and vary the spray rate in real-time 

using a single vehicle will greatly improve the accuracy and efficiency of application. 

The benefits of this are two-fold: a reduction in cost through minimising waste, and 

producing longer lasting reseals. 

The aim of this PhD is to develop image processing algorithms and a proof-of-concept 

prototype for a real-time variable rate bitumen spray system. Surface texture across 

the transverse profile of the road will be measured and discretised, and the spray rates 

of individual nozzles are to be varied in real-time according to the measured texture 

data.  

At present, no such real-time variable rate bitumen sprayer exists, and project partners 

Technix Ltd wish to develop such a system. This project is a joint project with 

University of Canterbury, Technix Ltd, and Callaghan Innovation. 
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 Thesis Outline 

Chapter 2 - Literature Review: A review of the current research and industry practice. 

This chapter outlines the specific motivation and context of the research. 

The following three chapters describe the methods of texture recognition and 

measurement trialled during the course of this study. The methods are presented in 

the order trialled to convey the evolution of the methods, and justifications for the 

particular directions taken in the development of a surface texture measurement 

system suitable for real-time bitumen application. Results and outcomes from each 

method are used to define the subsequent analysis methods. The initial methods 

investigated are relatively simple, with more complex analysis methods investigated 

to resolve specific issues identified with the simpler methods.  

Chapter 3 – Image Thresholding Analysis: An initial investigation into a simple 

method of surface texture recognition. 

Chapter 4 – Laser Scanning: The individual components of a laser line generator for 

the purpose of road surface texture measurement are presented, along with a 

processing algorithm to pull the laser line information from a camera image. 

Chapter 5 – Method Evolution: An assessment of a range of possible novel image 

processing algorithms and their respective strengths and weaknesses. A novel 

method is developed that is simple, robust and computationally inexpensive for 

potential use in a real-time variable rate bitumen spraying application system. 

Chapter 6 – Camera Selection Process: A summary of the trade-offs between 

different industrial camera protocols resulting in the selection of a camera and lens for 

the final prototype. 

Chapter 7 – Trials: The development of image capture systems to obtain a range of 

images to assess and validate the methods developed in Chapter 5. 

Chapter 8 – Integration of the Machine Vision System: Considers the integration 

and synchronisation of the individual systems including the machine vision system, 

the processing computer and the bitumen spray nozzles. 
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Chapter 9 – Recommendations and Future Work: A brief overview of 

considerations for the ongoing development of this project. 

Chapter 10 – Conclusions: A brief summary of the work carried out during the course 

of this study. 

Chapter 11 – References: Citations of current research and industry practice relevant 

to this project. 

Appendix – Additional technical information. 
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2 Literature Review 

 

The following literature review is a summary of prior work performed relevant to the 

project. While High-Speed Data (HSD) acquisition systems utilising laser scanning are 

commercially available, these existing systems come at a substantial cost.  As such, 

new methods of determining and categorising texture depth were considered and 

developed within this thesis. 

 

 Texture Measurement Methods 

Surface texture refers to the macrotexture of the pavement surface, or, the texture of 

the chipseal that can easily be seen with the eye (NZTA, 2005). Choi (2008) presents 

a review of various surface texture measurement methods available at present for seal 

design input. The report covers the laser profile technique, and an image analysis 

technique, as well as additional, more time consuming, manual measurement 

techniques not relevant to this project. Several methods of texture measurement are 

possible and are described in subsequent sections. 

 

 Sand Circle Method 

Sand circle measurements are a manual texture measurement process where a 

known volume of sand is placed on the road surface and flattened into a circle. The 

surface area of the sand is measured, where a small area indicates large surface 

texture with a large interstitial volume. The sand circle methodology is a very labour 

intensive process and has a poor repeatability (Patrick, Cenek, & Owen, 2000). It can 

also be difficult to accurately calculate the surface area of the sand. Hence, while it is 

in an intuitive method for measuring road surface texture, it cannot be easily made 

part of a mechanised process of surface texture imaging.   
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 Laser Texture Measurement 

Figure 2.1 shows the principle of the laser texture measurement technique. A laser 

light is emitted and reflected off solid objects on the road surface (i.e. aggregate chips 

or binder) to a photosensitive receptor. The texture depth is estimated based on the 

scatter of signal sensing positions within the receptor (Choi, 2008). 

 

 

Figure 2.1. Principle of the laser-based contactless sensor for measuring texture depth (Choi, 
2008). 

 

The texture output of the High Speed Data (HSD) obtained from laser scans is the 

Mean Profile Depth (MPD). The principles of MPD measurements are shown below in 

Figure 2.2. The MPD measurement method first fits an average surface height line 

across the entire length of the sample. The measured line is then divided into two 

halves along the length (in the direction of travel). The Mean Profile Depth (MPD) is 

then calculated as the difference in the average value of the maximum peak level in 

each half, and the average level over the full length of the scanned line. This process 

is applied to a single line in the direction of travel. 
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Figure 2.2. How the MPD is calculated from HSD  

 

The Multi Laser Profiler (MLP) is a commercially available surveying unit capable of 

measuring and reporting the macrotexture of the pavement as Sensor Measured 

Texture Depth (SMTD). The texture of the pavement is measured continuously using 

a non-contact laser transducer operating at 16 kHz and recorded and stored every 

7mm (Hallett & Wix, 1996). The data consists of a set of scattered dots caused by 

unevenness of the surface (Figure 2.3). 
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Figure 2.3.  Example of data capturing at 7mm intervals in the direction of travel (Choi, 2008). 

 

The major drawback of this method comes from the use of a single point laser for 

obtaining the texture heights. This aspect results in texture depth data for a single, 

one-dimensional line in the direction of vehicle travel (usually in the wheelpaths only). 

Given the high cost of one of these systems, it is impractical to upscale the number of 

lasers to cover a full lane width to any useful resolution for the implementation of 

variable rate spraying. Such full lane capability is required to enable economically 

feasible TVSR, and thus existing technologies are not suitable. 
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A Digital Laser Profiler (DLP) is an upgraded version of the MLP. The DLP uses high 

speed lasers (≥64 kHz) which are capable of capturing data at 1mm intervals in the 

direction of travel (Figure 2.4). This level of resolution is essential to produce a surface 

profile curve which is required to calculate MPD as presented in Figure 2.2. Current 

methods employed for high speed data collection are very expensive, with a network 

survey vehicle costing approximately NZD$750,000 (Choi, 2008). 

 

Figure 2.4.  Example of data capturing at 1mm intervals in the direction of travel (Choi, 2008). 

 

While a highly accurate three-dimensional surface texture map is required for 

surveying purposes, the sophistication and resolution afforded by such methods is 

deemed unnecessary. The ability to distinguish between a number of discrete levels 

of texture is considered sufficient for real-time variable rate applications. Therefore the 

initial investigation has been focused towards the research of different texture 

recognition methods in order to provide a cost effective solution that provides sufficient 

accuracy for this application. 
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 Texture Measurement Using Digital Image Processing 

Pidwerbesky (2006) analysed various images of road surfaces taken by a standard 

digital camera. The information content of each image was calculated by Fast Fourier 

Transform (FFT), determining the relative change in luminance intensity between 

adjoining pixels in the image. A human eye can distinguish the difference between the 

aggregate and the surrounding bitumen, and it was therefore postulated that the 

surface texture could be discretised by correlating the information content of the image 

to a qualitative measurement. However, this method is limited as aggregate surfaces 

coated in bitumen can still have variable intensity closely mimicking “boney” or course 

surfaces despite having low surface texture. 

 

 Texture Recognition Methods 

This section contains literature on alternative methods of surface texture recognition, 

not currently used for road surveying or resurfacing applications. As the system will 

deliver a varied rate of binder in real-time, knowledge of a change in texture across 

the lane width; rather than a full three-dimensional texture map; may be sufficient. 

 

 Ultrasonic Sensing 

Bozma and Kuc (1994) introduced physical model-based reasoning for interpreting 

sensor data in heterogeneous environments – those consisting of a mixture of 

surfaces with varying degrees of roughness. The analysis was based on the physical 

model of reflection and scattering from surfaces with varying degrees of roughness 

described by Bozma and Kuc (1991). Politis and Probert (1999) extended this work 

using an extension of the Kirchhoff approximation method describing the scattering of 

the acoustic wave on rough surfaces. Smith and Zografos (2005) extended this paper 

to achieve 99.2% classification of five surfaces from individual echoes recorded from 

a moving vehicle with a sensor angled at a 40° inclination from the vertical plane.  
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When they averaged the features over five echoes the classification improved to 

99.5% for a sensor at 40° and 100% for a sensor at 25° inclination from the vertical 

plane. McKerrow and Kristiansen (2006) demonstrated better than 99.73% 

classification of 12 surfaces with a moving sensor. While this shows promising results 

in distinguishing between discrete surfaces, there is little to suggest the ability to 

distinguish between varying levels of texture of the same surface type. Hence, the 

applicability of the ultrasonic method to TVSR may be particularly difficult to 

implement. In particular, the ability to determine and locate variations in macrotexture 

may be poor.  

 

 Spectral Response 

Automated sensor-based sorting is an established technology with applications in 

various processing operations. Wotruba and Harbeck (2010) state that sensor-based 

sorting makes use of the sensing of electromagnetic radiation from a specific part of 

the spectrum. The material to be sorted is excited with radiation at a specific spectral 

range and its transmission, reflectance, or fluorescence is recorded with suitable 

sensors. Sensor types that are used with sensor based sorting include optical, near-

infrared, X-ray transmission and electromagnetic sensors (Dalm, Buxton, van 

Ruitenbeek, & Voncken, 2014). 

While the above mentioned literature describes methods for sorting of ore for mineral 

processing, spectroscopy may allow characterisation of textured surfaces through the 

determination of the volume of binder to chip for a given area. Casselgren, Sjödahl, 

and LeBlanc (2007) studied the angular spectral response from covered asphalt to 

develop a method of classification for different surface conditions. They were able to 

identify four road conditions; dry, wet, icy and snowy asphalt; with a 96-99% rate of 

success. In order for this methodology to provide analysis of local road surfaces, it 

must be capable of distinguishing between stone chip and bitumen. However, such an 

application has not been reported. Furthermore the systems are expensive. Hence, 

the high cost and ambiguous ability to sense regions of distinct variations in 

macrotexture, one must consider it an unlikely candidate for utilisation in a TVSR 

system.  
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 Time of Flight 

The time-of-flight principle is the measure of the time taken for a wave to travel through 

a medium. For distance measurement, pulsed laser light is sent to an object, and a 

portion of that pulse is reflected. Absolute distance to the target is calculated based 

on the time for the pulse to return to a detector. Andersen, Busck, and Heiselberg 

(2006) have developed a laser radar system based on a green pulsed laser triggering 

a picosecond camera. It has a depth accuracy as low as 0.2mm and can therefore 

provide very high accuracy three-dimensional imaging.  

However, the accuracy of such methods varies greatly with cost. The cost of a time of 

flight camera for the performance required to measure surface roughness would be 

highly prohibitive for this application. The robustness (or replicability) of components 

to be used in the roading industry is also a consideration that would mitigate interest 

in time of flight cameras for TVSR.  

 

 Summary of Imaging Techniques 

A summary of the potential options for surface texture measurement or recognition are 

presented in Table 2.1: 

 

Table 2.1. Summary of the potential options for surface texture measurement  

Method Accuracy Speed Cost 

Sand Circle Poor Prohibitive Good 

Laser Good Good Moderate 

Current commercially 
available vehicle-mounted 
laser 

Excessive Good Prohibitive 

Time-of-flight Potentially 
good 

Good Prohibitive for required 
precision 
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A number of existing methods for the assessment or recognition of road surface 

texture were investigated. The majority of these were expensive and overly-complex 

road network survey vehicles, capable of intricate three-dimensional mapping at very 

fine resolutions, and as such, were very expensive. The real-time application of 

bitumen from a single vehicle does not benefit from such resolution. Sub-millimetre 

three-dimensional surface modelling is not necessary when the precision of the 

individual bitumen spray nozzle is the limiting factor. Hence the cost of accuracy is not 

justified.  

Other texture measurement methods include ultrasonic sensing, spectral response 

and time-of-flight. Again, these are either over-specified and expensive methods, or 

they did not appear to meet the requirements of distinguishing different levels of 

macrotexture on the scale of interest for a common surface type. This thesis will 

investigate a method of road surface texture measurement that is both low-cost and 

fit-for-purpose. The method of laser texture measurement is deemed the most 

promising for this application, and therefore is the chosen method for which to continue 

investigation.  

 

 Existing solutions to Variable Rate Bitumen Spraying (VRBS) 

Current common practice in industry does not utilise variable rate spraying. In contrast, 

a consistent rate of bitumen is applied across the road. This can be varied for individual 

runs according to the average surface texture for a given area, but application is 

predominantly consistent in the transverse direction. Hence, application rates are a 

compromise to suit the majority of the road and consideration of smooth, flushed areas 

of the road surface is generally not undertaken.  

Fulton Hogan have developed a system called the Multispray, which applies binder at 

varying rates transversely on the pavement, with less binder sprayed in high trafficable 

areas (Hogan, 2007). The Multispray takes data obtained from a road network survey 

vehicle, and the spray rate is varied with the changes in surface texture according to 

the data’s GPS coordinates. The accuracy is limited by the resolution obtained by 

GPS, and spray rates are limited to a maximum of five discrete spray patterns.  
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The diagram in Figure 2.5 below illustrates the Fulton Hogan Multispray Bar with an 

example spray rate profile. The dark sections on the spray bar indicate high flow jet 

spray where more binder is applied, whilst the light sections indicate low flow jet spray 

where less binder is used. The current industry standard use of triple overlap spray 

nozzles results in a bitumen application rate that can only progressively step up or 

down in increments and more rapid transitions are not possible using this application 

technique. If more rapid transitions are required, a different nozzle design will be 

required. 

 

Figure 2.5.  Fulton Hogan Multispray Bar Variable Mode (Hogan, 2007) 

 

The Fulton Hogan Multispray system requires multiple vehicles, is prolonged and may 

have spatial synchronisation issues. Hence, there remains particular scope to improve 

on the performance and accuracy of the device. 

 

 



2. Literature Review 

 

35 

In contrast to the Multispray approach, enabling surface texture measurements and 

bitumen spraying on the same vehicle has the following advantages: 

 Reduction of error by removing the delay between road surface texture 

measurement and bitumen application 

 

 Reduction of overall system costs as surface texture measurement system only 

need be as accurate as the resolution of the spray nozzles – no need for sub-

millimetre accuracy or highway speed capabilities.  

 

 

 Summary – Literature Review 

Several potential methods surface texture measurement and recognition exist that 

should be investigated for use in road surface texture measurement. These methods 

include volumetric measurement, laser scanning, digital image processing, ultrasonic 

sensing, spectral response, time-of-flight techniques.  

For the reasons outlined within this chapter, image-based methods will be further 

investigated as they have the most promise and will be a focus of the thesis. 
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3 Image Thresholding Analysis 

 

 Overview – Image Thresholding Analysis 

Image thresholding is a simple technique whereby a digital image is discretised into a 

logical binary format. A logical binary image is one where each pixel in an image is 

represented by either a 0 (black), or a 1 (white). An image may be converted into 

logical binary format by replacing each pixel in an image (P(I , J) ) with a black pixel 

provided the pixel luminance; a possible range of values from 0-255; is less than a 

desired fixed constant (Φ), or a white pixel provided the pixel luminance is greater than 

the fixed constant (Figure 3.1). Alternatively, this can be expressed mathematically as: 

if P (I , J) > Φ, P (I , J) = 0, and if P (I , J) < Φ, P (I , J) = 1 

 

 

Figure 3.1.  Conversion of 24-bit RGB image into Binary format with Φ=150  



Development of a Prototype for a Real-Time Variable Rate Bitumen Spray System 

38 

If desired, it is then simple to calculate the percentage of black versus white pixels in 

an image. Image thresholding has many applications, including analysing grain size 

and distribution in metallography (Figure 3.2). 

 

 

Figure 3.2.  Image thresholding technique used on a grainy structure, and evaluation of its 
particle distribution (Münch, 2017) 

  

 

   Particle area,    Particle area cumulated,    Particle perimeter,    Particle perimeter cumulated 



3. Image Thresholding Analysis 

39 

It was hypothesised that an image thresholding technique could be implemented for 

the purpose of road surface texture recognition. By taking an image with normal 

exposure under ambient light conditions, it was thought that the percentage of bitumen 

present on the road’s surface could be determined for a given region of interest. By 

exploiting the difference in light intensity (luminance) between the bitumen binder 

(black) and aggregate chip (grey), it was thought that there would be sufficient contrast 

to successfully distinguish between the two materials. Given that a flushed or fatty 

pavement is the result of an excess of bitumen binder, it was thought that an image 

containing a greater percentage of black pixels could be considered more flushed, and 

one with a greater percentage of white pixels be thought to contain more chip and 

therefore have greater macrotexture. The results could then be discretised according 

to the desired spray rates for the corresponding measured road surface texture 

present. If successful, it would present a method of surface texture recognition at a 

very low cost of both equipment and computational demand.  

 

 Methodology – Image Thresholding Analysis 

Prior to capturing new images for the trial of the Image Thresholding Method, the 

thresholding technique was trialled on a select few images of road surfaces exhibiting 

flushing, sourced from the NZTA “Chipsealing in New Zealand” manual. The 

thresholding method was applied and the black pixels were then coloured red for 

contrast, and overlaid upon the original image, with the idea of enabling visual 

comparison by highlighting the flushed areas of the road’s surface. The original images 

and their resulting post-thresholding images can be seen in Figure 3.3, Figure 3.4, 

Figure 3.5, and Figure 3.6: 
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Figure 3.3.  Image (a) taken from NZTA Chipsealing in New Zealand manual pre and post-
thresholding 

 

  

Figure 3.4.  Image (b) taken from NZTA Chipsealing in New Zealand manual pre and post-
thresholding 
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Figure 3.5.  Image (c) taken from NZTA Chipsealing in New Zealand manual pre and post-
thresholding 

 

  

Figure 3.6.  Image (d) taken from NZTA Chipsealing in New Zealand manual pre and post-
thresholding 

 

This qualitative initial assessment of images sourced from the NZTA “Chipsealing in 

New Zealand” manual showed significant promise. Areas of “flushing” where the 

bitumen has bled through the surface is reasonably well identified by the thresholding 

method. Based upon this initially encouraging qualitative assessment, further 

quantitative assessment was considered.  

  



Development of a Prototype for a Real-Time Variable Rate Bitumen Spray System 

42 

An experimental setup was used to capture images for Image Thresholding Trial 2. 

This set-up utilised a standard digital camera (Sony NEX-5N) on a cantilevered 

horizontal arm, mounted to the top surface of a basic trolley. This setup allowed for 

the manual capture of multiple images of the road’s surface for a number of frames, 

while maintaining a constant distance to object – the distance from the camera’s lens 

to the surface being imaged, in this instance the vertical height between the camera 

and the road’s surface. 

The trolley was moved over the road surface in the direction of vehicle travel, capturing 

images so that the base of the following image was approximately in line with the top 

of the previous, thus representing a continuous strip of images for a set distance in the 

direction of a normal vehicle’s travel. A section of road was selected which transitioned 

from a boney surface with good macrotexture, to an area of near-complete flushing 

with very little texture present.  

The first four images showing the boniest region of macrotexture from Image 

Thresholding Trial 2 are shown in Figure 3.7, Figure 3.8, Figure 3.9, and Figure 3.10. 

In each figure, the original colour image is presented on the left, and the processed 

binary image is shown on the right. Each image was converted to grayscale using the 

built in “rgb2gray” function in Matlab, and then converted to binary using a threshold 

value of Φ = 100.  

The final four images showing the most flushed region of macrotexture from Image 

Thresholding Trial 2 are shown in Figure 3.11, Figure 3.12, Figure 3.13, and Figure 

3.14. These images were processed using the same methods and threshold values 

as the first four images in the trial. 
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Figure 3.7.  Image #1 (DSC01742) – original image and binary image post-thresholding 

 

Figure 3.8.  Image #2 (DSC01743) - original image and binary image post-thresholding 

 

Figure 3.9.  Image #3 (DSC01744) - original image and binary image post-thresholding 

 

Figure 3.10.  Image #4 (DSC01745) - original image and binary image post-thresholding 
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Figure 3.11.  Image #45 (DSC01786) - original image and binary image post-thresholding 

 

Figure 3.12.  Image #46 (DSC01787) - original image and binary image post-thresholding 

 

Figure 3.13.  Image #47 (DSC01788) - original image and binary image post-thresholding 

 

Figure 3.14.  Image #48 (DSC01789) - original image and binary image post-thresholding 
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 Results – Image Thresholding Analysis 

The percentage of resulting black pixels for the first four (most boney) and final four 

(most flushed) images from Image Thresholding Trial 2 are shown in Table 3.1 Images 

were processed using a cut-off threshold of Φ = 100. 

 

Table 3.1. Percentage of resulting black pixels from the first four and final four images of Image 
Thresholding Trial 1 

Image No. Filename Percentage of binary image where P (I , J) = 0 

1 DSC01742 54.9% 

2 DSC01743 65.1% 

3 DSC01744 56.9% 

4 DSC01745 48.9% 

45 DSC01786 54.4% 

46 DSC01787 42.1% 

47 DSC01788 63.0% 

48 DSC01789 60.9% 

 

The resulting percentage of black pixels for all images using a threshold of Φ = 100 

from Image Thresholding Trial 2 are presented in Figure 3.15. As a result of the trial 

progressing from a boney to flushed surface, it was expected that a gradual increase 

in the percentage of black pixels would be seen. However, the results indicate that 

variability across tests is notably larger than any trend observed as the road surface 

changes.  
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Figure 3.15.  Percentage of black pixels present in each image post-threshold 

 

To investigate the influence of the threshold value on the image thresholding method, 

two images of distinctly different macrotextures: boney (Image #1, DSC01742) and 

flushed (Image #44, DSC01785) were analysed across a range of threshold values. 

These two images were selected as despite their obvious disparity in macrotexture by 

visual assessment, the percentage of black pixels was higher in Image #1 than for 

Image #44 for a threshold of Φ=100. The two images were re-processed using a range 

of threshold values from Φ = 0-200 in steps of 10. 

  

 

Boney Flushed 
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To assess the relative percentage of black and white pixels in the images, the 

Percentage Difference is defined by Equation 3.1. 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = (
𝐵 − 𝐹

𝐵
) × 100 3.1  

 

Where, B = the percentage of black pixels in the post-processed image of the Boney 

surface for a given cut-off threshold (Φ) 

F = the percentage of black pixels in the post-processed image of the Flushed surface 

for a given cut-off threshold (Φ)  

 

For example, for Φ=20, B=2.1% and F=0.1%:  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = (
2.1% − 0.1%

2.1%
) × 100 = 95.2% 

 

The results of this analysis are presented in Table 3.2. 
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Table 3.2. Percentage of resulting black pixels for Images #2 and #46 

 
Percentage of binary image where P (I , J) = 0 

 

Threshold (Φ) Image #1 - Boney Image #44 - Flushed % Difference 

0 (all white) - - 
 

10 0.0% - 
 

20 2.1% 0.1% 95.2% 

30 7.9% 0.7% 91.1% 

40 14.4% 2.8% 80.6% 

50 20.7% 7.3% 64.7% 

60 28.2% 13.8% 51.1% 

70 35.9% 21.1% 41.2% 

80 42.7% 28.9% 32.3% 

90 49.3% 37.3% 24.3% 

100 55.7% 46.3% 16.9% 

110 62.3% 55.6% 10.8% 

120 69.4% 64.9% 6.5% 

130 76.9% 73.6% 4.3% 

140 83.7% 81.0% 3.2% 

150 89.1% 86.8% 2.6% 

160 93.0% 91.0% 2.2% 

170 95.8% 93.8% 2.1% 

180 97.7% 95.8% 1.9% 

190 98.8% 97.1% 1.7% 

200 99.5% 98.1% 1.4% 

255 (all black) 100.0% 100.0% 0.0% 
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 Discussion – Image Thresholding Analysis 

The initial images trialled, taken from the NZTA “Chipsealing in New Zealand” manual, 

showed promising results for the image thresholding method. The darker areas of the 

images (above the threshold) were highlighted in red, effectively showing the regions 

of the road that contained flushing. Some of the extremities of the images, particularly 

the grass verge in Figure 3.5 and Figure 3.6, were also highlighted in red. This 

outcome was not considered to be a major concern as the original images were never 

intended for the purpose of image processing or data acquisition, and images used for 

trials specific to this project would focus solely on the road’s surface. Subsequent 

image capture techniques will ensure that trial images will never include the 

surrounding environment. 

For the trial images, all images were initially processed using a cut-off threshold of 

Φ = 100. The cut-off threshold was chosen by visual inspection to produce binary 

images with the most realistic interpretation of a black and white image. The 

percentage of black pixels (where P (I , J) = 0) of each binary image were determined and 

previously presented in Figure 3.15. For this analysis method to be effective, an 

increasing overall trend in the percentage of black pixels for each image in the trial 

was expected as the road surface progressed from a boney macrotexture to one of 

increased flushing with an increase of bitumen binder on the road’s surface and very 

little macrotexture present (Figure 3.16). The red trend line in Figure 3.16 broadly 

represents the behaviour expected if the method was to be effective. However, the 

image-to-image variability significantly outweighs the trend across the image 

sequence.  
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Figure 3.16.  Percentage of black pixels present in each image post-threshold (blue) with the 
broadly expected trend overlaid in red 

 

This result tends to indicate that this simple image thresholding approach is not a 

suitable analysis method. For a number of images there was the expected correlation 

between the number of black pixels present in an image, and an increase in the 

amount of flushing present on the road’s surface for the corresponding area. Image 

#6 (DSC01747) shown in Figure 3.17, resulted in a percentage split of black versus 

white pixels of 45.6% black, 54.4% white. It was visually apparent from the original 

image that the surface in this region contained good surface texture and was relatively 

boney. The percentage of black versus white pixels in the post-thresholding image are 

indicative that there is a high level of stone chip present and therefore a good level of 

texture (Figure 3.17). 
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Figure 3.17.  Image #6 (DSC01747) - original image and binary image post-thresholding 

 

Image #43 (DSC01784) presented in Figure 3.18, resulted in a percentage split of 

black versus white pixels of 68.9% black, 31.1% white. It was visually apparent from 

the original image, particularly in the lower-left region of the image, that the surface in 

this region had a large extent of flushing with very little surface texture. The 

percentages of black versus white pixels in the post-thresholding image are indicative 

that there is a high content of bitumen binder present on the road’s surface therefore 

a low level of macrotexture (Figure 3.18). 

 

  

Figure 3.18.  Image #43 (DSC01784) - original image and binary image post-thresholding 
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However, it can be seen from the results presented in Table 3.1 and the plot in Figure 

3.15 there is little to suggest a correlation between the number of black pixels in an 

image and the level of flushing present on the road’s surface. It is worth noting that 

the number of black pixels present in image #44 were far less than that present in 

image #1, despite the latter region exhibiting a great deal of flushing and being almost 

completely smooth to the touch. This result is contrary to the expected results. 

Image #44 (DSC01785) resulted in a percentage split of black versus white pixels of 

42.1% black, 57.9% white – the lowest percentage of black pixels in the image set. It 

was visually apparent from the original image that the surface in this region contained 

very little surface texture and was almost completely flushed with little or no 

macrotexture. However, there is a higher percentage of white pixels in the post-

thresholding image, suggesting a high level of stone chip and therefore good 

macrotexture of a boney surface (Figure 3.19).  

 

  

Figure 3.19.  Image #44 (DSC01785) - original image and binary image post-thresholding 
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The two contrasting images (Images #1 and #44) were then compared against one 

another in a further study to see if the chosen cut-off threshold for the initial 

investigation (Φ=100) was the cause of the false readings. The two images were 

processed for cut-off thresholds in the range 0<Φ<200, with Φ=0 resulting in a 100% 

white post-thresholding image, and Φ=200 in an almost completely black post-

thresholding image (For example, for Φ=20, B=2.1% and F=0.1%): 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = (
2.1% − 0.1%

2.1%
) × 100 = 95.2% 

 

It can be seen in Table 3.2 that for all values of Φ apart from Φ=200, the boney region 

from image #1 still results in a higher number of black pixels than that of the flushed 

region from image #44. The cut-off threshold Φ=200 results in very little difference 

between the percentage of black pixels for the boney and flushed surfaces.  
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A higher percentage difference between the two images of contrasting macrotextures 

was desired in order to provide the broadest range of possible outcomes for the 

discretisation of surface textures. Table 3.2 shows the percentage difference in the 

number of black pixels present between the two contrasting images as defined by 

Equation 3.1, showing that the greatest difference between the two images occurs for 

low cut-off threshold (Φ) values, with the percentage difference decreasing as the cut-

off threshold (Φ) increases, reaching 0% at Φ=255 where both images are 100% 

black. Cut-off threshold values between Φ=20 and Φ=40 result in the greatest 

percentage difference of black pixels present: between 95.2% for Φ=20 and 80.3% for 

Φ=40. With a cut-off threshold constant of Φ<40, nearly all pixels in the post-processed 

image are turned white. This results in the greatest percentage difference between the 

two surfaces, as shown in Figure 3.20 and Figure 3.21. 

 

  

Figure 3.20.  Image #1 (DSC01742) with cut-off threshold of Φ=20 

 

  

Figure 3.21.  Image #44 (DSC01785) with cut-off threshold of Φ=20  
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The number of resulting white pixels dominates the binary image to the extent that it 

removes the majority of visual detail from the images of both the boney and flushed 

surfaces. With cut-off threshold constants of Φ>40, the percentage difference between 

the two surfaces decreases as the images become increasingly “all black”.   

The method appears to fall down where aged or UV-damaged bitumen was present, 

such is the case for the region in image #46. This aged bitumen binder has a higher 

light intensity (luminance) than the stone chip, resulting in false readings once 

discretised into black and white. In these areas, the bitumen binder appears cracked 

and crazed, and much lighter in appearance to that of bitumen applied more recently. 

Additionally, lightly flushed areas where the bitumen binder had completely covered a 

stone chip and was completely smooth to the touch, would appear light grey in the 

original image and hence be mis-categorised as stone chip. While there may have 

been work arounds for these visual methods, it was thought to be too susceptible to 

influence of real-world factors such as specific lighting and a different, more robust, 

solution was sought.  
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 Summary – Image Thresholding Analysis 

It was hypothesised that a simple image thresholding technique could be implemented 

for the purposes of road texture recognition. By taking an image with normal exposure 

under normal ambient light conditions, it was thought that the percentage of bitumen 

present on the road’s surface could be determined for a given region of interest. In 

order to investigate the feasibility of the technique an experimental set up was used to 

capture images of the road’s surface.  

A section of road was selected which transitioned from a boney surface with good 

macrotexture, to an area of near-complete flushing with very little texture present. 

Sample images were processed using the thresholding technique to give an indicative 

value of road texture. The results did not show a correlation between the number of 

black pixels in an image and the level of flushing present on the road’s surface and 

the variability across the tests is notably larger than any trend observed as the road 

surface changes.  

Simple image thresholding techniques worked well for staged artificial images with 

carefully controlled conditions. However, this method failed in realistic conditions due 

to variations in light intensity and the varying colours between new and aged bitumen. 

It was deemed that this method could not be used to provide reliable identification of 

surface texture. 

These results suggest that this simple image thresholding approach is not a suitable 

analysis method. While there may have been work arounds or modifications to this 

technique for these visual methods, it was thought to be too susceptible to the 

influence of real-world factors such as specific lighting. Therefore, a different, more 

robust solution was sought. 
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4 Laser Scanning 

 

Laser scanning to obtain texture depth measurements was investigated as a way to 

address the issues associated with the Image Thresholding Method (Section 3.1) the 

ambient light reflected from the road’s surface, exploiting the difference in luminance 

of the different materials present.   

The method was deemed too susceptible to real-world factors, in particular, aged 

bitumen binder appearing much lighter in colour than the stone chip. It is possible that 

potential modifications such as controlled artificial lighting may have improved this 

method. However, the approach did not seem robust enough to justify further 

investigation. 

In order to move away from the dependency of ambient light, a number of laser 

scanning options were considered. Commercial dedicated laser scanning systems 

capable of high-speed data capture were deemed excessive, as the resolution 

afforded by the high rate of capture was not necessary for a real-time bitumen delivery 

system, governed by a maximum vehicle speed of a bitumen spreading operation 

(~7kmh-1 or ~2ms-1) and the minimum area of road surface of which bitumen 

application from a single spray nozzle is practical.  

This chapter covers the individual elements of a laser-based machine vision system 

for surface texture measurement. A physical prototype was developed to project a 

laser line along the transverse profile of the road surface. The laser line is distorted by 

undulations in the road surface resulting from texture. This distorted line is captured 

by an industrial digital camera.  
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 Laser Line Generator 

The machine vision system utilises a laser line generator to project a thin line of light 

along the transverse direction of a road lane. The laser line is distorted by undulations 

in the road surface, and thus follows the profile of the macrotexture when viewed from 

side-on. An image of the distorted line is taken with an industrial digital camera at a 

45° inclination to the road surface, and the resulting data is processed by a novel 

algorithm, developed during the course of this study, to obtain values for texture 

measurement. Figure 4.1 shows a graphical representation of this method of image 

acquisition with a projected light source, known as structured light. 

 

 
Figure 4.1. A graphical representation of a structured light scanning system  
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 Laser Line Generator Components 

The laser line generator consists of the following individual components: A power 

source, laser diode, collimator lens, and a line generator lens (Figure 4.2). All 

individual components were manufactured and supplied by Roithner Lasertechnik, 

apart from the laser driver which was built at the University of Canterbury. 

 

 

Figure 4.2.  Schematic showing the individual components of the laser line generator 

 

The laser driver was designed and built by Mr. Julian Phillips - one of the technicians 

at the University of Canterbury. The laser driver is based around a constant current 

source formed by U1, U2 and the current sense resistor R3. The reference voltage for 

the current source is derived from the diodes D1, D2 and the potentiometer VR1. A 

schematic for the laser driver is shown below in Figure 4.3.  

 

 

Figure 4.3.  Schematic for the laser driver built at the University of Canterbury  
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The laser diode emits a high-density beam of coherent light at a single wavelength. 

The laser diode used in the laser line generator was the LD-450-1600MG – a 1600mW 

blue laser diode operating at 450nm wavelength (see Appendix A – Data Sheets for 

laser line generator components). This diode was selected for its high power output 

allowing the laser line to remain detectable by the camera sensor at the high shutter 

speeds required to reduce visual blurring of the line at the desired vehicle speeds. At 

the proposed vehicle speed of 2ms-1 (7.2kmh-1), a shutter speed of 1/5000s (0.2ms) 

is required to ensure the distance the projected laser line moves in the direction of 

travel is kept below 0.4mm to reduce blurring of the line during exposure. The high 

shutter speed results in a very short exposure for the camera’s sensor to gather light, 

and as such requires a very powerful and bright laser diode. 

The light emitted from the laser diode is divergent, so a collimator lens is required to 

align the motion of light waves into a single direction (Figure 4.4). – the required input 

for the line generator lens (Powell, 1987). The GS-8020B collimator lens was selected 

due to an anti-reflective (AR) coating suitable for blue laser diodes (see Appendix A – 

Data Sheets for laser line generator components). 

 

 

Figure 4.4.  Divergent light from the laser diode is collimated using a collimator lens 

 Collimator Lens 

LASER Diode 
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The final component in the line generator assembly is the line generator lens itself. A 

Powell lens was used to produce a thin, uniform, diverging laser line from the incident 

collimated light. A standard cylindrical lens forms a line with an uneven distribution of 

light, representing a Gaussian distribution in shape. The Powell lens features a 

complex aspheric curve that evenly distributes the optical power along the line, 

decreasing the light intensity in the central portion of the line while increasing the light 

intensity at either end (Powell, 1987). This redistribution results in uniform illumination 

along the majority of the length of the projected laser line (Figure 4.5). 

 

 

Figure 4.5.  Line produced by a standard cylindrical lens (left) and a Powell lens (right).  

 

A Powell lens optimised for the 450nm wavelength emitted by the blue laser diode was 

not a standard off-the-shelf item, and so a custom made Powell lens was 

manufactured by Roithner Lasertechnik (see Appendix A – Data Sheets for laser line 

generator components). When selecting the Powell lens, two parameters must be 

considered:  

 

 The dispersion index for the wavelength of light 

 The beam diameter of the laser diode  

 

 
 

Standard Cylindrical Lens Powell Lens 
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These two parameters influence how the Powell lens is burnished, and if chosen 

correctly, result in an almost perfectly sharp line of very uniform intensity distribution. 

The dispersion index for light of 450nm wavelength is higher than for longer 

wavelengths like 532nm (green), or to a greater extent, 650nm (red). The Powell 

lenses may be optimised for a 1mm, 3mm or a 5mm input beam diameter. The input 

beam diameter is dependent upon the orientation of the laser diode and the resulting 

divergence angles. 

The orientation and dimensions of the incident laser beam determine the thickness of 

the projected laser line. A collimated laser diode features an elliptical beam cross-

section, and so a thin or thick line may be generated by re-orientating the incident 

collimated beam (Powell, 1987). When the incident beam’s major axis is perpendicular 

to the apex of the Powell Lens (the wide incident beam orientation), a thin line with a 

small depth of focus is generated. When the incident laser beam’s major axis is parallel 

to the apex of the Powell lens (the narrow incident beam orientation), a thicker laser 

line with a large depth of focus is generated (Figure 4.6). 

 

 

Figure 4.6.  Example of a wide (left) and narrow (right) incident beam 
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The LD-450-1600MG laser diode selected and used in the experimental set-up, emits 

divergent 7° x 23° beam (Figure 4.7): 

 

 

Figure 4.7.  Laser Diode Beam Divergence Angles (not to scale) 

 

The GS-8020B Collimator lens has a focal length of f = 8mm; the ideal distance 

between the laser diode and collimator lens; and results in the relationships, shown in 

Figure 4.8: 

  

Wide incident beam orientation: 𝜃 = 23° Narrow incident beam orientation: 𝜃 = 7° 

 
 

 
 

LASER diode 
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Figure 4.8.  Geometric relationships for the laser diode and collimator lens 

 

These relationships can be expressed mathematically, shown in Equation 4.1: 

Φ = 2 × 𝑓 × tan (
𝜃𝑖

2
) 4.1 

Where:  

𝑓 = Focal length of the collimator lens 

𝜃𝑖 = Divergence angle of the laser diode 

Φ = Incident beam diameter for the Powell lens  
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To select the appropriate incident beam diameter to optimise the Powell lens during 

manufacture, Table 4.1 shows the resulting focal lengths for the two incident beam 

orientations (narrow and wide), and the three possible incident beam diameters (1mm, 

3mm and 5mm): 

 

Table 4.1. Resulting focal lengths for varying input parameters 

   Incident beam diameter 
   1mm 3mm 5mm 

Divergence Angle 
23° 2.46 7.37 12.29 

7° 8.17 24.52 40.87 

 

The best matches for the optimal focal length of 8mm of the GS-8020B collimator lens 

are: 

 The wide incident beam orientation such that the laser diode divergence angle 

of 23° is used for line generation and optimising the Powell lens for an incident 

beam diameter of 3mm, resulting in a focal length of 7.37mm.  

 Or, the narrow incident beam orientation such that the laser diode divergence 

angle of 7° is used for line generation and optimising the Powell lens for an 

incident beam diameter of 1mm, resulting in a focal length of 8.17mm. 
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While the focal length of 8.17mm is closer to the optimal focal length of 8mm for the 

GS-8020B Collimator lens, the resulting thicker beam from the narrow incident beam 

orientation was considered undesirable. The custom Powell lens was therefore 

optimised for 3mm incident beam diameter, allowing the use of the wide incident beam 

orientation (23°) providing the thin laser line required, and a focal length close to the 

optimum focal length of the GS-8020B collimator lens. The data sheets for the selected 

laser diode, collimator lens and Powell lens are shown in Appendix A – Data Sheets 

for laser line generator components. 
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 Optimising Camera to Laser Angle 

Structured light scanning is based on the principle of triangulation, whereby the 

location of an object is derived by the angles and distance of this object with respect 

to the light source and camera’s sensor. Occlusions can result when features of the 

illuminated object are hidden from the view of the camera’s sensor, or when the light 

source cannot illuminate the features of the object (Figure 4.9). It is also possible to 

have areas of an object which are subjected to both light-source occlusions and 

camera occlusions. These possible occlusions are shown in Figure 4.9. 

 

 

Figure 4.9.  The occlusion of the light source and/or camera, depicted with a 45° light-source-to-
camera angle  

 

Occlusions can be reduced by using multiple cameras for a single source of light. 

However, for this application it was deemed sufficient to optimise the camera to light 

source angle to maximise height resolution and minimise occlusions.  
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Figure 4.10 presents the relationship between the light-source to camera angle and 

the resulting image resolution. It can be seen from the plot in Figure 4.10 that a light 

source to camera angle of 90º provides the maximum percentage resolution. However, 

this 90º orientation results in the greatest number of occlusions and is only suitable for 

near-planar surfaces. An angle of 30º between the light source and camera results in 

approximately 50% of the maximum resolution. Increasing the angle significantly 

increases the effect of occlusion with a decrease in resolution. An angle of 45º 

between the camera and laser light source was chosen as a compromise between 

percentage of maximum resolution and reducing occlusions in the cases of larger chip 

sizes. The term “Resolution” presented in the y-axis of Figure 4.10 refers to the height 

percentage of the object of interest able to be captured by the camera, unobscured by 

occlusions. 

 

Figure 4.10.  The effect of the light source to camera angle (θ) on resolution.(Boriero, 2014) 
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 Frame and Rail Test Rig 

A test rig was constructed using a steel frame supporting a 2 meter long linear rail with 

a high-precision ball-bearing carriage. A digital camera and laser line generator were 

mounted to the carriage, allowing for multiple images of a 2 meter stretch of road to 

be taken in a short period of time without the need for moving the test rig frame, while 

maintaining a constant distance-to-object. The images were initially saved to disk and 

post-processed back in the laboratory, and later, images were processed in real-time 

as they were captured.   

 

 

Figure 4.11.  Frame and Rail Test Rig  
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 Methodology – Laser Scanning  

The laser line generator was used to project a thin continuous line of light at a known 

wavelength along the transverse direction of a road lane, perpendicular to the direction 

of travel. The laser line is distorted by undulations in the road surface, and thus follows 

the profile of the macrotexture when viewed from side-on (Figure 4.12).  

 

 

 

Figure 4.12.  Laser line projected perpendicular to the direction of travel (shown here on gravel 
surface to exaggerate the distortions) 
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The laser line generator remains illuminated for the entire duration of laser scanning, 

so that the laser line is always visible on the road’s surface. For the initial trial, an 

image of the distorted line was captured with a standard digital camera at a 45° incline 

to the road surface. This method of image acquisition is known as structured light. 

For the initial development of the texture recognition algorithms, the image data was 

transferred manually from the memory card of the camera to the hard drive of the 

processing computer, prior to computation – with development of “real-time” 

processing and synchronisation systems considered as subsequent work, to be 

undertaken once the analysis algorithm was developed. The image data was then 

processed by an algorithm to obtain height information of the distortions. 

Images were captured in 8-bit monochrome, resulting in a black and white image with 

each pixel remaining on the spectrum of 256 shades of luminance. A logical binary 

(black and white) image is then created by thresholding, resulting in a white line 

showing the distortion of the laser line (Figure 4.13). This step removes all luminance 

from each pixel, resulting in an nxm matrix with only zeros (black) or ones (white). This 

step allows for the distinction of laser light data from the remainder of the image, further 

simplifying image processing.  

 



Development of a Prototype for a Real-Time Variable Rate Bitumen Spray System 

72 

 

Figure 4.13.  Binary image showing the profile of macrotexture 
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The coordinates of the white pixels in each column were located and recorded. The 

median value of all non-zero entries in each resulting column vector was taken as the 

y-coordinate for a single pixel-width line that follows the macrotexture profile. The 

median pixel was chosen as it is less susceptible to outliers. For columns where no 

white pixel exists, a value of zero was assigned. The result of this process is plotted 

in red in Figure 4.14 below. The missing data (no white pixel identified in that column) 

results from image occlusions where a stone chip in the foreground obscures the laser 

line, and was discussed previously in Section 4.3 - Optimising Camera to Laser Angle. 

These zero values pose a major issue to subsequent image processing and must be 

addressed. 

 

 

Figure 4.14.  Median values of the macrotexture profile (shown in red), with columns containing 
zero-values marked with a vertical red line  



Development of a Prototype for a Real-Time Variable Rate Bitumen Spray System 

74 

The location of the columns containing zero-values were recorded, where the laser 

line has failed to be detected by the camera sensor due to occlusions from objects in 

the foreground of the image. Linear interpolation was used to make an approximation 

to the macrotexture profile line for regions of missing data, resulting in the contiguous 

line shown in green (Figure 4.15). The contiguous line is plotted in a thicker line weight 

for clarity of viewing, but its recorded location is still only a single pixel in thickness.  

 

 

 

Figure 4.15.  Contiguous line showing the macrotexture profile (shown in green) 
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 Shrouding 

It was noted that obtaining a clear and distinct line was more easily achieved when the 

image was initially underexposed, and that shrouding the camera from ambient light 

may be required for more consistent results during trials. 

Shrouding of the ambient light was used to provide greater contrast between the laser 

line and the surrounding area. If the area to be scanned was unshrouded, the 

thresholding process would often remove unwanted ambient light in shady conditions. 

However, direct sunlight entering area of road surface being scanned results in non-

deterministic images, where the luminance of the surrounding area cannot be 

distinguished from the laser line. For all prototypes used in the feasibility study, 

blackout curtain material was used to provide the shrouding of ambient light due to the 

low cost and ease of purchase (Figure 4.16). 

 

 

Figure 4.16.  Frame and rail test rig with blackout curtain material 
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It is thought that a more robust solution for road-going vehicles would be a nylon or 

vinyl based bristles or strips, which could be stacked to a depth to provide satisfactory 

exclusion of ambient light. The use of a heavier more rigid material would also reduce 

the tendency for the shrouding to be pushed aside by wind or vehicle speed, and 

provide greater resistance to abrasion from the road’s surface.  

Another potential solution to ambient light pollution would be to use a camera with a 

colour sensor, and a narrow-band pass filter on the lens. If a narrow-band pass filter 

was chosen correctly to only allow the specific wavelength of light of the laser diode 

through (in the case of this prototype, 450nm), only the laser light would reach the 

camera’s sensor and ambient light would be excluded from the image. Scattering of 

the laser light on the surrounding road surface would still remain present, but this 

would still be addressed by the thresholding process. This option may be a preferable 

and more robust alternative to shrouding ambient light, and could be investigated 

further in future development of this project. 
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 Summary – Laser Scanning 

This section has introduced the application of laser line generation and structured light 

to obtain macrotexture measurement of road surfaces. The technical specifications of 

the hardware components required to capture images of the distorted laser line on the 

road’s surface are described. 

Background information and underlying optical principles were introduced for the laser 

line generator. A Powell lens was selected over a conventional cylindrical lens for the 

laser line generator to provide a more even intensity across the entire laser line width, 

to provide more even distribution across the image and improve the robustness of 

subsequent image processing algorithms. A camera inclination angle of 45° to the 

vertical plane was selected as a trade-off between resolution of surface texture and 

minimising image and lighting occlusions within the image. 

Aspects of the processing algorithm, such as thresholding and interpolation to correct 

for image occlusions are introduced. Preliminary test results demonstrated that the 

distorted laser line can be identified in photographic images and information of its 

shape extracted from the images.  

The next step involves the ability to analyse information about the distorted laser line 

to determine useful texture information. 
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5 Method Evolution 

 

 Overview – Row Occurrence Method 

The Row Occurrence Method uses the same structured light approach for obtaining 

images of a distorted laser line as described in Section 4.5 - Laser Scanning, but with 

a different method of post-processing the images.  

The Row Occurrence Method looks for the distribution of laser light pixels within the 

rows of each image, i.e.: the number of pixels containing light that appear on a given 

row. The method determines the level of texture by comparing values to those of a 

discretised database. So long as the distance to object and camera settings remain 

constant between trials, no prior information about the distance to object or camera 

settings are required for calibration. The focus is on relative variability in pixel height 

between images. 

The Row Occurrence Method considers the frequency at which laser light pixels 

appear in each row of the image. For the theoretical case of a perfectly flat one-

dimensional line, 100% of the pixels containing laser light would occur on the same 

row, and 0% would occur on all other rows (Figure 5.1).  

A theoretical road surface with a perfectly even distribution of a medium level of 

macrotexture would exhibit a sinusoidal distribution of laser light pixels with a relatively 

low amplitude and high frequency (Figure 5.2), resulting in an even distribution of laser 

light pixels over a greater number of rows when compared against the perfectly flat 

line example (Figure 5.1).   

A theoretical road surface with the maximum macrotexture to be measured would also 

exhibit an even sinusoidal distribution. However, this distribution will have a relatively 

large amplitude and a low frequency when compared with the medium level of 

macrotexture example (Figure 5.3).  
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As with the case of the medium level of macrotexture, this surface profile would result 

in an even distribution of laser light pixels. However, they would likely occur over a 

larger number of rows due to the increase in amplitude exhibited by the higher level of 

macrotexture present. Consequently, the rate of occurrence of laser light pixels for 

these rows would be lower than that of the medium macrotexture case, as the same 

number of pixels in the x-direction (the number of columns) are now distributed over a 

greater number of rows than with the medium macrotexture case (Figure 5.3).  
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Figure 5.1.  Schematic showing theoretical distribution of laser light in terms of Row Occurrence 
for a smooth surface 

 

 

Figure 5.2.  Schematic showing theoretical distribution of Row Occurrence for a medium-
textured surface 

 

 

Figure 5.3.  Schematic showing theoretical distribution of Row Occurrence for a heavily-textured 
surface 
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 Methodology – Row Occurrence Method 

The Row Occurrence Method uses the same structured light approach for obtaining 

images of a distorted laser line as described in Section 4.5 - Laser Scanning. An image 

of a distorted laser line that was captured for both a smooth and boney road surface, 

underwent the same image processing techniques of colour segmentation into a 16-

bit greyscale image, and then thresholding into a logical binary image giving the results 

shown below in Figure 5.4 and Figure 5.5. The location of the laser line data (the non-

zero elements of the matrix) were found and stored in the same manner as the Laser 

Scanning Method.   

 

 

Figure 5.4.  Post-processed image of a smooth flushed surface with little or no surface texture 
present 

 

 

Figure 5.5.  Post-processed image of a boney surface with a large extent of surface texture 
present 

 

The Row Occurrence Method algorithm then differs, by performing an array search for 

the row which contains the greatest number of non-zero entries. Because the laser 

line has thickness and is not a true one-dimensional line, the median value of the rows 

containing non-zero entries (laser light data) is taken as the single row-entry for each 

column. The median value was rounded up in the case of a non-integer outcome. This 

median line replaces the original laser line image with a new matrix - one with a single-

pixel thick line that follows the same path as the original distorted laser line. Images 

showing all identified non-zero pixels and the corresponding median line are presented 

in Figure 5.6 and Figure 5.7.  
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Figure 5.6.  Plot showing the original non-zero entries for a smooth surface (blue) and the single-
pixel thick replacement overlaid (green). The lower image is an enlarged view of a subsection of 
the upper image. 
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Figure 5.7.  Plot showing the original non-zero entries for a boney surface (blue) and the single-
pixel thick replacement overlaid (green).  
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In both figures, the top image is the processed version of the original source image, 

and the lower image is a close-up showing an area to that approximately represented 

by the red-dashed area. In both figures, the blue dots represent all pixels above the 

conversion threshold, and the green line shows the median-value pixel for each 

column of the image. It should be noted that the scale of the y-axis for the lower image 

is different for both Figure 5.6 and Figure 5.7, with the smooth surface shown in the 

lower plot of Figure 5.6 being shown over just 40 pixels in the y-direction, compared 

with over 150 pixels in the y-direction for the lower plot of Figure 5.7. 

Finally, the data was arranged in decreasing order, by ranking the rows containing the 

greatest number of occurrences of laser light, to those containing the least. The 

specific location of each row is not important, only the number of non-zero entries in 

each row over the entire width of the image. This Row Occurrence Method is intended 

to capture the distribution of light pixels and provide an indication of surface texture. 
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 Results – Row Occurrence Method 

The median value of the rows containing non-zero entries in the original image, are 

taken as the single row-entry for each column (Table 5.1). 

 

Table 5.1. The rows containing non-zero entries (laser light data) for the first ten columns of the 
boney image, highlighted in blue. The median value (rounded up where necessary) for each 
column is highlighted in green 

Column 1 2 3 4 5 6 7 8 9 10 

R
o

w
 

1525 1539 1539 1539 1539 1539 1539 1539 1525 1525 

1526 1540 1540 1540 1540 1540 1540 1540 1526 1526 

1539 1541 1541 1541 1541 1541 1541 1541 1539 1539 

1540 1542 1542 1542 1542 1542 1542 1542 1540 1540 

1541 1543 1543 1543 1543 1543 1543 1543 1541 1541 

1542 1544 1544 1544 1544 1544 1544 1544 1542 1542 

1543 1545 1545 1545 1545 1545 1545 1545 1543 1543 

1544 1546 1546 1546  1546 1546 1546 1544 1544 

1545        1545 1545 

1546        1546 1546 

1547        1547 1547 

 

The Row Occurrence Method algorithm arranges the rows from those containing the 

greatest number of non-zero entries over the entire width of the image, to those 

containing the least. Ranking the rows in decreasing order of occurrences allows for 

the rate of decrease in occurrences to be observed, and surfaces with different levels 

of macrotexture can then be compared. The Row Occurrence Method also provides a 

degree of location invariance in the y-direction of the image. The exact position of the 

line (in the y-direction) within the image will not influence the rate of change of the row 

occurrence, with this rate of decay being the metric considered. 

The number of non-zero entries for the ten most populated rows are shown for both 

surfaces in Table 5.2. The specific location of the row containing the greatest number 

of non-zero entries is shown alongside the most populated row for each surface, and 

is highlighted in red. The specific row number on which the maximum occurs is less 

important than the distribution. As shown schematically in Figure 5.1, Figure 5.2, and 
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Figure 5.3, a rapid decrease in occurrences would be expected for a flushed surface 

and a more gradual reduction is expected for a boney surface with more macrotexture.  

This behaviour is shown in Table 5.2 where the number of occurrences of the boney 

surface starts lower, but falls away slower than the flushed surface. 

 

Table 5.2. The number of non-zero entries for the ten most populated rows for both boney and 
flushed surfaces 

 Number of Occurrences  
Row Number Boney Flushed Row Number 

1543 142 1559 1668 

 110 1008  

 108 835  

 105 486  

 95 266  

 89 94  

 85 49  

 82 35  

 80 12  

 79 5  
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The specific location of the row containing the greatest number of non-zero entries 

(red) is overlaid upon the matrix containing the original distorted laser line data (blue), 

the single-pixel (median) representation of the distorted laser line (green), for both 

flushed (Figure 5.8) and boney surfaces (Figure 5.9) is presented below. 

 

 

Figure 5.8.  Plot of the smooth flushed surface showing the original laser data (blue), the single-
pixel (median) representation (green), and the row containing the greatest number of non-zero 
entries (red). The lower plot has been exaggerated in the y-direction for clarity (axes are 
substantially off-square). 
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Figure 5.9.  Plot of the boney surface showing the original laser data (blue), the single-pixel 
representation (green), and the row containing the greatest number of non-zero entries (red). 
The lower plot has been exaggerated in the y-direction for clarity (axes are substantially off-
square). 
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The number of non-zero entries for the 100 most populated rows for both boney and 

flushed surfaces were plotted in descending order (Figure 5.10), to allow comparison 

between the distribution for the two different surfaces. This plot allows clear visual 

representation of the results previously presented in Table 5.2, and fits the expected 

trends presented in Figure 5.1, Figure 5.2, and Figure 5.3. This result tends to indicate 

that the row occurrence method may have some potential as a simple yet effective 

processing algorithm.  

 

 

Figure 5.10.  Distribution of occurrences of laser light in a particular row, for the 100 rows with 
the greatest number of non-zero occurrences 

  

0

200

400

600

800

1000

1200

1400

1600

1800

1 4 7

1
0

1
3

1
6

1
9

2
2

2
5

2
8

3
1

3
4

3
7

4
0

4
3

4
6

4
9

5
2

5
5

5
8

6
1

6
4

6
7

7
0

7
3

7
6

7
9

8
2

8
5

8
8

9
1

9
4

9
7

1
0

0

N
u

m
b

e
r 

o
f 

O
cc

u
rr

e
n

ce
s

Ranking of Occurrences

Distribution of occurrences of laser light in a particular row

Boney Flushed



Development of a Prototype for a Real-Time Variable Rate Bitumen Spray System 

90 

 Discussion – Row Occurrence Method 

Comparing the original images of the smooth flushed surface in Figure 5.4 and that of 

the boney surface in Figure 5.5, it is clear to see that the boney surface will not have 

as many entries in a single row as that of the flushed surface. 

The flushed surface resulted in 1559 occurrences of non-zero entries (laser light data) 

in the most populated row. The boney surface had just 142 occurrences of non-zero 

entries in the most populated row. This information alone describes a difference in 

texture, as the smooth flushed surface has a far greater number of pixels containing 

laser light data in a single row than that of a textured, boney surface. There is both a 

higher occurrence in a single row and a much more rapid decline in occurrence for the 

flushed surface. 

A more in depth method can be obtained by observing the difference in distribution of 

occurrences between the two surfaces, by ranking the rows containing the greatest 

number of occurrences of laser light in descending order (Table 5.2, Figure 5.10). The 

plot in Figure 5.10 shows that for the smooth flushed surface, the initial gradient is very 

steep; indicating a large percentage of the laser light data is contained within just a 

few rows. This trend is to be expected from a smooth surface, with little variation in the 

amplitude of the laser light distortions.  

The opposite trend is observable for the boney textured surface, where there is only a 

slight gradient. This result implies that the laser light is more evenly distributed 

amongst a greater number of rows, suggesting a sinusoidal-like distribution, as 

expected of a textured surface. The number of occurrences of laser light data for the 

rows containing the greatest number of occurrences, (the most populated five or six 

rows) is also far less than those of the smooth flushed surface, as the same number 

of pixels in both cases are distributed amongst a greater number of rows in the case 

of the boney surface. 
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The Row Occurrence Method was very successful at discretising surfaces textures for 

these initial staged experiments with carefully controlled conditions. However, on real-

world road surfaces which exhibit variations in the surface roughness or megatexture, 

the method falls down.  

For the simple case of a perfectly smooth road surface with a constant incline across 

the entire image width, as could be expected in between the wheel path of a vehicle, 

the laser data would appear to be spread evenly amongst a greater number of rows 

versus a road surface with the same level of macrotexture on a perfectly flat road 

(Figure 5.11).  

This scenario would appear mis-discretised as a higher level of macrotexture than that 

being imaged (Table 5.3, Figure 5.12). In Figure 5.11, an inclined, flushed surface with 

relatively low macrotexture appears to have a row occurrence distribution similar to 

the boney surface, due to the incline of the surface. Table 5.3 shows a very different 

result for a similar surface, with and without the incline.  

 

 

Figure 5.11.  Plot of the smooth flushed surface (exaggerated in the y-direction) on an incline  
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Table 5.3. The number of non-zero entries for the ten most populated rows for the same smooth 
flushed surface, for both flat and inclined cases. 

Number of Occurrences 

Flushed, flat Flushed, inclined 

1559 132 

1008 132 

835 130 

486 130 

266 125 

94 115 

49 115 

35 114 

12 114 

5 110 

 

 

Figure 5.12.  Distribution of occurrences of laser light in a particular row, for the 100 rows with 
the greatest number of non-zero occurrences. The smooth flushed surface on an incline (green) 
has a near-identical gradient profile as the boney surface. 
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This most simple case could be circumvented with the addition of a transformation 

matrix, allowing for the shear transform/rotation of a reference coordinate frame about 

some angle of the original image. The second more complex but equally likely scenario 

of low-frequency variations of surface roughness within a single image frame would 

also result in mis-discretisation. Here, a perfectly smooth road surface with a second 

or higher order polynomial trend to the surface roughness would again be mis-

discretised as having a higher level of macrotexture than potentially present, as shown 

in Figure 5.13. While the shear transform/image rotation mentioned above may correct 

for these effects, such a transformation will not solve the errors introduced by 

excessive surface roughness of the road surface, such as that shown in Figure 5.13. 

  

 

Figure 5.13.  A low-level of surface texture over a region with a relatively large variation in 
surface roughness 

 

It was apparent that with the introduction of variations in surface roughness, the overall 

shape of the road must be taken into account to increase the robustness of the texture 

measurement system. Therefore, it was considered that the row occurrence method 

was not robust to these real-world effects, and a more robust imaging processing 

method is required. A revised method must be insensitive to both inclines of the road 

surface and uneven road surfaces resulting from foundation settlement and slumping 

in the wheel tracks. 
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 Summary – Row Occurrence Method 

The Row Occurrence Method looks for the distribution of laser light pixels within the 

rows of each image, and determines the level of texture by comparing values to those 

of a discretised database. The Row Occurrence Method was very successful for 

discretising surface textures for staged experiments with controlled conditions.  

However, on real-world road surfaces which exhibit variations in surface roughness or 

megatexture, the method fails. An inclined, flushed surface with relatively low 

macrotexture appears to have a row occurrence distribution similar to that of a boney 

surface, and would appear mis-discretised due to the incline of the surface. The 

introduction of variations in surface roughness must be taken into account to increase 

the robustness of the texture measurement algorithm.  
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 Overview – Residuals Method with Polynomial Fit 

The Residuals Method uses the same structured light approach for obtaining images 

of a distorted laser line as described in Section 4.5 - Laser Scanning, and that used 

by the Row Occurrence Method (Section 5.1), but with a new image processing 

method. 

The Residuals Method algorithm fits an overall trend line – a line of best fit – to the 

distorted profile of the laser line, and then calculates how far the distortions are from 

the trend line. The Residuals Method is an evolution of the Row Occurrence Method, 

in that it addresses the issues created by cases where the road surface is tilted through 

an angle, or where variations in the overall trend of the surface (surface roughness) 

are present, such as slumping in wheel paths or other localised rises/dips within the 

surface.  

A simplified version of the Residuals Method approach to road surface texture 

measurement was investigated by the Australian Road Research Board (ARRB) from 

1993 (Hallett & Wix, 1996) as reported in Section 2.1.2 - Laser Texture Measurement. 

ARRB used the method of calculating the residuals to measure road surface 

macrotexture in a one-dimensional line in the direction of travel (Figure 5.14, Figure 

5.15, and Figure 5.16). In this ARRB method, a second-order polynomial trend line is 

fitted to the data using quadratic least squares regressions. The residuals, or 

deviations, from this line of best fit are then used to generate an indication of surface 

texture. 
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Figure 5.14 shows a text extract from Hallett and Wix (1996), describing how the ARRB 

Multi Laser Profiler (MLP) measures and calculates macrotexture in a one-dimensional 

path in the direction of vehicle travel. 

 

Figure 5.14.  Text extract from Hallett and Wix (1996) describing the original one-dimensional 
residuals method  
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Figure 5.15 shows a schematic representation of the data capturing at 7mm intervals 

in the direction of vehicle travel (Choi, 2008) 

 

Figure 5.15.  Example of data capturing at 7mm intervals in the direction of travel (Choi, 2008) 

 

A second-order polynomial is then fitted to the collected data, and the output measure 

of macrotexture – Sensor Measured Texture Depth (SMTD) is calculated but the 

summation of the residuals – the difference in height between the second-order 

polynomial and the data points collected by the non-contact sensor (Figure 5.16, 

(Choi, 2008)). 
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Figure 5.16.  Illustration of the application of the original one-dimensional residuals method 
(Choi, 2008). 

 

The major drawback of the multi-laser profileometer (MLP) comes from the use of a 

single point laser transducer for obtaining the texture heights. This aspect results in 

texture depth data for a single, one-dimensional line in the direction of vehicle travel 

(usually in the wheelpaths only).  

Directly upscaling the MLP method by using additional laser transducers to map the 

macrotexture of the road’s surface in sufficient detail for real-time variable rate 

spraying was deemed uneconomical. However, by using the laser line generator to 

project a continuous laser line along the transverse direction of the road’s surface, 

perpendicular to the direction of travel (as described in Section 4.5 - Laser Scanning) 

– the core principle of this method could be utilised in a way that allows for a single 

image to provide a two-dimensional slice along the transverse direction of a road lane. 

By taking multiple images as the vehicle progresses, complex three-dimensional 

mapping of the surface texture at a resolution suitable for real-time variable rate 

bitumen spraying is possible. 

  

 
 
 

Direction of Travel 
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The Residuals Method uses the difference in heights (in the vertical (y) axis of the 

image) of the projected laser line and the line of best fit, to describe the level of 

macrotexture present for a given discretised width of road. The Residuals Method uses 

the same terminology as the ARRB multi-profilometer to describe the level of texture 

measured by the machine vision system: Sensor Measured Texture Depth or SMTD. 

The greater the level of texture present, the greater the SMTD value. For the 

theoretical case of a perfectly flat line, the projected laser line and the line of best fit 

would lie one on top of the other. The residual count would be zero, and thus a “zero 

result” for SMTD would be measured. 

For an idealised road surface with a medium level of macrotexture exhibiting a purely 

sinusoidal distribution of laser light pixels with a relatively low amplitude and high 

frequency, the line of best fit would be a horizontal line through the centre of the 

amplitude, with 50% of the data above the line of best fit and 50% below the line of 

best fit. The residuals measure is taken as the difference in height between the line of 

best fit and the distorted laser line, measured in pixels, for each column of the image. 

The absolute value is used to account for data appearing both above and below the 

line of best fit.  

An idealised road surface with the maximum macrotexture to be measured would also 

exhibit a purely sinusoidal distribution, however one with a relatively large amplitude 

and a low frequency when compared with the medium level of macrotexture example. 

As with the medium level of macrotexture, the line of best fit would be a horizontal line 

through the centre of the amplitude, with 50% of the data above the line and 50% 

below. However, the residuals measure would be larger than that of the medium case, 

due to the increase in amplitude and period.  

As with the Row Occurrence Method, no prior information about the distance to object 

or camera settings are required for calibration. While information about the cameras 

settings or the distance to object (the distance between the camera lens and the road’s 

surface) are not required, it should be noted that by changing the distance to object, 

the field of view of the camera will change, resulting in a differing number of pixels 

between objects of interest. This change in turn would alter the final outcome: sensor 

measured texture depth (SMTD).   
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The  results for SMTD for a surface with a distance to object of 500mm could not be 

compared with those with a distance to object of 750mm, as all other things remaining 

equal the latter case would result in lower measures of SMTD. However, the results 

of each test under the same operating conditions would remain valid in both cases. 

Therefore, for any given fixed values of distance-to-object and camera parameters, 

relative texture measurement can be obtained. 

 

 Methodology – Residuals Method with Polynomial Fit 

The Residuals Method with Polynomial Fit uses the same structured light approach 

for obtaining images of a distorted laser line as described in Section 4.5 – Laser 

Scanning. The post-processed images of a distorted laser line for both a smooth and 

boney surface are shown below in Figure 5.17 and Figure 5.18, respectively.  
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Figure 5.17.  Plot showing the original non-zero entries for a smooth surface (blue) and the 
single-pixel thick replacement overlaid (green).  
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Figure 5.18.  Plot showing the original non-zero entries for a boney surface (blue) and the single-
pixel thick replacement overlaid (green).  
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The Residuals Method algorithm then fits a second-order polynomial (shown in red) to 

the median-pixel of the distorted profile of the laser line (shown in green). The 

coefficients of the polynomial are taken as those that minimise the least-squares-error 

to the coordinates of the replacement single-pixel line (shown in green), shown in 

Figure 5.19 and Figure 5.20. 

 

 

Figure 5.19.  Plot of the smooth flushed surface showing the original laser data (blue), the single-
pixel representation (green), and the second-order polynomial line of best fit (red). The plot has 
been exaggerated in the y-direction for clarity 
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Figure 5.20.  Plot of the boney surface showing the original laser data (blue), the single-pixel 
representation (green), and the second-order polynomial line of best fit (red). The lower plot has 
been exaggerated in the y-direction for clarity. 

 

The Residuals Method algorithm calculates the absolute value of the difference in 

number of vertical pixels for each column, between the second-order polynomial 

(Polynomial) and the single-pixel thick line that represents the median laser line data 

(Median_line), and is shown in Equation 5.1: 

∑|𝑀𝑒𝑑𝑖𝑎𝑛_𝑙𝑖𝑛𝑒 − (𝑟 − 𝑃𝑜𝑙𝑦𝑛𝑜𝑚𝑖𝑎𝑙)|

𝑐

𝑖=1

 5.1 

Where 𝑟 = the number of rows in the image (the number of vertical pixels), and 𝑐 = 

the number of columns (the number of horizontal pixels). The equation uses “𝑟 −

𝑃𝑜𝑙𝑦𝑛𝑜𝑚𝑖𝑎𝑙” to account for the difference between the standard convention for image 

pixels (1: 𝑛 from the top down) and a matrix (1: 𝑛 from the bottom up). 
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This residual vector can then be summated and normalised for any given image width, 

or the image may be broken into any number of discretised strips of a desired width, 

by dividing Equation 5.1 by the desired number of pixels in the x-direction (Equation 

5.2). 

∑ |
𝑀𝑒𝑑𝑖𝑎𝑛_𝑙𝑖𝑛𝑒 − (𝑟 − 𝑃𝑜𝑙𝑦𝑛𝑜𝑚𝑖𝑎𝑙)

𝑑𝑐
|

𝑑𝑐

𝑖=1

 5.2 

Where 𝑑𝑐 = the number of pixels in the desired strip width. 

 

To provide a detailed example of the calculation process, the plot in Figure 5.21 and 

Table 5.4 show the calculation of residuals and resulting SMTD value between 

columns 310 and 320 of the boney surface shown in Figure 5.18. 

 

 

Figure 5.21.  Illustration of the residuals for a select width of a laser line perpendicular to the 
direction of travel 
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Table 5.4. Calculation of SMTD for the select image width shown in Figure 5.21 

Column Row 𝑹𝒆𝒔𝒊𝒅𝒖𝒂𝒍 |𝑹𝒆𝒔𝒊𝒅𝒖𝒂𝒍| ∑ |𝑹𝒆𝒔𝒊𝒅𝒖𝒂𝒍|

𝟑𝟐𝟎

𝒊=𝟑𝟏𝟎

 𝑺𝑴𝑻𝑫 = ∑
|𝑹𝒆𝒔𝒊𝒅𝒖𝒂𝒍|

(𝟑𝟐𝟎 − 𝟑𝟏𝟎)

𝟑𝟐𝟎

𝒊=𝟑𝟏𝟎

 

310 1744.5 -0.5 0.5 

4 0.40 

311 1745 0 0 

312 1746 1 1 

313 1745 0 0 

314 1744.5 -0.5 0.5 

315 1744.5 -0.5 0.5 

316 1744.5 -0.5 0.5 

317 1745 0 0 

318 1745 0 0 

319 1745.5 0.5 0.5 

320 1745.5 0.5 0.5 

 

Where 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = (𝑀𝑒𝑑𝑖𝑎𝑛_𝑙𝑖𝑛𝑒 − (𝑟 − 𝑃𝑜𝑙𝑦𝑛𝑜𝑚𝑖𝑎𝑙)) 

 

The Residuals Method Trial was conducted in order to test the algorithm with images 

of a number of different surfaces. 106 images were taken over 5 test sites around the 

University of Canterbury. Surface texture was imaged under normal ambient light 

conditions for later reference (Figure 5.22, Figure 5.23, Figure 5.24, Figure 5.25, and 

Figure 5.26), and an estimation of the texture depth was undertaken by visual 

assessment. The first two tests were carried out outside the Engineering and Physical 

Sciences Library at the University of Canterbury. Both surfaces were constructed of 

rounded stones within a concrete base, representing an “exposed aggregate” 

pathway.  
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Test Site 1 had an estimated texture depth (ETD) of 2-3mm, where the Test Site 2 had 

an ETD of 1-2mm. Both surfaces had evenly distributed texture with little visual signs 

of wear (Figure 5.22, Figure 5.23). 

  

  

Figure 5.22.  Test site 1 with an ETD of 2-3mm 
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Figure 5.23.  Test site 2 with an ETD of 1-2mm 
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Test Sites 3 and 4 were carried out on Montana Avenue, Ilam. Test site 3 was carried 

out on a relatively flushed patch of chip seal, with an ETD of between 1-3mm (Figure 

5.24) – a greater texture variation than the exposed aggregate concrete surfaces of 

Test Sites 1 and 2. Test Site 4 was on a more boney patch of chipseal road, with an 

ETD of 3-4mm as shown in (Figure 5.25). 

 

 

  

Figure 5.24.  Test site 3 with an ETD of 1-3mm 
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Figure 5.25.  Test site 4 with an ETD of 3-4mm 
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Test Site 5 was carried out on Barlow Street, Ilam. The surface texture here was very boney, 

but also exhibited the greatest level of texture variation with an ETD of 5-7mm (Figure 5.26). 

 

 

  

Figure 5.26.  Test site 5 with an ETD of 5-7mm 
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 Results – Residuals Method with Polynomial Fit 

The images from the five test sites were saved to disk and post-processed in the 

laboratory. The images were processed using the Residuals Method with Polynomial 

Fit and the residuals were summated for the entire image width, and then normalised 

by dividing through by the number of columns (the number of pixels in the x-direction). 

This process resulted in a single value for the average surface texture for a single 

image. Care was taken to select test sites with as little surface texture variation across 

the field of view as possible during this initial study. The summation of residuals along 

the transverse profile of each line gives an indication of surface texture – the higher 

the value, the further the data deviates away from the base line and therefore the 

greater the surface texture present (Figure 5.27). 

 

 

Figure 5.27.  Plot showing the results of the Residuals Method Trial 
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Figure 5.27 shows the progression of the measured macrotexture of the scanned 

surfaces from the five different test sites. The test sites which showed the least 

variation in macrotexture by visual inspection (Test Sites 1 and 2) show the least 

variation in SMTD values. Test Site 1 had a range of SMTD values of 0.99 from 1.64-

2.63. Test Site 2 had the least variation with a range of SMTD values of 0.68 from 

1.24-1.92.  

Test Site 3 exhibited a great deal of flushing. However, the larger chip size used in the 

construction of Test Site 3 resulted in greater variations in surface texture, particularly 

where the aggregate chip had not been completely submerged in bitumen binder 

(Figure 5.24), However, as a result of the flushing, Test Site 3 had the least variation 

of the chipseal road surfaces, with a range of SMTD values of 1.51 from 1.61-3.12. 

Test Site 4 had a range of SMTD values of 2.65, from 2.24-4.89 when ignoring the 

obvious outlier. Test Site 5 had a similar range of SMTD values to that of Test Site 4 

of 2.60, but on a larger degree of macrotexture from 5.21-7.81. The greater variation 

of SMTD values from Test Sites 4 and 5 compared with the first three test sites is as 

expected from the more random nature of a chipsealed road with good macrotexture 

that is unaffected by flushing. 

 

 Discussion – Residuals Method with Polynomial Fit 

The initial trial to assess the Residual Method showed clear discretisation of different 

surface textures under static conditions, with overlap of SMTD for some images with 

the surfaces from Test Sites 1, 2 and 3. This overlap is to be expected with these 

surfaces as there was little difference in macrotexture between these surfaces and the 

variation within a single surface is similar to the observed difference between surfaces. 

The images were assessed and discretised for an average value of SMTD over the 

entire image width.  

  



Development of a Prototype for a Real-Time Variable Rate Bitumen Spray System 

114 

The Residuals Method with Polynomial Fit was successful at removing small variations 

in overall surface roughness, for example gentle convex or concavity to the overall 

surface, or an incline in one direction. The smooth flushed surface from (Figure 5.6) 

was artificially rotated 0.7° anti-clockwise about the z-axis (out of the page) in order to 

replicate a surface with identical macrotexture, but one with a constant incline across 

the entire image width (Figure 5.28).  

 

 

Figure 5.28.  Image from Figure 5.17, artificially rotated 0.7° anti-clockwise about the z-axis to 
assess the robustness of the Residuals Method to surface inclines 

 

The second-order polynomial follows the transformed laser line shown in Figure 5.28, 

and the resulting SMTD value is very similar to that of the original laser line for the flat, 

smooth surface shown in Figure 5.17 (Table 5.5). This result shows the Residuals 

Method’s ability to follow an inclined surface. 
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Table 5.5. SMTD values showing the Residuals Method's ability to follow inclined surface 

Surface SMTD 

Smooth-Flat (Figure 5.17) 0.613 

Smooth-Inclined (Figure 5.28) 0.579 

Boney (Figure 5.18) 18.6 

 

While this Residual Method with Polynomial Fit was seen to be more robust to inclined 

surfaces than the Row Occurrence Method, the second-order polynomial failed to take 

in to account localised fluctuations in surface roughness, resulting in 

uncharacteristically high values for texture depth. This local fluctuation is responsible 

for the outlier from the trial conducted at Test Site 4, Image Number 14 (Figure 5.29). 

 

 

Figure 5.29.  Results from the trial carried out on 25/09/2014 using a single 2nd order polynomial 
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The surface texture for this image was much the same as any of the others in Test 4, 

and a similar SMTD was expected. However, there was a greater degree of variation 

in surface roughness - a localised raised region in the middle of the image (Figure 

5.30). 

 

 

Figure 5.30.  Post-processed image of laser line showing localised variation in surface 
roughness 

 

Figure 5.31 shows the same laser light data (shown in blue) as in Figure 5.30, with the 

addition of the median line for this data (shown in green) and second-order polynomial 

for the full data set (shown in red). 

 

Figure 5.31.  Second-Order Polynomial fitted to the entire data set 

 

The second-order polynomial fails to follow the localised variation in surface 

roughness, when fitted to the entire data set. As the surface texture is calculated as 

the difference between the median line (green) and the polynomial (red), this 

divergence results in uncharacteristically high values for texture depth. This result 

shows that, although the Residuals Method is more robust than the Row Occurrence 

Method to inclined surfaces, significant weaknesses still exist. The Residuals Method 

requires further modification to increase robustness and reduce the influence of 

localised surface features, such as those shown in Figure 5.30 and Figure 5.31. 
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 Summary – Residuals Method with Polynomial Fit 

The Residuals Method with Polynomial Fit uses the structured light approach as 

described in Section 4.5 – Laser Scanning, but with a new image processing algorithm. 

The Residuals Method with Polynomial Fit algorithm fits a second-order polynomial 

trend line to the distorted profile of the laser line, and calculates how far the distortions 

are from the trend line.  

The initial trials to assess the Residuals Method with Polynomial Fit showed clear 

discretisation of different surface textures under static conditions, and was successful 

in removing broad variations in surface roughness. While this Residuals Method with 

Polynomial Fit was more robust to inclined surfaces than the Row Occurrence Method, 

it failed to take into account localised fluctuations in surface roughness, resulting in 

uncharacteristically high values for texture depth for these areas. As such, 

development of the algorithm is required in order to further increase the robustness of 

macrotexture measurement for a broader range of fluctuations in surface roughness. 
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 Overview – Residuals Method with Spline Fit 

The Residuals Method with Spline Fit aims to address the issues associated with the 

Residuals Method with Polynomial Fit, in particular, the inability for the polynomial to 

follow localised variations in surface roughness (Section 5.2 - Residuals Method with 

Polynomial Fit, Figure 5.30).  

A more complex level of surface roughness variation is shown in Figure 5.32. This 

figure shows a boney surface with a large amount of surface roughness. Figure 5.32 

shows the inability for the polynomial to follow the overall shape of the surface, 

resulting in an uncharacteristically high measure of SMTD. In such cases, the SMTD 

should only capture the macrotexture, and not the surface roughness associated with 

the road foundation. 

 

 

Figure 5.32.  Second-order polynomial fitted to the entire data set of a boney surface with large 
amount of surface roughness 
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The Residuals Method with Spline Fit follows the same initial steps as the Residuals 

Method with Polynomial Fit, as described in Section 5.2 - Residuals Method with 

Polynomial Fit. The Residuals Method with Spline Fit then uses a second-order spline 

to fit to the laser line data to account for the surface roughness (the lower frequency 

undulations in the road’s surface), and the residuals of the data are calculated (Figure 

5.33). 

 

  

Figure 5.33.  Second-order spline fitted to the entire data set of a boney surface with large 
amount of surface roughness  
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 Methodology – Residuals Method with Spline Fit 

The Residuals Method with Spline Fit uses the same structured light approach for 

obtaining images of a distorted laser line as described in Section 5.2 - Residuals 

Method with Polynomial Fit. The single-pixel representation of the laser line data is 

analogous to a sensor’s output signal. The median line (the single-pixel line that 

represents the measured image data) can therefore be treated as such, and common 

signal processing techniques can be implemented.  

A second-order Butterworth filter with a fractional cut-off frequency (expressed as a 

fraction of the Nyquist frequency) is used to approximate a “line of best fit” – a filtered 

contiguous line that follows the overall shape of the road (the surface roughness). The 

Nyquist frequency typically refers to a value that is equal to half the sample frequency 

for time-variable data. It is important to note that the measured laser line is in spatial 

co-ordinates and that there is no “Nyquist frequency” as such in this application. 

However, the same trends exist for filtering and as such this technique can be applied.  

A very low value of the fractional cut-off frequency (expressed as a fraction of the 

nominal frequency) will result the removal of most surface features. A very high value 

(fractional cut-off frequency approaching 1.0) will follow the original line without any 

filtering of the data. The intention of the process is that the filtered line will follow the 

broad shape of the road, following the megatexture and any incline, but not tracing the 

individual chip profile (macrotexture).  
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If the fractional cut-off frequency is set too low, the filtered contiguous line (red) fails 

to follow the overall shape of the road’s surface and will introduce the same problems 

associated with the Residuals Method with Polynomial Fit – uncharacteristically high 

measures of SMTD. Figure 5.34 shows a second-order filter with a fractional cut-off 

frequency of 0.001 applied to a boney road surface with a large amount of surface 

roughness. The filtered contiguous line (shown in red) fails to follow the overall shape 

of the road’s surface, resulting in erroneously high measures of SMTD. 

 

 

Figure 5.34.  Second-order spline with a fractional cut-off frequency of 0.001 
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With the fractional cut-off frequency set too high, there is little or no filtering – the 

“filtered” contiguous line (red) follows the median line (green) too closely and removes 

the necessary detail to calculate surface texture. Figure 5.35 shows a second-order 

filter with a fractional cut-off frequency of 1 applied to a boney road surface with a large 

amount of surface roughness. The filtered contiguous line (shown in red) follows the 

contours of the road’s surface too closely, tracing the individual chips of aggregate, 

resulting in a zero-result for SMTD. 

 

 

Figure 5.35.  Second-order spline with a fractional cut-off frequency of 1 
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The goal is to provide a fractional cut-off frequency such that localised surface 

roughness has minimal influence over the macrotexture measurement, without 

removing the detail required to measure macrotexture. Figure 5.36 shows a second-

order filter with a fractional cut-off frequency of 0.2 applied to a boney road surface 

with a large amount of surface roughness. The filtered contiguous line (shown in red) 

follows the overall shape of the road’s surface but does not trace the individual chips 

of aggregate. An additional study was conducted to determine an optimal fractional 

cut-off frequency or range of frequencies for the Butterworth filter (see Section 7.4 - 

Butterworth Filter Cut-off Frequency Selection, for details), and assess the sensitivity 

of the final SMTD value to the choice of filter order and fractional cut-off frequency. 

 

 

Figure 5.36.  Second-order spline with a fractional cut-off frequency of 0.2 
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The Matlab “filtfilt” function is used; with the coefficients of the Butterworth filter and 

the one-dimensional interpolated values from the “interp1” function as inputs; to 

provide zero-phase forward and reverse digital infinite impulse response (IIR) filtering. 

The result of this filtering is an array of length x (the width of the image in pixels), 

containing y-values of a line that approximates the shape of the road perpendicular to 

the direction of travel, capturing fluctuations in the road foundations, but excluding the 

macrotexture. 

As with the Residuals Method with Polynomial Fit, the measure of texture is still 

defined as the residuals: the absolute difference in height of the filtered contiguous 

line (Figure 5.36, red), minus the median line (Figure 5.36, green) - the line that 

represents the measured image data - for every pixel in the transverse direction. The 

residuals may be summated and normalised for any desired resolution in the 

transverse direction, resulting in a texture value for every n millimetres perpendicular 

to the direction of travel.  

 

 Results – Residuals Method with Spline Fit 

The image of a boney surface with a large amount of surface roughness from Figure 

5.32 was processed using both the Residuals Method with Polynomial Fit, and the 

Residuals Method with Spline Fit (Table 5.6). There is a significant difference in the 

SMTD value for this image, when using the two different algorithms.  

 

Table 5.6. SMTD results for the image in (Figure 5.32), processed using Polynomial Fit and Spline 
Fit methods 

Method SMTD 

Polynomial Fit 12.235 

Spline Fit 3.698 
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The images from the trial carried out for the Residuals Method with Polynomial Fit 

were re-processed using the Residuals Method with Spline Fit. The results from the 

original trial are presented again for reference in Figure 5.37, and the re-processed 

results using the Spline Fit Method are shown in Figure 5.38.   

 

 

Figure 5.37.  SMTD results for Polynomial Fit 

 

 

Figure 5.38.  SMTD results for Spline Fit  
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 Discussion – Residuals Method with Spline Fit 

The image of a boney surface with a large amount of surface roughness from Figure 

5.32 was processed using both the Residuals Method with Polynomial Fit and the 

Residuals Method with Spline Fit. The plots in Figure 5.33 show how the second-order 

polynomial fails to follow the overall shape of the road’s surface, resulting in an 

uncharacteristically high value of SMTD of 12.235 over the entire image width. When 

using the Spline Fit Method with a fractional cut-off frequency of 0.2, the filtered 

contiguous line – the line of best fit – follows the shape of the road very accurately 

without removing the details of the stone chip (Figure 5.34), resulting in an SMTD of 

3.698 over the entire image width – similar to the SMTD results from the other images 

from Test Site 4. 

The images from the initial trial at the reference sites were re-processed for the 

Residuals Method with Spline Fit. Figure 5.37 and Figure 5.38 show the difference in 

resulting SMTD from the two methods of line fit. The resulting values of SMTD for the 

Spine Fit Method show less variation between images for a given test site, especially 

for Test Site 4 and Test Site 5.  
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The values of SMTD are also lower overall, again particularly in the cases of the 

images from Test Site’s 4 and 5. This is due to the ability of the filtered contiguous line 

to better follow the variations in surface roughness, especially in the cases of localised 

variations as seen in Image #14, Test Site 4 (Section 5.2 - Residuals Method with 

Polynomial Fit, Figure 5.30). The different surfaces still exhibit a clear discretisation 

between the different surface textures under static conditions, with overlap of SMTD 

for some images with different surfaces as expected (Figure 5.38). 

The Residuals Method with Spline Fit was successful at removing all variations in 

surface roughness encountered in the initial trial. However, it was noted that trial and 

error was used to determine a suitable fractional cut-off frequency for the Butterworth 

filter in the processing algorithm. An additional study was subsequently conducted to 

determine an optimal fractional cut-off frequency or range of frequencies for the 

Butterworth filter using a much larger set of images (see Section 7.4 - Butterworth 

Filter Cut-off Frequency Selection, for details). 

Furthermore, it was now deemed possible to implement motion in the intended 

direction of travel. The speed and resolution in the direction of travel is dependent 

upon the frame rate of the camera. The image width can also now be divided up into 

the desired spatial resolution in the transverse direction. 

  



Development of a Prototype for a Real-Time Variable Rate Bitumen Spray System 

128 

 Summary – Residuals Method with Spline Fit 

The Residuals Method with Spline Fit addresses the issues associated with the 

Residuals Method with Polynomial Fit, in particular, the inability for the polynomial to 

follow localised variations in surface roughness. The Residuals Method with Spline Fit 

uses the structured light approach as described in Section 4.5 – Laser Scanning.  

The laser line data is analogous to a sensors’ output signal, and common signal 

processing techniques were implemented. The filtered line follows the broad shape of 

the road, following the megatexture and any incline, but not tracing the individual chip 

profile (macrotexture). The images from the trial carried out for the Residuals Method 

with Polynomial Fit were re-processed using the Residuals Method with Spline Fit. The 

results showed that the Residuals Method with Spline Fit was successful at removing 

all variations in surface roughness encountered in the initial trial. This image 

processing algorithm showed the best robustness to surface fluctuations and was 

deemed the most appropriate method to perform further feasibility trials. 
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 Chapter Summary – Method Evolution 

In this chapter, details of the novel methods of road surface texture measurement have 

been presented. Three different image processing algorithms to pull laser light 

information from an image were presented, with differing levels of complexity, 

accuracy and robustness. Methods investigated included a Row Occurrence Method 

and two Residuals Methods. The Row Occurrence Method showed initial promise, but 

failed to accurately and robustly differentiate between boney and flushed surfaces 

when the surface was inclined. While inclined surfaces could be resolved through a 

shear transform of the image, surface roughness on the road surface from slumping 

or shoving of the surface will produce inaccurate and misleading results, deeming this 

method unsuitable. 

A Residuals Method was investigated, whereby a line of best fit to the median pixel of 

the projected laser line was obtained and residuals to this line were calculated. A 

simple polynomial fit showed some initial promise, and was insensitive to inclined 

surfaces. However, this method again failed when megatexture such as shoving was 

present in the images. 

Finally, a Residuals Methods that uses a spline fit and filtering provide a robust method 

that was insensitive to both inclined surfaces and megatexture within the images. This 

final method was the only method that shows sufficient accuracy and robustness in 

these initial trials and will be investigated further through a large number of images 

and test configurations, to further assess robustness, accuracy and repeatability. 
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6 Camera Selection Process 

 

 Camera Selection 

A number of different cameras were used throughout the development of this project, 

from the initial trials to the final prototype. For the basic initial trial; the Image 

Thresholding Method, A Sony NEX-5N digital camera with 14.2 megapixels and a 

23.7mm x 15.6mm sensor was used (Figure 6.1). Images were manually captured 

using the standard camera shutter button, and the images were saved to the SD card 

for post-processing in the laboratory.  

The Sony NEX-5N is a high-quality commercial point-and-shoot camera, but it lacks 

the robustness and computer interface of an industrial camera. This camera was used 

for the Image Thresholding Method due to its initial availability and that it met the 

requirements for the initial trial. 

 

 

Figure 6.1.  Camera specification for Sony NEX-5N  

 

Full model name: Sony Alpha NEX-5 

Resolution: 14.2 Megapixels 

Sensor size: APS-C 
(23.7mm x 15.6mm) 

 
 ( Kit Lens: 3.00x zoom 

18-55mm 
(27-83mm eq.) 

Viewfinder: LCD 

Extended ISO: 200 – 12,800 

Shutter: 1/4000 – 30 seconds 

Aperture: F3.5 (kit lens) 

Dimensions: 4.4 x 2.4 x 1.6 in 
(111 x 60 x 40 mm) 

Weight (no batt): 17.7oz (502 g) 
Includes batteries, kit lens 
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A Cannon PowerShot G9 digital camera (Figure 6.2) with 12.1 megapixels and a 

7.6mm x 5.7mm sensor was used for both the Laser Scanning Methodology (Section 

4.5) and the Row Occurrence Method (Section 5.1). A standard commercial digital 

camera was sufficient for capturing static images as required by these methods. 

However, the requirement to run an external software trigger meant that the Sony 

NEX-5N was unsuitable. The Cannon PowerShot G9; while a lower spec camera than 

the Sony NEX-5N; was also readily available, and was able to accept an external 

software trigger via the third-party software PSRemote. PSRemote allows for the 

control of Cannon PowerShot cameras from a PC running the Windows operating 

system, including a live viewfinder display and shutter control via a standard USB 

cable. This level of control of the camera was essential for the trials conducted with 

the frame and rail test rig where the camera’s built-in shutter button was inaccessible 

due to the black-out curtain material shrouding the field of view from ambient light (see 

Section 4.6 - Shrouding, for details).  

 

 

Figure 6.2.  Camera specification for Canon PowerShot G9 

  

 

Full model name: Canon PowerShot G9 

Resolution: 12.1 Megapixels 

Sensor size: 1/1.7" Type CCD 

Kit Lens: 35-210mm (35mm equiv) 
F2.8-4.8 

6x optical zoom 

Viewfinder: LCD 

Extended ISO: 80 - 1600 

Shutter: 1/2000 – 15 seconds 

Aperture: F2.8-F8.0 (wide) 
F4.8-F8.0 (tele) 

Dimensions: 4.2 x 2.8 x 1.7 in 
(106.4 x 71.9 x 42.5 mm) 

Weight (no batt): 11.3oz (320 g) 
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The camera used for the final prototype in this project was the Point Grey BFLY-U3-

23S6M-C – a 2.3 megapixel camera capable of 1920x1200pixel resolution at 40 

frames-per-second (fps), a 1/1.2” Sony IMX249 sensor, and a USB 3.0 interface 

(Figure 6.3). The biggest difference between the Point Grey industrial camera and the 

two commercial cameras used for the previous trials is the USB 3.0 interface. 

While the commercial cameras were able to capture and store images at relatively 

high frame rates, the throughput; the rate at which images are captured and 

transferred to PC for post-processing; is either far too slow or not possible. The 

throughput of the Point Grey camera matches the maximum permissible frame rate of 

40fps, sufficient to capture and transfer an image every 50mm in the direction of travel 

at vehicle speeds of up to 2ms-1 if desired.  

The monochrome (black and white) version of the camera was selected in order to 

remove the need for reducing the image from 16-bit RGB. The file size is also reduced 

by a factor of three by imaging in monochrome, as there is only a single entry for each 

pixel (each element in the matrix) rather than three in the case of a 16-bit RGB colour 

image, i.e. each image is 1920x1200x1 instead of 1920x1200x3.  

 

 

Figure 6.3.  Point Grey BFLY-U3-23S6M-C 
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 Camera Selection Process for Final Prototype 

The following information references a white paper produced by National Instruments 

on the comparison of different camera busses (National Instruments, 2016). The paper 

compares different camera busses over seven categories on a relative scale. A 

summary of how the different camera busses compare across the categories of 

greatest concern, and the subsequent trade-offs of these digital transmission formats 

are discussed below.  

The categories considered most relevant to this project are discussed in greater detail, 

with regards to those camera busses that meet the requirements for the prototype and 

their integration into a final design for commercial operations. It should be noted that 

the specifications quoted in this chapter for the different camera busses were relevant 

at the time of purchase of the Point Grey Blackfly camera in August 2015.  

As the technology is under constant development, the different protocols evolve, 

particularly with regards to throughput and cost. Therefore, the conclusions drawn, 

and selections made in August 2015, may not necessarily still be valid today. 
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Table 6.1 shows a summary of relative rankings for each of the five different camera 

busses across seven categories, with the two best choices for this project: CameraLink 

and USB 3.0, both highlighted in yellow.   

 
Table 6.1. Comparison of Different Camera Busses 

Camera 
Bus 

Throughput 
Cost-
effect. 

Cable 
Length 

Standard 
Interface 

Power 
Over 
Cable 

CPU 
Usage 

I/O 
Synch. 

CameraLink 5 1 3 3 3 5 5 

USB 2.0 2 5 1 2 5 1 1 

USB 3.0 4 5 2 5 5 4 2 

IEEE 1394 3 4 1 5 5 3 2 

GigE Vision 3 4 5 5 5 2 2 

 

Throughput – the throughput is the rate at which image data can be transferred from 

the camera to the processing computer. The theoretical throughput in bits-per-second 

can be calculated as the number of pixels in an image multiplied by the number of bits 

per image and the number of frames per second, or expressed mathematically as 

shown in Equation 6.1. 

𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 (𝑏𝑖𝑡𝑠/𝑠) =  𝑝𝑖𝑥𝑒𝑙𝑠𝑥 × 𝑝𝑖𝑥𝑒𝑙𝑠𝑦 × 𝑏𝑖𝑡𝑠𝑝𝑒𝑟 𝑖𝑚𝑎𝑔𝑒 × 𝑓𝑟𝑎𝑚𝑒𝑠𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 6.1 

An overview of the maximum permissible throughputs by the different camera busses 

is shown below in Table 6.2. 

 

Table 6.2. Comparison of Camera Bus Throughputs 

USB 2 IEEE 1394 GigE USB 3.0 CameraLink 

60MB/s 100MB/s 125MB/s 400MB/s 680MB/s 
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CameraLink offers the highest throughput of any camera bus, with a maximum 

bandwidth of up to 680MB/s. A USB 3.0 based system provides a maximum data rate 

of 400MB/s. The Point Grey BFLY-U3-23S6M-C captures 8-bit monochrome, 

1920x1200 pixel images at a maximum frame rate of 40fps. Using Equation 6.1, the 

minimum required throughput becomes: 

𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 (𝑏𝑖𝑡𝑠/𝑠) =  1920𝑝𝑖𝑥𝑒𝑙𝑠 × 1200𝑝𝑖𝑥𝑒𝑙𝑠 × 8𝑏𝑖𝑡𝑠 𝑝𝑒𝑟 𝑖𝑚𝑎𝑔𝑒 × 40𝑓𝑟𝑎𝑚𝑒𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 

 = 737.28𝑀𝑏𝑖𝑡𝑠/𝑠 

737.28𝑀𝑏𝑖𝑡𝑠/𝑠

8𝑏𝑖𝑡𝑠/𝑏𝑦𝑡𝑒
 = 92.16𝑀𝐵/𝑠 

 

8bits = 1byte Mbit = Megabit MB = Megabyte 

 

While it had been recommended by a National Instruments sales representative that 

a camera with a CameraLink camera bus may be necessary in order to ensure 

adequate throughput for the final commercial application, it was deemed to be 

sufficient and more economical to use a camera with USB 3.0 computer connectivity 

for the final prototype. The increased data transfer rate offered by CameraLink may 

be required for the final commercial application, but was considered excessive for the 

prototype, especially given that there was a significant cost difference.  
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USB 2 was considerably under the specification for required throughput and was 

therefore no longer considered. Both IEEE 1394 and GigE protocols had theoretical 

throughput specifications capable of the minimum required throughput of a 

1920x1200pixel camera at the desired framerate. However, it had been advised that 

there are often additional demands on the throughput speed which can only be 

determined experimentally. These demands can come from background operations 

on the PC and are more unpredictable with standard operating systems such as 

Windows. Therefore, it was desired to choose a camera protocol which met the 

specification of throughput by a significant margin, leaving just USB 3.0 and 

CameraLink.  

 

Cable Length – The CameraLink specification defines a maximum cable length of 

10m. USB 3.0 are generally less than 5m, although a repeater may be used to extend 

this length. A cable length of 5m was considered sufficient length for the final prototype 

but longer cable lengths or a repeater may be required for the final commercial 

application. 

 

Standardised Interface – The CameraLink specification defines a standard cable, 

connector, signal format, and serial communication API (Application Programming 

Interface – a set of routines, protocols and tools for building software applications) for 

configuring cameras. However, the communication between the camera and PC is not 

standardised. This means that every CameraLink camera requires a special camera 

configuration file to explain to the software how to acquire images from the camera, 

how to communicate with the camera, and which features can be modified. USB 3.0 

is based off existing standards such as the GigE Vision and standard for Gigabit 

Ethernet devices. As such, cameras will have an XML (Extensible Markup Language) 

file that define supported camera features. USB 3.0 uses the GENiCam programming 

interface to allow access to common and also vendor-specific features. This will allow 

interoperability regardless of the CPU, operating system and software package. 
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Power Cable – CameraLink provides an option known as Power over CameraLink 

(PoCL) for providing power to cameras over a cable. National Instruments support this 

feature with several CameraLink frame grabbers. USB 3.0 provides power over the 

same cable – up to 4.5Watts – which eliminates the need for a separate power cable. 

 

I/O synchronisation – Overall, CameraLink provides the most I/O (input/output) 

flexibility and capability. While there is limited scope for plug and play compatibility, it 

gives camera and frame grabber companies an opportunity to differentiate their 

products by adding features or enhancing functionality. The downside of this flexibility 

is the additional complexity, with the frame grabbers requiring hardware programming. 

With USB 3.0 cameras, I/O synchronisation is inherently more challenging without a 

frame grabber to broker communication signals and triggers. The Point Grey USB 3.0 

cameras provide direct trigger input and output lines. There are also a few plug-in 

boards that provide isolated digital I/O and triggering, which greatly simplify system 

synchronisation. 

 

CPU usage – CameraLink cameras require the use of frame grabbers, which transfer 

the image data to memory using DMA (Direct Memory Access) channels that do not 

burden the computer’s CPU. Because of this, CameraLink image acquisition uses very 

little of the system CPU. USB 3.0 permits zero-copy image transfers of image data 

directly into host memory with no CPU usage. 

In reality, the computational requirements for the Point Grey USB 3.0 system are far 

less than that of the CameraLink system proposed by National Instruments. This 

reduction in CPU demand is contradictory to the general statement about CPU usage 

in the paragraph above. However, the maximum data throughput by the Point Grey 

BLFY-U3-23S6M-C is low enough that a PC with a much lower specification is capable 

of meeting the computation demands of the machine vision system, where the 

CameraLink system requires a high-spec CPU, motherboard and frame grabber in 

order to handle the high rate of data throughput afforded by CameraLink.  
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Point Grey provided the necessary machine specifications for optimal performance of 

the USB 3.0 BLFY-U3-23S6M-C camera, shown in Table 6.3, which is representative 

of a capable but relatively common home computer. 

Table 6.3. PC machine specification for USB 3.0 Cameras provided by Point Grey 

CPU Intel Core i7 4770 

Motherboard ASUS Z97-Pro or ASUS Z87-Expert 

Host Adaptor USB 3.0 PCI 

 

The machine specifications for optimal performance as recommended by National 

Instruments for the CameraLink Basler ace acA2000-340km camera are shown in 

Table 6.4 below. The Computer is of very high specification to deal with the high rates 

of data throughput, and is therefore many times more expensive than the PC in the 

USB 3.0 system. 

Table 6.4. PC machine specification for CameraLink cameras provided by National Instruments 

CPU NI PXIe-8840 i5-4400E 2.7GHz 

Motherboard NI PXIe-1071 4-slot 3U Chassis 

Frame Grabber NI PXIe-1435 

 

It was understood that the proposed Point Grey USB 3.0 system may not be capable 

of performing live “just-in-time” runs; obtaining images, calculating the road’s surface 

texture and sending the processed output result to the bitumen spray nozzle controller; 

as per the requirements of the final commercial application. However, it was 

considered capable of obtaining images at the maximum expected vehicle speed, and 

transferring them to the PC. It was also expected to be able to handle the full 

requirements of a “real-time” system, but the rate of which could not be determined 

without knowledge of the algorithm’s computational requirements (see Chapter 8 - 

Integration of the Machine Vision System, for details). 
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The use of the Point Grey USB 3.0 system allowed for important progress on the 

project while keeping costs to a minimum. It remains to be determined experimentally 

if the system is also capable of processing the images in “real-time”, at the working 

framerate and vehicle speeds of 40fps and 2ms-1 as originally set out for this project. 

If so, it may be possible to use a USB 3.0 system for the final commercial application 

with a much lower overall cost than that of a CameraLink system.  

In regards to both data throughput and CPU usage, the true permissible bandwidth 

may only be determined experimentally. The advertised theoretical maximum transfer 

rate of 400MB/s for a USB 3.0 system is unlikely to be possible due to background 

operations. However, running two BFLY-U3-23S6M-C cameras at full resolution and 

full frame rates (184MB/s) ought to be possible if using the PC specification provided 

by Point Grey. There is also potential to “throw away” data not being used, by cropping 

the y-axis of each image to the region of interest. As the data lies within approximately 

a few hundred of the vertical pixels (of the full 1200 pixels available with the BFLY), 

the data throughput could be multiplied by a factor of six (200px/1200px), greatly 

reducing both throughput demand and CPU usage. Additionally, imaging at 40fps at a 

vehicle speed of 2ms-1 is purely a base line figure to work with, and can be altered if a 

small reduction in either of these values resulted in a significant reduction in costs. 

This is a simple trade-off of performance versus cost, and will only become apparent 

closer to the time of implementation into the final commercial application. However, 

there are other practical considerations around image cropping which will be explained 

later and are discussed in detail within Section 8.4 – Image Cropping. 

 

Cost Effectiveness – Because CameraLink is designed for medium to high-

performance image acquisition, the cameras are generally more expensive. 

CameraLink also requires a frame grabber that can handle the high data rates, which 

are more expensive than other adaptors. Finally, the CPU specification is very 

advanced to deal with the large rate of data transfer afforded by CameraLink, further 

increasing the overall system cost.  USB 3.0 cameras are generally low cost, and they 

plug into any standard USB port so no frame grabber is required. The CPU can be of 

lower specification than that of a CameraLink system due to the lower rates of data 

throughput.  
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Cost comparison – The cost comparison as made at the time of purchase in August 

2015, is presented in Table 6.5. It can be seen that the Point Grey Blackfly USB 3.0 

system was a significantly cheaper option for the initial prototype. 

 

Table 6.5. Cost comparison between CameraLink and USB 3.0 machine vision systems 

(All prices listed are in NZD, based upon an exchange rate of 1.51nzd:1usd in August 2015) 

  CameraLink USB 3.0 

Camera 
Basler ace acA2000-
340km 

$2,088 Blackfly BLFY-U3-23S6M-C 
$747 

Lens Computar M1620-MPV $567 
Fujinon CF16HA-1 16mm, 
f1.4 $362 

CPU 
NI PXIe-8840 i5-4400E 
2.7GHz 

$6,948 Intel Core i7 4770 
$453 

Motherboard 
NI PXIe-1071 4-slot 3U 
Chassis 

$1,305 
ASUS Z97-Pro or ASUS 
Z87-Expert $408 

Hard drive 
100GB 2.5 in eMLC-
based SSD 

$824 500GB SSDHD 
$151 

RAM Unspecified - 8Gb $113 

Frame grabber NI PXIe-1435 $2,366 N/A N/A 

Host Adaptor N/A N/A USB 3.0 PCI $91 

Cable 15-pin DUSB $99 GPIO 6-Pin, 4.5m Cable $45 

Power Cable 
Power over CameraLink 
(PoCL) 

$396 USB 3.0 Cable 
$15 

GST (15%)   $2,189   $358 

          

TOTAL (inc. 
GST)   $16,782   $2,744 

 

The University of Canterbury were able to provide the use of a computer to meet the 

required specification for the Point Grey USB 3.0 system, bringing the system cost 

down to $1263NZD. 
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Sensor size and its effects on Field of View 

The sensor size determines the field of view of the image assuming a fixed focal length 

of the lens and a fixed working distance. The angle of view describes the angular 

extent of a given image, and can be obtained for horizontal, vertical and diagonal 

dimensions (Figure 6.4). 

 

 

Figure 6.4.  Camera angle of view 

 

The field of view (FOV) for a given sensor can be calculated using a known working 

distance and focal length (Figure 6.5). 

 

 

Figure 6.5.  Parameters required for calculation of Field of View  
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The following table shows a selection of common sensor sizes, and their 

corresponding dimensions in the x and y directions. The CameraLink Basler ace 

acA2000-340km camera recommended by National Instruments uses a 2/3” sensor, 

where the Point Grey USB 3.0 BLFY-U3-23S6M-C uses a larger 1/1.2” sensor (Table 

6.6). 

 

Table 6.6. Nominal sensor sizes and their true dimensions 

 

With a working distance of 566mm, and a 16mm focal length, the expected field of 

view in the transverse direction with the Blackfly camera is: 

 

𝐹𝑖𝑒𝑙𝑑 𝑜𝑓 𝑉𝑖𝑒𝑤 𝑖𝑛 𝑥 =  
𝑆𝑒𝑛𝑠𝑜𝑟 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 𝑖𝑛 𝑥 ∗ 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝐹𝑜𝑐𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ
 

 
=  

10.67𝑚𝑚 ∗ 566𝑚𝑚

16𝑚𝑚
 

 = 377𝑚𝑚 

This provides a greater field of view in the transverse direction at this working distance 

than the CameraLink camera with a 2/3” sensor proposed by National Instruments 

(Field of View in x = 302mm). 

  

Nominal Sensor Size Sensor Dimensions (mm, x by y) 

1
3⁄  4.8 x 3.6 

1
2.3⁄  5.57 x 4.17 

1
2⁄  6.4 x 4.8 

1
1.7⁄  7.53 x 5.65 

2
3⁄  8.54 x 6.4 

1
1.2⁄  10.67 x 8.0 
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 Camera Lens 

The lens used in this project for the final prototype was the Fujinon CF16HA-1, with a 

focal length of 16mm, and an f-stop of 1.4 (Figure 6.6). The CF16HA-1 is a 1.5 mega-

pixel lens, so is not optimally matched to the camera’s 2.3MP sensor. This mismatch 

affects the resolution of the image and its importance depends on the accuracy of 

measurement required. The CF16HA-1 lens is also designed for use with a 1” sensor 

– a little larger than the 1/1.2” sensor in the Point Grey Blackfly camera so that no 

reduction in resolution would occur due to the difference in sensor size. 

A Point Grey sales representative suggested that there would be no loss in 

performance from the difference in sensor size, but they could not elaborate on the 

loss in performance that may result from the pixel difference. The lens was purchased 

with an offer to return basis. However, its resolution was deemed acceptable for the 

needs of the feasibility study. 

An alternative 5 mega-pixel 2/3” lens was available, but the concern was that the 

reduction in sensor size was too great, resulting in excessive cropping of the laser line 

in the horizontal direction. 

 

Figure 6.6.  Specification sheet for the Fujinon CF16HA-1 Lens 
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 Chapter Summary – Camera Selection Process 

The cameras used throughout the course of this study for various experiments were 

introduced. The two commercial cameras; the Sony NEX-5N and the Cannon 

PowerShot G9; were selected due to their availability, and that they met the 

requirements of the trials. These cameras were superseded by the Point Grey Blackfly 

BFLY-U3-23S6M-C as required by the increasing complexity of the trials. The new 

camera was introduced to allow for increased data transfer rates which would render 

the system feasible for the intended operation speeds of the final proof-of-concept 

prototype. 

A camera selection process including a summary of how the different digital 

transmission formats and their subsequent trade-offs was presented. It showed the 

USB 3.0 protocol as the most suitable digital transmission format for this study due to 

its low cost and ability to meet the requirements of the project. 

Finally, a Fujinon CF16HA-1 lens was selected for use with the USB 3.0 camera. The 

specifications were not a direct match for the Blackfly camera, however the resolution 

was deemed acceptable for the needs of the feasibility study.  
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7 Trials 

 

The following chapter is a continuation of the work carried out on a machine vision 

system capable of measuring the surface texture of a road. It presents a number of 

more in-depth trials conducted; testing the limits of image resolution, measurement 

repeatability, and parameter optimisation; in order to test and further increase the 

efficacy and robustness of the texture measurement system. 

The images are post-processed using the Residuals Method with Spline Fit algorithm, 

developed during the course of this study (see Section 5.3 - Overview – Residuals 

Method with Spline Fit, for details), to pull the line information from the image. The 

magnitude of the distortions is evaluated to determine the level of texture present.  

 

 Laser Scanning Trial 

The Residuals Method with Spline Fit (Section 5.3), produces a result for the 

measured texture depth as a residuals count that may be summated and normalised 

for any desired interval in the transverse direction, perpendicular to the direction of 

travel. This process results in a texture value for every n millimetres perpendicular to 

the direction of travel. Figure 7.1 shows the same boney road surface with a large 

amount of surface roughness as shown previously in Figure 5.32, but outlines how the 

image may be discretised into small regions that may be associated with an individual 

bitumen spray nozzle.   
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Figure 7.1.  Boney road surface laser scan processed using the Residuals Method with Spline 
Fit, showing possible discretisation of the image. 

 

The image processing algorithms developed to this point have focussed on obtaining 

surface texture values across the entire image width. While this approach has been 

suitable as an initial assessment of the different process methods, the final application 

will require discretisation of the image width to enable control of individual bitumen 

spray nozzles. Therefore, the ability to access surface texture on subsections of the 

image must be investigated.  

The field of view in the transverse direction – the width of the image – is 1700mm, 

represented in this image by 1920 pixels in the x-direction.  The image has been 

divided into 17 equi-sized strips, each 113 pixels wide to represent 100mm intervals 

in the transverse direction. Table 7.1 shows the resulting SMTD values for each 

100mm strip width of the image in Figure 7.1, along with the average SMTD value for 

the entire image width. 
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Table 7.1. SMTD Results for 100mm strips and full image width 

 

 

This method of dividing the width of the image into multiple strips allows for control of 

the size of intervals in the field of view in the transverse direction, and will later be 

matched to the size of the longitudinal spatial interval once motion in the direction of 

travel has been introduced.  

Assuming a constant, even distribution of bitumen from each spray nozzle for every 

signal input, the interval in both the transverse direction and the direction of travel 

should match the resolution afforded by the bitumen spray nozzles. To this end, there 

is little point in complex sub-millimetre three-dimensional surface modelling when the 

intended output – the bitumen coverage of a nozzle for a given signal input – is the 

limiting factor. Spray nozzles on the bitumen spray bar have practical resolution 

constraints that must be considered. 

The size of the imaging interval in the direction of travel; the distance travelled between 

two camera trigger events; is dependent upon the intended vehicle speed, and the 

rate at which images of the distorted laser line are able to be captured (camera frame 

rate), transferred (data throughput) and processed (image processing). The intervals 

between camera trigger events in the direction of travel is an economic trade-off 

against both imaging frame rate and computational demand. 
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The vehicle speed chosen as a realistic benchmark was the operating speed of a 

current bitumen spraying operation, which is approximately walking pace, or 2ms-1 

(7.2kmh) in the direction of travel. In order to match the transverse interval of 100mm 

shown in Table 7.1, the required frame rate is calculated in Equation 7.1: 

 

𝑐𝑎𝑚𝑒𝑟𝑎 𝑓𝑟𝑎𝑚𝑒 𝑟𝑎𝑡𝑒 =
𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑠𝑝𝑒𝑒𝑑

𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
=

2𝑚𝑠−1

100𝑚𝑚
= 20𝑓𝑟𝑎𝑚𝑒𝑠 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 (𝑓𝑝𝑠) 7.1 

 

The realistic frame rate was set as the benchmark to assess efficacy of the prototype. 
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 Image Discretisation Investigation 

A trial was designed in order to investigate the effect of changes to the size of the 

intervals, or spatial resolution in both axes. A faux-road surface was created using 

loose gravel chip spread out in a random fashion on a carpeted surface in one of the 

University of Canterbury laboratories (Figure 7.2). The gravel chip results in a heavily 

textured surface, where the carpet represents a nearly smooth or flushed surface. This 

set-up was developed to be used for an initial assessment of the sensitivity to changes 

in the spatial resolution.  

 

 

Figure 7.2.  Gravel on carpet surface under the frame and rail test rig to investigate changes in 
spatial resolution 
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The machine vision system was moved along the rail of the test rig at a slow constant 

speed, capturing an image every 12.5mm in the direction of travel. The camera can 

take an external hardware input to trigger the shutter, and in this instance, a reed 

switch mounted to the carriage connected to a 3VDC power source was used to trigger 

each image. Small magnets were placed at 12.5mm intervals along the carriage rail, 

which provided the necessary magnetic field for the reed switch to operate. 120 

images were taken in total, with the location of image #92 shown in Figure 7.3. 

 

 

Figure 7.3.  Location of Image #92 

 

 

Location of Image #92 

Direction of Travel 
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 Laser Scanning Trial Results 

Each image was then processed using the Residuals Method with Spline Fit algorithm, 

with a spatial interval size in the transverse direction equal to the spatial interval in the 

longitudinal direction (12.5mm). The resulting SMTD values (z) were then plotted 

against their locations in the longitudinal (y) and transverse (x) directions, producing 

the three-dimensional surface plot show in Figure 7.4 and Figure 7.5. 

 

 

Figure 7.4.  Randomly distributed surface texture and corresponding three-dimensional surface 
plot 
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Figure 7.5.  Randomly distributed surface texture and corresponding three-dimensional surface 
plot 

 

The interval size in both the longitudinal and transverse directions were then reduced 

by a factor of 2, to provide three-dimensional surface plots for the same surface with 

an interval size of 25mm (Figure 7.7), 50mm (Figure 7.8) and 100mm (Figure 7.9). 

This reduced resolution is used to assess the potential application resolution which is 

determined by the spacing of individual bitumen spray nozzles on the spray bar of the 

application vehicle. 

 

 

Figure 7.6.  12.5mm Resolution in Transverse and Longitudinal Directions 
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Figure 7.7.  25mm Resolution in Transverse and Longitudinal Directions, showing coarser 
resolution than that presented in Figure 7.6 

 

 

Figure 7.8.  50mm Resolution in Transverse and Longitudinal Directions 
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Figure 7.9.  100mm Resolution in Transverse and Longitudinal Directions 

 

 Discussion – Laser Scanning Trial 

Figure 7.4 and Figure 7.5 show the three-dimensional surface plot for the resulting 

SMTD values for a 12.5mm interval size in both longitudinal and transverse directions 

for a random distribution of various surfaces textures. The resulting three-dimensional 

plot captures the overall shape of the gravel pattern, with a detailed outline and the 

missing patch of gravel in the centre-right of the pattern. This missing patch of gravel 

is analogous to a flushed section of road with very low surface texture. While 12.5mm 

sampling resolution in both longitudinal and transverse directions is deemed too fine 

for the final product application of real-time variable rate bitumen spraying, it was 

considered important to sample the pattern in this trial at a high rate, in order to capture 

the detail of the smaller scale of the pattern. As stated previously, there is little point 

in complex sub-millimetre three-dimensional surface modelling when the intended 

output – the coverage area of an individual bitumen spray nozzle – is the limiting factor. 
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The surface plot was then down-sampled in order to investigate the effects of reduced 

spatial resolution in both longitudinal and transverse directions. Figure 7.7 shows that 

with an interval size of 25mm in both directions, little of the detail is lost and the pattern 

is still easy to recognise. With an interval size of 50mm (Figure 7.8), the pattern is still 

recognisable when compared with the original shape. However, the outline becomes 

hard to distinguish due to the overlap of averages with a greater contribution of the 

texture of both surfaces for the boundary regions. The missing patch of gravel in the 

centre-right is still visible, but much harder to see. Figure 7.9 shows the surface plot 

using an interval size of 100mm in both longitudinal and transverse directions. In this 

instance, the original pattern is indistinguishable from the surrounding area. The 

sampling rate is too low in order to capture the fine details of this pattern. This is not 

surprising, given the entire width of the scanned area was just 500mm, indicating very 

low resolution for the area. 

In the final application, an inability to distinguish regions of small and large surface 

texture due to reduced spatial resolution indicates an inability to tailor bitumen 

application rates. In such circumstances, insufficient image or spray nozzle resolution 

indicates that areas of flushed road surfaces may not receive the reduced application 

rate, violating the very purpose of this system. Therefore, the ability to resolve regions 

of different textures is imperative to the outcomes of this project. 

It should also be noted that the output measurement of texture – SMTD – is open-

ended in this trial, with the intent of discretisation of SMTD for the final product 

application. In this binary test-case of high and low areas of surface texture, a single 

threshold would be set for the desired cut-off. This cut-off STMD is dependent upon 

the ratio of pixels to region of interest, and can only be applied if the distance-to-object 

and sampling rate (interval size in both longitudinal and transverse directions) remain 

constant. For the case of sampling at 12.5mm intervals (Figure 7.6), the values of 

SMTD fall in the range of 0-17, and a cut-off SMTD value of approximately 6 could be 

used to effectively distinguish the areas containing gravel chip to those of just carpet.  

If the same SMTD cut-off value were used on the case of sampling at 50mm intervals 

(Figure 7.8), all areas would be discretised as carpet (flushed), as the SMTD values 

are in the range of 0-6.  
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The change in range of SMTD values is due to the down-sampling of the intervals, 

effectively decreasing the range of SMTD by averaging a wider range of measured 

residuals over a greater area. 

This resolution-specific nature of the current SMTD output indicates that a 

normalisation procedure will be required in the final application to create a resolution-

independent surface texture measurement. 

 

 Summary – Laser Scanning Trial 

A trial was performed to investigate the effect of changes to the spatial resolution in 

both axes. A faux-road surface was created and was scanned using the Frame and 

Rail Test Rig. The results were analysed using varied interval size in both the 

longitudinal and transverse directions to show the maximum level of down-sampling 

possible to retain all key features of the road surface. It was now desired to introduce 

dynamic continuous motion of the machine vision system with controlled image 

capture at the desired spatial interval in the direction of travel to more closely represent 

the final application. This trial is discussed in detail in Section 7.2 - Trailer Test Rig 

Trial.    
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 Trailer Test Rig Trial 

It was desired to introduce dynamic continuous motion with controlled image capture 

at the intended intervals in the direction of travel. A trailer test rig was manufactured 

in order to carry out scans at the desired vehicle speed and under field-conditions for 

the final application of a real-time variable rate bitumen spraying operation. Where 

previous trials had been conducted using the frame and rail test rig, this apparatus 

greatly limits the number of images captured in a single trial, and the time taken to do 

so. The area over which a trial could be conducted was also limited by the size of the 

frame and length of rail. By towing the trailer test rig along the road behind a towing 

vehicle, the acquisition of thousands of images for data analysis, over hundreds of 

meters of road surface in a matter of minutes was now possible. Introducing field-

conditions would also allow for the assessment of controlling speed-associated factors 

such as the potential blurring of images during dynamic capture.  

The trailer test rig was built by the PhD candidate over the summer of 2015 – 2016 

(Figure 7.10) to enable this dynamic motion capture.  

 

  

Figure 7.10.  Trailer test rig 
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A rotary encoder coupled to an Arduino micro-controller were used to trigger the 

camera, providing accurate and repeatable intervals between frames regardless of 

vehicle speed. A camera and laser line generator were mounted in the fore of the 

trailer, and were connected to the PC and laser module which were stowed in the 

towing vehicle. A 500W 12-230V inverter provided remote power to the PC from the 

towing vehicle. The PC screen displayed the scanned images of the projected laser 

line along the transverse direction of the road’s surface as they were captured via the 

camera interface software Flycap2, which is discussed in detail in Section 8.1 - Image 

Capture and Data Transfer. 

 

 External Hardware Trigger 

A number of methods of tracking the vehicle’s speed or distance travelled were 

investigated in order to provide accurate and repeatable measures between camera 

trigger events. GPS was considered to provide insufficient refresh rate for the speeds 

and accuracies required for the synchronous trigger. Even high-speed GPS sampling 

at 100Hz would only allow for an accuracy of plus or minus 20mm at a maximum 

vehicle speed of 2ms-1. GPS could however be implemented to track the overall course 

of the vehicle, allowing for exact location and repeatability of trials for future work. 

Non-contact speed sensors utilising the Doppler Effect are also available, and were 

investigated further for suitability. However, while providing very accurate vehicle 

speed measurement, they did not look to provide the necessary accuracy for distance 

to be used for a precise and repeatable synchronous trigger.  

A Yumo E6B2-CWz3E rotary encoder coupled with an Arduino Uno micro-controller 

were used to trigger the camera events at the desired spatial intervals in the direction 

of travel. The encoder features 1024 indexes per revolution and is used to calculate 

the distance travelled in a dead-reckoning sense.  
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The Arduino micro-controller counts a pre-determined number of pulses from the 

rotary encoder, which defines the desired spatial interval between camera trigger 

events in the direction of travel, before sending an output pin to “high” for 100ms. This 

action results in a 3VDC signal being sent to the camera via a hardware trigger, 

signalling the camera to operate the shutter. 

A drive wheel attached to the rotary encoder shaft may run along the road’s surface 

(commonly referred to as a 5th wheel), or may be run off the wheel or axle of the vehicle 

itself. The rotary encoder may also couple in line with the vehicle’s axle, in which case, 

the diameter of the trailer’s tyre becomes the encoder’s drive wheel.  

The drawback of using the vehicle’s wheel to drive the encoder, is that changes in 

diameter of the drive wheel from changes in tyre pressure result in variations to the 

distance measured by the encoder between events. If the tyre pressures were not 

correctly maintained and deflated slowly over time, the effective wheel diameter would 

decrease, resulting in a shortening of the interval to which images are captured.  

For the integration of the external hardware trigger into the Trailer Test Rig, a 65mm 

diameter wheel was fixed to the encoder’s input shaft. The Arduino micro-controller 

was set to capture images every 251 counts of the rotary encoder’s indexes, resulting 

in image capture every 50mm in the direction of travel regardless of vehicle speed. 

The number of indexes the Arduino micro-controller counts between camera triggers 

is calculated using Equation 7.2, where: 

𝐸𝑛𝑐𝑜𝑑𝑒𝑟 𝑤ℎ𝑒𝑒𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (∅) =  65𝑚𝑚  

𝐸𝑛𝑐𝑜𝑑𝑒𝑟 𝑝𝑢𝑙𝑠𝑒𝑠 = 1024 𝑖𝑛𝑑𝑒𝑥𝑒𝑠. 𝑟𝑒𝑣−1  

𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑖𝑛 𝑑𝑟𝑖𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑟𝑎𝑣𝑒𝑙 = 50𝑚𝑚  
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𝐸𝑛𝑐𝑜𝑑𝑒𝑟 𝑤ℎ𝑒𝑒𝑙 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑟𝑒𝑛𝑐𝑒 =  𝜋∅  

 = 204.2𝑚𝑚  

   

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑒𝑥𝑒𝑠 𝑝𝑒𝑟 𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 
=

𝑁𝑜. 𝑒𝑛𝑐𝑜𝑑𝑒𝑟 𝑖𝑛𝑑𝑒𝑥𝑒𝑠 (𝑟𝑒𝑣−1)

(
𝐸𝑛𝑐𝑜𝑑𝑒𝑟 𝑤ℎ𝑒𝑒𝑙 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑟𝑒𝑛𝑐𝑒 (𝑚𝑚. 𝑟𝑒𝑣−1)

𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑖𝑛 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑟𝑎𝑣𝑒𝑙 (𝑚𝑚)
)
 

7.2 

 
=

1024 𝑖𝑛𝑑𝑒𝑥𝑒𝑠. 𝑟𝑒𝑣−1

(
204.2𝑚𝑚. 𝑟𝑒𝑣−1

50𝑚𝑚
)

 

 

 = 250.7𝑖𝑛𝑑𝑒𝑥𝑒𝑠 𝑝𝑒𝑟 𝑖𝑚𝑎𝑔𝑒  

 

The result of Equation 7.2 must be rounded to the nearest whole number. Back-solving 

for the interval travelled between camera trigger events using an index count of 251 

indexes per image, results in a distance of 50.05mm in the direction of travel between 

camera trigger events. The diameter of the drive wheel attached to the rotary encoder 

shaft can be used to fine-tune the number of indexes counted by the micro-controller 

before triggering the camera with the required voltage. The diameter of the encoder 

wheel could be slightly reduced to bring the interval between camera trigger events 

closer to 50.0mm. However, as the encoder only provides a synchronous trigger, 

timing camera and eventually nozzle events, so long as the intervals remain 

consistent, a degree of error above or below the desired interval between camera 

trigger events is acceptable.  
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 Methodology - Trailer Test Rig Trial 

The Trailer Test Rig Trial was conducted in the Christchurch suburb of Spreydon, 

towing the trailer test rig around the loop made up by Bewdley Street and Evesham 

Crescent – approximately 800m in total distance (Figure 7.11).  

 

 

Figure 7.11.  Trial site location - Spreydon, Christchurch 
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The Arduino micro-controller was set to capture images every 250 counts of the rotary 

encoder’s indexes – with the 65mm diameter encoder wheel resulting in image capture 

at 50mm intervals in the direction of travel regardless of vehicle speed (see Section 

7.2.1 - External Hardware Trigger, for details). The vehicle speed was kept to under 

7kph in order not to exceed the 40fps maximum frame rate of the camera. Images 

were saved to the PC’s hard drive and post-processed in the laboratory after the trials. 

The initial trial with the trailer test rig showed, as expected, the need for shrouding to 

control the ambient lighting levels. After approximately 500 images or 25 meters in the 

direction of travel, sunlight extended to illuminate the road’s surface under the trailer, 

overexposing a portion of the captured images making it impossible for the algorithm 

to distinguish laser light from chipseal illuminated by ambient sunlight (Figure 7.12).  

 

 

Figure 7.12.  Image #554 from Trailer Test Rig Trial 1, with no shrouding from ambient light 
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In Trailer Test Rig Trial 2, blackout curtain material previously used in the frame and 

rail test rig was used to shroud the camera’s field of view from sunlight. The almost 

total elimination of ambient light made it easy for the algorithm to locate the laser line 

data robustly (Figure 7.13).   

 

 

Figure 7.13.  Image #91 from Trailer Test Rig Trial 2 
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 Results - Trailer Test Rig Trial 2 

The average macrotexture measurement values (Average SMTD) across the entire 

image width for the 10,365 images captured during the trial were plotted against one 

another to show the progression of macrotexture in the direction of travel (Figure 7.14). 

The results show the majority of images falling in the range of Average SMTD values 

of approximately 0.5-2.5, with two regions exhibiting unexpectedly high values of 

SMTD.  

 

 

Figure 7.14.  Average SMTD results for 10,365 images from Trailer Test Rig Trial 2 

  

 

Direction of Travel 
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 Discussion – Trailer Test Rig Trial 2 

The trailer test rig allowed for the acquisition of thousands of images in just a few 

minutes. While averaging the SMTD values across the entire image width removes 

the ability to show variations in macrotexture along the transverse direction of the 

road’s surface, it does allow for simplified initial analysis. The purpose of this trail was 

to introduce continuous motion in the direction of travel, using an appropriate spatial 

interval between images. Variations in macrotexture in the transverse direction can be 

considered to be generally consistent within each image as the area showed little signs 

of localised variations such as flushing in wheel paths. The Average SMTD for each 

image is shown in Figure 7.15, with areas of interest numbered for identification from 

Figure 7.15 through to Figure 7.24. 

The first 100 images or approximately 5 meters in the direction of travel captured a 

region of the road’s surface with a higher degree of wear than the majority of Bewdley 

Street (Figure 7.15). The macrotexture transitioned from this relatively smooth surface 

to a more consistent and higher level of macrotexture over this region. A sample image 

from Region 1 is shown in Figure 7.16. 

 

 

Figure 7.15.  Region 1 showing the Average SMTD values for the first 100 images from Trailer 
Test Rig Trial 2  

 

 

1. 
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Figure 7.16.  Image #1 showing a relatively flushed region of macrotexture 

 

The macrotexture was relatively consistent along the remainder of Bewdley Street 

from image #100 to #3750 - approximately 190m in the direction of travel (Figure 7.17). 

A sample image from Region 2 is shown in Figure 7.18.  

 

Figure 7.17.  Region 2 showing the Average SMTD values for Images #100-#3750 from Trailer 
Test Rig Trial 2 

  

 

 

2. 
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Figure 7.18.  Image #100 showing a typical sample of the good macrotexture present for the 
majority of Bewdley Street 

 

After approximately 190 meters in the direction of travel, the trailer test rig crossed a 

smooth asphalt repair patch while turning left onto Evesham Crescent, which is shown 

by the dip in the Average SMTD values between Image #3750 and #3900 in Region 3 

(Figure 7.19). A sample image of the asphalt repair is shown in Figure 7.20.  

 

 

Figure 7.19.  Region 3 showing the Average SMTD values for Images #3750-#3900 from Trailer 
Test Rig Trial 2 

  

 

 

3. 
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Figure 7.20.  Image #3784 showing the smooth asphalt repair on the North-Eastern intersection 
of Bewdley Street and Evesham Crescent 

 

Once on Evesham Crescent, the road surface returns to chip seal, but with a greater 

variation in macrotexture with some sections exhibiting a great deal of wear and 

flushing. These flushed regions are dispersed amongst sections of greater 

macrotexture, hence the fluctuations in the Average SMTD between Image #4000 and 

#8500 shown in Region 4 (Figure 7.21). A sample image of one of the more flushed 

images from Region 4 is shown in Figure 7.22. 

 

 

Figure 7.21.  Region 4 showing the Average SMTD values for Images #4000-#8500 from Trailer 
Test Rig Trial 2 

  

 

 

4. 



Development of a Prototype for a Real-Time Variable Rate Bitumen Spray System 

170 

 

Figure 7.22.  Image #4788 - one of the more flushed regions between Images #4000 and #8500 

 

Image #5372 (Figure 7.23) – one of the more boney images in Region 4 – shows a 

good level of macrotexture but with a smaller chip size than that found on Bewdley 

Street, resulting in a smaller amplitude to the deflections of the laser line and thus a 

measure of Average SMTD between those of Region 2 (Figure 7.17) and the flushed 

areas in Region 4 (Figure 7.21). 

 

 

Figure 7.23.  Image #5372 - one of the more boney regions between Images #4000 and #8500 

 

After 8500 images or approximately 425 meters in the direction of travel, the surface 

texture increases to measures of Average SMTD similar to the majority of the road’s 

surface on Bewdley Street (Figure 7.24). A sample image from Region 5 is shown in 

Figure 7.25, and resulted in a greater Average SMTD value than that of Image #100 

(Table 7.2). 
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Figure 7.24.  Region 5 showing the Average SMTD values for Images #8500-#10,365 from Trailer 
Test Rig Trial 2 

 

 

Figure 7.25.  Image #8705 shows one of the regions of Evesham Crescent with the greatest levels 
of macrotexure present in Trailer Test Rig Trial 2 

 

The Average SMTD values for the sample images from (Figure 7.16, Figure 7.18, 

Figure 7.20, Figure 7.22, Figure 7.23, and Figure 7.25) are shown in Table 7.2. 

  

 

 

5. 
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Table 7.2. Average SMTD values for images from (Figure 7.18) through (Figure 7.23) 

Image Number Figure Number Description Average SMTD 

#1 Figure 7.16 Bewdley Street, Region 1 1.159 

#100 Figure 7.18 Bewdley Street, Region 2 1.602 

#3784 Figure 7.20 Asphalt Repair, Region 3 0.830 

#4788 Figure 7.22 Evesham Crescent, Region 4 0.860 

#5372 Figure 7.23 Evesham Crescent, Region 4 1.122 

#8705 Figure 7.25 Evesham Crescent, Region 5 2.192 

 

The trial terminated at the bend on the South-West end of Evesham Crescent. The 

trial ended when the inverter blew the fuse to the towing vehicle, cutting all power to 

the PC and machine vision system after approximately 520 meters in the direction of 

travel. However, by this point we had a sufficient quantity of data had been obtained 

to undertake subsequent post-processing and assessment of the efficacy of the image 

processing algorithm.  

The initial trial showed the need for shrouding to control the lighting levels. In the 

second trial, blackout curtain material from the frame and rail test rig was used to 

shroud the field of view from sunlight, resulting in 100% characterisation of surface 

texture. There were however a number of outliers where the measured Average SMTD 

values far exceeded the majority of scanned images in that region. This is particularly 

notable at around Image Number #4500, and again around Image Number #10,000 

(Figure 7.26).  
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Figure 7.26.  Regions of the trial containing the vast majority of outliers 

 

A closer look at these images shows that the blackout curtain material shielding the 

ambient light from the road’s surface in the camera’s field of vision worked loose, 

allowing for both influx of ambient light and the curtain material itself to enter the frame 

(Figure 7.27). 

 

 

Figure 7.27.  Image #4582 showing both an influx of sunlight and the blackout curtain in the 
camera’s field of view 
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While image #4582 has not suffered from the same levels of overexposure as 

experienced during the initial trial with no shrouding from ambient light (Figure 7.12), 

the thresholding level used to process all images in this trial was set for the levels of 

lighting found in the majority of images with the blackout curtain set in place. The cut-

off threshold was set too low to deal with these cases with greater levels of ambient 

light, and thus the algorithm detects stray “white” pixels, resulting in erroneous 

readings of SMTD (Figure 7.28).  

 

 

Figure 7.28.  Post-processed results for Image #4582 showing erroneous reading of Average 
SMTD 

 

The blackout curtain was a temporary solution to the shrouding requirements of the 

trailer test rig, and a more robust design solution to control the ambient light will be 

required for the final design. The installation of nylon bristles or flexible rubber or vinyl 

sheets is recommended for this purpose.  
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 Summary – Trailer Test Rig Trial 

The Trailer Test Rig was built to allow testing of dynamic continuous motion with 

controlled image capture at the intended spatial intervals in the direction of travel. A 

rotary encoder coupled to an Arduino microcontroller was introduced to control the 

camera trigger events, resulting in precise and repeatable intervals between images. 

The trailer was towed by a vehicle along roads identified to have a range of surface 

textures. Large amounts of testing data was collected and post-processed allowing 

comparison with visual inspection. 

The trial resulted in 100% characterisation of surface texture for over 10,000 images 

of a road surface. There were however a number of outliers where the measured 

texture values far exceeded the majority of scanned images in that same region. The 

first trial conducted with the trailer test rig showed the need for shrouding to control 

ambient light conditions. The methods of surface texture measurement also break 

down when the image is contaminated with ambient light from a shrouding failure. This 

shrouding failure was experienced during two stages of the second trial conducted 

with the trailer test rig, where the black-out curtain material worked loose and was 

blowing in the wind. This shrouding failure shows the need for a more robust design 

solution to be implemented here for future dynamic trials.   

Both the Laser Scanning Trial (Section 7.1) and the Trailer Test Rig Trial (Section 7.2), 

relied upon visual inspection of the scanned surface in order to assess whether one 

region had more surface texture than another. It was now desired to conduct a trial to 

assess the reliability and repeatability of the output measurements for SMTD.  
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 Repeatability Trial 

A trial was designed to verify repeatability of measurements of the machine vision 

system. The aim was to test the full system on a variety of surfaces with the different 

sized aggregate chip used in the construction of New Zealand chipseal roads.  

A wooden board 920 x 900mm in size was covered in a range of aggregate chip sizes 

in a series of bands. The board was placed under the frame and rail test rig, orientated 

such that the macrotexture remained constant along the transverse direction of the 

board, but that there were stepped reductions in macrotexture in the direction of travel.  

The board was scanned twice and the measured texture results were then compared, 

to assess the repeatability and any variability in the image processing algorithm 

results. 
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 Methodology - Repeatability Trial 

A wooden board 900 x 920mm in size was covered in a range of aggregate chip sizes. 

Five grades of aggregate chip were used to cover the board, with each grade covering 

a 180mm strip in the direction of travel, and the full 920mm width of the board (Figure 

7.29). 

 

 

Figure 7.29.  Wooden board with aggregate chip used in Repeatability Trial 

 

Tiling glue was used in place of bitumen binder. The volume of glue used was 

designed to come three-quarters of the way up the aggregate chip once the chip was 

rolled into place on the board. The application rate of aggregate chip used was 

calculated using the formula from the Chipsealing in New Zealand Manual, Chapter 

11.3.7 – Sealing Chip Spread Rates (Pg. 432), shown in Equation 7.3: 

  

 

 

180mm 

Smallest Chip Size 

G2, SC19 

G3, SC16 

G3, SC14 

G4, SC12 

G5, SC10 

Largest Chip Size 

Direction of Travel 
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𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 𝑜𝑓 𝐶ℎ𝑖𝑝 =  
𝐴𝐿𝐷

750
=

𝑚3 𝑐ℎ𝑖𝑝

𝑚2 𝑎𝑟𝑒𝑎
 7.3 

 

Each grade of chip used gives a range of possible values for the Average Least 

Dimension (ALD). Prior to using the ALD in a seal application design, a sample of the 

stockpile of chip is taken to a laboratory and a specific value for ALD is determined 

based on the statistical distribution, as described in the Chipsealing in New Zealand 

Manual, Chapter 8.5.8.2 – Production Property Tests (Pg. 316-317).  

This step was deemed unnecessary for this trial and so the upper limit of ALD for each 

grade was used to calculate the aggregate chip application rate. The ALD test is 

impractical to use for the finer grades of chip, and are normally tested by conventional 

sieve analysis (Chipsealing in New Zealand Manual, Chapter 8.5.8.2 – Production 

Property Tests (Pg 318). For the case of the Grade 5 chip, an ALD of 5mm was used 

to calculate the chip application rate for this trial. The aggregate chip application rates 

that were used are shown in Table 7.3: 

 

Table 7.3. Aggregate chip application rates 

Grade Seal Chip Grade ALD used Volume of chip (
𝑨𝑳𝑫

𝟕𝟓𝟎
× 𝒂𝒓𝒆𝒂) 

Grade 2 SC19 12mm 2.7L 

Grade 3 SC16 10mm 2.2L 

Grade 3 SC14 9mm 2.0L 

Grade 4 SC12 8mm 1.8L 

Grade 5 SC10 5mm 1.1L 

 

  



7. Trials 

179 

The volume of binder used was designed to come three-quarters of the height up the 

aggregate chip once the chip had been rolled out. A volume of voids of 50% was 

assumed for all grades of chip. The volume of binder required is calculated in Equation 

7.4: 

𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑇𝑖𝑙𝑖𝑛𝑔 𝐺𝑙𝑢𝑒 =  (
𝐴𝐿𝐷

750
×

3

4
×

1

2
× 𝑎𝑟𝑒𝑎) 7.4 

Equation 7.4 resulted in the volumes of tiling glue for the different sized aggregate 

chips, shown in Table 7.4: 

 

Table 7.4. Tiling glue (binder) application rates 

Grade Seal Chip Grade Volume of Tiling Glue (binder) 

Grade 2 SC19 750ml 

Grade 3 SC16 620ml 

Grade 3 SC14 560ml 

Grade 4 SC12 500ml 

Grade 5 SC10 310ml 

 

The board was placed under the frame and rail test rig, and a tape measure was 

secured along the length of the rail. A needle indicator was attached to the carriage 

rail to allow for accurate readouts of distance. The carriage was pushed along the rail, 

and images were captured manually every 25mm in the direction of travel. The 

Average SMTD value was recorded along with the corresponding global position, 

expressed as the distance from one end of the rail. This method of manual image 

capture was chosen to remove any chance of the rotary encoder becoming out of 

synchronisation for the second run. Two runs were completed and the results for 

Average SMTD over each image width were determined and compared. 
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 Results - Repeatability Trial 

The results from the repeatability trial are shown in (Figure 7.30). The regions 

containing different aggregate chip sizes are segregated by vertical dashed black 

lines, indicating the transition from one chip size to the next. The average SMTD, 

indicated by the solid red line is the average value of the two runs for a given region 

containing a particular aggregate chip size. The difference is taken as the absolute 

value of the Average SMTD measurement result for the corresponding global position 

between the two runs shown in Equation 7.5: 

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = |𝑆𝑀𝑇𝐷𝑅𝑢𝑛1 − 𝑆𝑀𝑇𝐷𝑅𝑢𝑛2| 7.5  

 

Figure 7.30.  Repeatability Trial results 

  

 

 

G2, 
SC19 

G3, 
SC16 

G3, 
SC14 

G4, 
SC12 

G5, 
SC10 

Direction of Travel 

Average SMTD 
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 Discussion – Repeatability Trial 

The repeatability trial showed that the machine vision system had accurate and 

repeatable results. Figure 7.30 shows the overall trend of measured texture (Average 

SMTD) for both runs of the trial have a downward stepped response, as expected by 

the decrease in aggregate chip size in the direction of travel. The larger aggregate 

chip sizes, SC19 and SC16 in particular, have a greater spread of Average SMTD 

values. For the SC19 chip, there is a spread of Average SMTD values from 4.75 to 7.0 

– a range of 2.25. This is to be expected as the lager sized aggregate chips are 

screened at a broader level than the smaller chips sizes, and thus an increased 

likelihood of a greater range of measurements for the larger chip sizes. The inverse is 

true for the smallest sized chip – SC10, where the variation in Average SMTD 

measurement values is very small, with a spread of Average SMTD values from 3.0 

to 4.0 – a range of just 1.0. 

The range of Average SMTD values for a given chip size however does not an indicate 

a lack of repeatability, as this spread in measured results may well be present on the 

surface given the grades of chip are screened for a range of sizes. In addition, 

localisation error may account for some of the difference in measured SMTD results 

between the two runs. The machine vision system was positioned on the rail by hand, 

using a tape measure secured to the rail. Any minor deviation to the global position 

would result in additional error between the results for a given position. If the exact 

same position was obtained, an identical image would be expected and give an 

identical SMTD value, as there is no scope for variation within the processing algorithm 

if using an identical input image. Therefore, the variation seen in the results of 

Figure 7.30 is from positional error giving a slightly different image of a closely 

adjacent section of the surface, rather than difference in image processing. 

The measure of repeatability is taken as the absolute value of the difference in 

Average SMTD measurement result of the two runs, for a corresponding global 

position (Equation 7.5, and shown in Figure 7.30 in grey). A maximum difference of 

0.75 was recorded for the 4th image of the surface with SC19 aggregate chip, with an 

average difference of 0.19 over the entire trial. 46% of images in the trial resulted in 

zero difference between the Average SMTD measurement results for the 
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corresponding global position of the two runs, indicating a high level of repeatability of 

measurements. 

 

 Summary – Repeatability Trial 

A trial was designed to verify repeatability of measurements of the machine vision 

system. A controlled sample board was covered in a range of aggregate chip sizes in 

a series of bands. The board was scanned twice and the measured texture results 

were compared to assess the repeatability and any variability in the image processing 

algorithm results. The results showed that the machine vision system produced 

accurate and repeatable measurements.   
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 Butterworth Filter Cut-off Frequency Selection 

The Residuals Method with Spline Fit was previously presented in Section 5.3. This 

image processing algorithm showed the best robustness to surface fluctuations and 

was deemed the most appropriate method to investigate further. However, in Section 

5.3, only one empirically determined filter cut-off value and one filter order were used. 

Now a large number of reference images are used to undertake a more detailed 

parametric filter optimisation process.   

A study was conducted to determine an optimal fractional cut-off frequency or range 

of frequencies for the Butterworth filter used in the Residuals Method with Spline Fit 

(Section 5.3), and assess the sensitivity of the final SMTD value to choice of filter order 

and fractional cut-off frequency.  

The goal is to provide a fractional cut-off frequency such that localised surface 

roughness has minimal influence over the macrotexture measurement, without 

removing the detail required to measure macrotexture (Section 5.3 - Residuals Method 

with Spline Fit, Figure 5.34, Figure 5.35, and Figure 5.36).  

 

 Methodology - Butterworth Filter Cut-off Frequency Selection 

Four surfaces with distinctly different macrotextures – Linoleum (Figure 7.31), a 

decorative pebbled concrete path (Figure 7.32), a chipsealed road surface (Figure 

7.33), and Grade 2 SC19 chip with no bitumen binder (Figure 7.34) were selected to 

show if a single optimal fractional cut-off frequency for the Butterworth filter for all 

possible surface textures could be determined. These surfaces were selected as they 

represent a complete range of extreme values of surface texture that will be required 

in the final application (completely smooth surface to an entirely boney surface of the 

coarsest chip size).  
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Figure 7.31.  Test site 1 - Linoleum surface, broadly representative of completely flushed 
bitumen chipseal 

 

Figure 7.32.  Test site 2 - Decorative pebbled concrete, representative of very low surface texture  
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Figure 7.33.  Test site 3 - Chipsealed road surface 

 

Figure 7.34.  Test site 4 - Grade 2 SC19 chip surface, representing the coarsest chip and most 
boney possible condition 
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All surfaces were selected in an area where the macrotexture visually appeared to 

remain constant in both direction of travel and transverse directions. While this was 

trivial for the linoleum and to some degree, the decorative pebbled concrete surfaces, 

it was important to select an area of relatively constant surface texture on the 

chipsealed road surface to account for the greater variance of texture present on a 

surface with a greater degree of macrotexture, and also uneven wear characteristics. 

The Grade 2 SC19 chip was distributed as evenly as possible in both transverse and 

longitudinal directions in order to keep the variance of macrotexture to a minimum.  

The frame and rail test rig was used to capture 140 images at each of the four test 

sites, at 10mm intervals in the direction of travel. The proximity of the images to one 

another in the direction of travel was in order to capture a sufficiently large sample 

size, while keeping the scanned area to a minimum in order to reduce the chances of 

variance within a particular surface. Each image had a field of view of approximately 

400mm in the transverse direction at the region of interest – at the location of the laser 

line (Figure 7.35). The 400mm image width is a result of using the frame and rail test 

rig, which results in the camera lens sitting approximately 400mm off the ground. 

Given the 45° inclination of the camera, the distance to object is approximately 

565mm. With the camera lens at a focal length of 16mm, this results in an image with 

a field of view in the transverse direction of approximately 400mm (see Section 6 - 

Camera Selection Process, for details).  

The frame and rail test rig was chosen over the trailer test rig to further control the 

area of the trial to ensure variance of macrotexture was kept to a minimum. A Monte 

Carlo simulation was then conducted with every image being processed and an SMTD 

value determined for each of the 1000 cut-off frequencies of a second-order 

Butterworth filter on the domain from 0.001 to 0.999 in steps of 0.001. The SMTD value 

was calculated and averaged over the entire width of each image. The comprehensive 

search of the fractional cut-off frequency was due to the majority of interest falling 

within a short region of the domain, between 0 and 0.1. The average SMTD value of 

the entire image width was used for this trial in order to further reduce the effects of 

localised variance in surface texture.  
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Figure 7.35.  Field of view in transverse direction (perpendicular to the direction of travel) 

 

 Results - Butterworth Filter Cut-off Frequency Selection 

The results for the four test sites are shown below in Figure 7.36 and Figure 7.37. 

Figure 7.36 shows the resulting SMTD values for all 140 images at all four test sites, 

with each image being processed for 1000 cut-off frequencies for a second-order 

Butterworth filter on the domain from 0.001 to 0.999 in steps of 0.001. Each line 

represents an individual image from the trial. As there is a great deal of overlap in 

STMD values for cut-off frequencies greater than 0.1, Figure 7.37 focuses on the data 

with a fractional cut-off frequency on the domain from 0 - 0.1.  
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Figure 7.36.  Plot showing the effects of filter cut-off frequency on texture measurement on the 
domain 𝝎𝒏 = 𝟎 ∶ 𝟏 

 

Figure 7.37 shows the region of interest in more detail. It can be seen that a great deal 

of overlap of SMTD values exists for the two surfaces with the greatest amount of 

macrotexture from cut-off frequencies of 0.03 and greater, with higher cut-off 

frequencies resulting in less distinction between different surfaces. The lower the 

fractional cut-off frequency, the greater the difference in SMTD values between the 

different surfaces. However, there is also an increase in the variance of SMTD values 

for a given surface. Selecting an optimum fractional cut-off frequency for all surfaces 

will be a trade-off between these two properties. The filter order was found to only 

influence the results of very low values of fractional cut-off frequencies, where the filter 

has little to no effect and the overall shape of the unfiltered spline dominates.  

  

 

 
 
 

Cut-off Frequency (Wn) 

Texture Measurement versus Cut-off Frequency on the Domain 𝝎𝒏 = 𝟎 ∶ 𝟏 
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Figure 7.37.  Plot showing the effects of filter cut-off frequency on texture measurement on the 
domain 𝝎𝒏 = 𝟎 ∶ 𝟎. 𝟏 

 

 Discussion - Butterworth Filter Cut-off Frequency Selection 

The four surfaces – Linoleum, a decorative pebbled concrete path, a chipsealed road 

surface, and a Grade 2 SC19 chip surface with no bitumen binder – were selected for 

this study for their disparity of macrotextures. By having surfaces with distinctly 

different macrotextures, it allows for immediate recognition and discretisation of the 

measured texture results into completely smooth, low, medium and high levels of 

macrotexture. This disparity can be seen in Figure 7.37 with the groupings of coloured 

lines, and in Figure 7.38, Figure 7.39, Figure 7.40, and Figure 7.41, where a sample 

post-processed image from each of the four test sites clearly shows four distinct levels 

of texture. Note that the y-axis for Figure 7.38, Figure 7.39, and Figure 7.40 have been 

exaggerated due to the lack of height variation present for the smoother surfaces. 

Figure 7.38; the flat linoleum surface; appears to have a great deal of curvature to it, 

but in reality it gains just a few pixels in height over 1920 pixels in width. 

  

 

 

 
 

Cut-off Frequency (Wn) 

Texture Measurement versus Cut-off Frequency on the Domain 𝝎𝒏 = 𝟎 ∶ 𝟎. 𝟏 
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Figure 7.38.  Sample post-processed image from Test site 1 - Linoleum surface 

 

 

Figure 7.39.  Sample post-processed image from Test site 2 - Decorative pebbled concrete 

 

 

Figure 7.40.  Sample post-processed image from Test site 3 - Chipsealed road surface 

 

 

Figure 7.41.  Sample post-processed image from Test site 4 - Grade 2 SC19 chip with no bitumen 
binder 
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While it was desired for the surfaces to have disparity in macrotexture when compared 

with one another, limited variance in macrotexture over the scanned area of each 

surface was required in order for the measured results to remain discretised and not 

cross over into the range of measured macrotexture values from another surface. The 

area of each surface to be scanned was selected where the macrotexture visually 

appeared to remain constant in both direction of travel and transverse directions.  

The uneven wear characteristics associated with a highly trafficked area contributes 

towards an increase in variance on the chipsealed road surface. This wear, along with 

the expected increase in variance in macrotexture associated with a surface with a 

greater degree of macrotexture, both contribute to the chipsealed road surface from 

Test Site 3 exhibiting a greater degree of variance in macrotexture than both the 

linoleum and decorative pebbled concrete surfaces. As the Grade 2 SC19 chip was 

distributed for the purpose of this trial, a conscious effort was made to distribute the 

chip as evenly as possible in both directions. However, the Grade 2 SC19 chip surface 

still contains the greatest amount of variance of macrotexture due to the greater 

degree of macrotexture present.  

It can be seen in Figure 7.36 and Figure 7.37, that depending upon the chosen 

fractional cut-off frequency, there can be overlap where the macrotexture 

measurement result from one surface crosses over the measured result of another 

surface. This is apparent at fractional cut-off frequency values from about 0.02 and 

greater, where the two most boney surfaces - a chipsealed road surface (green) and 

Grade 2 SC19 chip (magenta) begin to overlap. Above a fractional cut-off frequency 

of 0.05, the distinction between the four surfaces becomes less apparent until they 

gradually converge as the fractional cut-off frequency is further increased. The 

greatest levels of disparity between the surfaces in terms of the measured 

macrotexture result (SMTD) lie in fractional cut-off frequency values of less than 0.01 

(Figure 7.37), where there is a clear differentiation between the different surfaces. 

There is a trade-off with a fractional cut-off frequency of less than 0.01, in that while 

there is a greater difference in macrotexture measurement between the different 

surfaces, there is also greater variance within the results for each surface (Figure 

7.37).  
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The inverse relationship between fractional cut-off frequency and variance of the 

macrotexture measurement result is most apparent in the Grade 2 SC19 chip surface 

with no bitumen binder, which we know to have the greatest level of variance of the 

four test sites. 

The goal is to select the fractional cut-off frequency to be as low as possible to provide 

the greatest disparity between the different surfaces, but not so low as to fail to follow 

the surface roughness for a given surface providing erroneously high results for 

measured macrotexture. It is also important not to assume that any level of measured 

variance within a surface is not representative, especially in regards to Test Sites 3 

and 4; the chipsealed road and Grade 2 SC19 chip surface; given the random nature 

of increased macrotexture and the effects of uneven wear characteristics.  

To find the upper bound value of fractional cut-off frequency, the SMTD values for 5 

cut-off frequencies: 0.0005, 0.001, 0.05, 0.01 and 0.015; were calculated for the 

heavily textured Grade 2 Chip surface. The resulting filtered contiguous lines 

corresponding to each fractional cut-off frequency were plotted against the selected 

post-processed image of the Grade 2 Chip surface (Figure 7.42). This figure allows 

for visual inspection of the different cut-off frequencies and their corresponding ability 

to capture surface roughness but not macrotexture.  

 

 

Figure 7.42.  Grade 2 Chip surface showing the filtered contiguous lines (red) for filter cut-off 
frequencies of 𝝎𝒏 = 0.0005, 0.001, 0.005, 0.01, and 0.015.  

 
 
 

ωn = 0.015 

ωn = 0.01 

ωn = 0.0005 
ωn = 0.001 
ωn = 0.005 
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The filter cut-off frequencies of 0.015 and 0.01 follow the individual stone chips too 

closely, which will result in erroneously low readings of SMTD. A fractional cut-off 

frequency of 0.005 also follows the median line a little too closely. However the plot in 

Figure 7.42 is exaggerated in the y-axis in order to show the difference between the 

various cut-off frequencies trials. When plotted at the aspect ratio of the original image, 

the filtered contiguous line still appears to follow the chip a little too closely, but to a 

lesser degree, as shown in Figure 7.43. 

 

 

Figure 7.43.  Grade 2 Chip surface with 𝝎𝒏 = 0.005 

 

The lowest two filter cut-off frequencies shown, 0.001 and 0.0005 appear to follow the 

overall shape of the surface the best without following the individual stone chips too 

closely. However, it should be noted that the Grade 2 chip surface was perfectly flat in 

terms of surface roughness, and therefore these lowest two cut-off frequencies may 

be too low to remove surface roughness from a real-world road surface. 

To find the lower bound value of fractional cut-off frequency, the SMTD values for 

same 5 cut-off frequencies: 0.0005, 0.001, 0.05, 0.01 and 0.015; were calculated for 

the flat linoleum surface. The resulting filtered contiguous lines corresponding to each 

fractional cut-off frequency were plotted against the selected post-processed image of 

the linoleum surface (Figure 7.44). 
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Figure 7.44.  Lino surface with 𝝎𝒏 = 0.0005, 0.001, 0.005, 0.01, and 0.015 

 

For the smooth linoleum surface, the lowest two fractional cut-off frequency filters: 

0.0005 and 0.001, completely fail to follow the surface roughness (Figure 7.44). 

Considering the minor scale over which the slope varies; likely only bought about by 

a minor mis-alignment in camera with the horizon; the lowest cut-off frequencies are 

certainly too low for all surfaces, and likely only worked for the Grade 2 Chip surface 

because  there was absolutely no surface roughness or overall incline. The fractional 

cut-off frequency Wn=0.005 also fails to follow the surface roughness of the linoleum 

surface at the extreme right end of the plot. However, like the Grade 2 chip surface 

plot shown in Figure 7.42, Figure 7.44 is exaggerated in the y-axis in order to show 

the difference between the various filtered contiguous lines. When plotted at the 

aspect ratio of the original image, the filtered contiguous line’s deviation from the 

median line is almost undetectable (Figure 7.45). 

 

 

Figure 7.45.  Smooth Linoleum surface with 𝝎𝒏 =0.005 

 
 

Wn=0.0005 

Wn=0.001 

Wn=0.005 

Wn=0.01 
Wn=0.015 
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Test Site 1 – the linoleum surface, is both smooth (low macrotexture) and has no 

surface roughness (completely flat visually with no localised humps or slumps). We 

can therefore deduce that a minimum fractional cut-off frequency of ωn = 0.005 is 

desired given the high level of distinction between the different surfaces for this 

fractional cut-off frequency value, but also that any fractional cut-off frequency values 

less than ωn = 0.005, the macrotexture measurement (SMTD) increases for the 

Linoleum surface, showing that the basic shape of the second-order filtered 

contiguous line begins to dominate and the line of best fit is failing to follow the road’s 

surface, resulting in erroneously high measures of SMTD.  

 

To obtain the optimal combination of robustness, effective detection of surface types 

and limited variation with a given surface type, a fractional cut-off frequency of 0.005 

is recommended (Figure 7.46). 

 

 

Figure 7.46.  Plot showing the effects of filter cut-off frequency on texture measurement on the 
domain 𝝎𝒏 = 𝟎 ∶ 𝟎. 𝟏, and the resulting SMTD values for a fractional cut-off frequency of 𝝎𝒏 =
𝟎. 𝟎𝟎𝟓 

 

 

 
 

Cut-off Frequency (Wn) 

Texture Measurement versus Cut-off Frequency on the Domain 𝝎𝒏 = 𝟎 ∶ 𝟎. 𝟏 
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 Comparison with Sand-Circle Measurements 

Sand circles tests are the current industry standard for assessment of surface texture. 

A sand circle test was carried out at each of the four test sites. The results were to be 

used as a comparator against the resulting SMTD values when using the fractional 

cut-off frequency 𝜔𝑛 = 0.005, determined during this trial.  

The sand circle test uses a known volume of sand, spread out evenly on a surface to 

form a circle. The texture depth is then determined by measuring the diameter of the 

circle made. The method is suitable for the measurement of surfaces with an average 

texture depth of greater than 0.45mm, or a sand circle of less than 350mm in diameter. 

The sand circle test procedure is described in the TNZ T/3:1981 specification, 

Appendix B. Sand circles are reported to the nearest 5mm. Textures producing 

diameters in excess of 350mm, which cannot be measured accurately by this 

procedure, are reported as “greater than 350mm”. Two measurements are taken and 

the average result is used as the diameter. Reproducibility of test results is generally 

considered poor within the industry, with Pidwerbesky (2006) suggesting figures as 

low as 40%.  

The average texture depth is calculated by dividing the volume of sand by the area of 

the sand patch, using Equation 7.6: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑒𝑥𝑡𝑢𝑟𝑒 𝑑𝑒𝑝𝑡ℎ =
57300

𝐷2
𝑚𝑚 7.6 

Where D = the diameter of the sand circle in millimetres. 

 

Test site 1 – the linoleum surface, could not be tested using the sand circle method, 

as the surface is completely smooth and there are no voids, the resulting sand circle 

would be reported as “greater than 350mm”. Therefore, the average texture depth is 

to be reported as 0.45mm, following the standard assessment process. 
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Test Site 2 – Decorative Pebbled Concrete  

A sand circle test was then undertaken to establish a benchmark against standard 

measurement methods for Test Site 2. The result of this sand circle test is shown in 

Figure 7.47, with the corresponding calculations in Table 7.5. 

 

Figure 7.47.  Sand circle test for Test Site 2 - Decorative Pebbled Concrete 

 

Table 7.5. Results of Sand Circle tests applied to Site 2 

Measurement 1 Measurement 2 Average Diameter 

340mm 340mm 340mm 

It should be noted that the resulting average diameter of 340mm is very near the 

maximum permissible diameter afforded by the sand circle test of 350mm, showing 

that Test Site 2 represents one of the smoothest expected surfaces. The average 

texture depth value, obtained using Equation 7.6 is: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑒𝑥𝑡𝑢𝑟𝑒 𝑑𝑒𝑝𝑡ℎ 
=

57300

3402
𝑚𝑚 

 = 0.50 𝑚𝑚 
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Test Site 3 – Chipsealed Road surface 

A sand circle test was undertaken to establish a benchmark against standard 

measurement methods for Test Site 3. The result of this sand circle test is shown in 

Figure 7.48, with the corresponding calculations in Table 7.6. 

 

Figure 7.48.  Sand circle test for Test Site 3 - Chipsealed road surface 

 

Table 7.6. Results of Sand Circle tests applied to Site 3 

Measurement 1 Measurement 2 Average Diameter 

245mm 250mm 247.5mm 

 

The average texture depth value, obtained using Equation 7.6 is: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑒𝑥𝑡𝑢𝑟𝑒 𝑑𝑒𝑝𝑡ℎ 
=

57300

247.52
𝑚𝑚 

 = 0.9 𝑚𝑚 
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Test site 4 – Grade 2 SC19 Chip with no bitumen binder 

A sand circle test was undertaken to establish a benchmark against standard 

measurement methods for Test Site 4. The result of this sand circle test is shown in 

Figure 7.49, with the corresponding calculations in Table 7.7. 

 

Figure 7.49.  Sand circle test for Test Site 4 - Grade 2 SC19 Chip with no bitumen binder 

 

Table 7.7. Results of Sand Circle tests applied to Site 4 

Measurement 1 Measurement 2 Average Diameter 

115mm 110mm 112.5mm 

 

The average texture depth value, obtained using Equation 7.6 is: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑒𝑥𝑡𝑢𝑟𝑒 𝑑𝑒𝑝𝑡ℎ 
=

57300

112.52
𝑚𝑚 

 = 4.5 𝑚𝑚 
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A summary of the average texture depths for the four test sites is shown in Table 7.8. 

Table 7.8. Summary of the Average Texture Depths resulting from sand circle tests at each of 
the four test sites 

Test Site 1 Test Site 2 Test Site 3 Test Site 4 

0.45mm 0.50mm 0.9mm 4.5mm 

 

 Bitumen Application Rate Calculation 

The sand circle test is typically used to define a bitumen application rate during a re-

seal design process. The bitumen binder application rate is based upon three major 

variables – The average measured texture depth of the road surface to be re-sealed, 

the average-least-dimension of the aggregate chip to be applied, and the average 

traffic volume measured in vehicles per lane per day. The derivation of the bitumen 

application rate calculation is found in the Chipsealing in New Zealand Manual, 

Chapter 9 – Chipseal Design.  

The basic equation for determining the bitumen application rates (Vb) is shown in 

Equation 7.7. 

𝑉𝑏 = (𝐴𝐿𝐷 + 0.7𝑇𝑑)(0.291 − 2 × 𝑇𝑣 × 100)) 7.7 

Where Vb = The bitumen application rate (litres per squared-meter) 

ALD = Average Least Dimension (millimetres) of the chip being applied 

Td = texture depth (millimetres), derived from the sand circle test 

Tv = traffic volume, measured in vehicles per lane per day 
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The bitumen application rate equation leads to the linear relationships between 

average texture depth (mm) and the bitumen application rate (Lm-2), shown in Figure 

7.50. Results are presented for Grades 2-4, and at three different traffic volume rates 

(1000, 3000 and 5000 vehicles per lane per day). 

 

 

Figure 7.50.  Bitumen application rates for changes in applied chip size, vehicles per lane per 
day (Tv), and average texture depth (Td, mm) 

 

Additionally, there are a number of application rate modifiers which can alter the 

outcome of the basic bitumen application rate calculation, which are discussed in 

further detail in Section 9.2 - Bitumen Binder Application Rate Modifiers 
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The results of the sand circle tests carried out at the four test sites were plotted on the 

Bitumen Application Rate chart shown in Figure 7.50 (Figure 7.51). 

 

 

Figure 7.51.  Bitumen Application Rate Chart showing the recommended application rates as 
determined by sand circle tests 

 

The resulting SMTD values for a fractional cut-off frequency of 𝜔𝑛 = 0.005 were 

compared with the resulting average texture depths resulting from the sand circle tests 

for each of the four test sites (Table 7.9).  
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Table 7.9. Comparison of texture measurement methods  

Test Site  SMTD at 𝝎𝒏 = 𝟎. 𝟎𝟎𝟓 Texture depth (Sand Circle) 

1 – Linoleum Surface 0.5 - 0.6 0.45mm* 

2 – Pebbled Concrete 1 - 1.5 0.50mm 

3 – Chipsealed Road 2.2 - 4 0.9mm 

4 – Grade 2 Chip 5.5 - 9.5 4.5mm 

(*below lower limit of measurement) 

 

The SMTD is an arbitrary measure of surface texture. It has no units, it does not 

describe any physical measurement, and is dependent on the value of the fractional 

cut-off frequency (𝜔𝑛) used. However, it can be correlated to the sand circle test to 

develop an understanding of the physical meaning of the values.  

Importantly, Table 7.9 shows that the SMTD value increases monotonically with the 

values from the sand circle test. It is a non-linear relationship due to the differing nature 

of the measurement techniques (optical versus volumetric). Furthermore, the sand 

circle technique is known to be unsuitable for sand circle diameters of 350mm and 

greater. In such cases, the lower limit of average texture depth is set to 0.45mm. 

Hence, the sand circle measurement result is not indicative of the true macrotexture 

of the linoleum surface. 

Table 7.9 also shows that SMTD values are approximately double the sand circle 

values for similar surfaces. The exception being linoleum when the sand circle 

measurement is not applicable. The ability of the laser measurement technique to 

determine the macrotexture of the smooth linoleum surface is of paramount 

importance when assessing a road for flushing.  

At present, the nozzle technology dictates the level of precision required by the 

machine vision system. The current standard of using flat-fan nozzles on an angle at 

100mm spacings to achieve triple (or more) overlap, defines the maximum 

requirements of the levels of discretisation between flow rates. These limitations are 

discussed in further detail in Section 8.5 – Nozzles. 
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 Summary - Butterworth Filter Cut-off Frequency Selection 

A study was conducted to determine an optimal fractional cut-off frequency for the 

Butterworth filter used in the Residuals Method with Spline Fit. Four surfaces with 

distinctly different surface textures were selected to show if a single optimal fractional 

cut-off frequency for the Butterworth filter for all possible surface textures could be 

determined. To obtain the optimal combination of robustness, effective detection of 

surface types and limited variation within a given surface type, a fractional cut-off 

frequency of 0.005 was recommended. The filter order was found to only influence the 

results of very low values of fractional cut-off frequencies, and have no effect on the 

levels of fractional cut-off frequency of interest.  

Sand Circle tests were also carried out at each of the four test sites. The sand circle 

test results were plotted against the bitumen application design rates for varying levels 

of measured surface texture, traffic volumes and applied chip size. The comparison 

showed that the SMTD metric monotonically increased with the sand circle test, and 

conformed to expected behaviours.  
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 Chapter Summary – Trials 

This chapter presents a number of trials conducted in order to test and further increase 

the efficacy and robustness of the road surface texture measurement system. Four 

trials were conducted in order to assess the limits of image resolution measurement 

repeatability and parameter optimisation of the machine vision system.  

The first trial investigated the effect of changes to the spatial resolution in both axes. 

A faux-road surface was created and was scanned using the frame and rail test rig. 

The results were analysed using varied interval size in both the longitudinal and 

transverse directions to show the maximum level of down-sampling possible to retain 

all key features of the road surface.  

In the second trial, a trailer test rig was built to allow testing of dynamic continuous 

motion. A rotary encoder coupled to an Arduino microcontroller was introduced to 

control image capture events at the intended spatial intervals in the direction of travel. 

The trailer was towed by a vehicle along roads identified to have a range of surface 

textures. The trailer test rig trial resulted in 100% characterisation of surface texture 

for over 10,000 images of a road surface. There were however a number of outliers 

where the measured texture values far exceeded the majority of scanned images in 

the same region. The first trial conducted with the trailer test rig showed the need for 

shrouding to control ambient light conditions. The methods of surface texture 

measurement also break down when the image is contaminated with ambient light 

from a shrouding failure.  

A trial was then presented to verify repeatability of measurements of the machine 

vision system. A controlled sample board was covered in a range of aggregate chip 

sizes in a series of bands. The board was scanned twice and the measured texture 

results were compared to assess the repeatability and any variability in the image 

processing algorithm results. The results showed that the machine vision system 

produced accurate and repeatable measurements. 
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Finally, a study was conducted to determine an optimal fractional cut-off frequency for 

the Butterworth filter used in the Residuals Method with Spline Fit algorithm. A 

fractional cut-off frequency of 0.005 was recommended for the optimal combination of 

robustness, effective detection of surface types and limited variation within a given 

surface type. The filter order was found to only influence the results when very low 

values of fractional cut-off frequencies were used. The filter order was seen to have 

little to no effect on the results when fractional cut-off frequencies in the range of 

interest (~0.005) were used. Sand Circle tests were also carried out at each of the four 

test sites. The sand circle test results were plotted against the bitumen application 

design rates for varying levels of measured surface texture, traffic volumes and applied 

chip size. The comparison showed that the SMTD metric monotonically increased with 

the sand circle test, and conformed to expected behaviours. 
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8 Integration of the Machine Vision System 

 

This chapter discusses the integration and execution of the machine vision system 

into a real-time bitumen spraying prototype. It provides a holistic overview of the entire 

system, from image capture to final output. 

 

 Image Capture and Data Transfer 

The images from a machine vision system utilising a structured light scanning 

approach were captured using an industrial USB 3.0 camera (see Chapter 4 - Laser 

Scanning and Section 5.3 - Residuals Method with Spline Fit, for details). The 

FlyCapture 2 Software Development Kit (SDK) provides a common software interface 

to control and acquire images from the Point Grey BFLY-U3-23S6M-C camera, using 

the same Application Programming Interface (API) under 32 or 64-bit Windows. The 

FlyCap application is a Graphical User Interface (GUI), allowing the user to view a live 

video stream from the camera, adjust camera properties and settings, access camera 

registers and save individual frames to disk. The Camera Control dialog allows the 

user to control most camera settings. The Trigger/Strobe control dialog provides 

control over the general purpose input/output (GPIO) capabilities of the camera, 

including the ability to configure an external trigger mode. For a full description of the 

Point Grey Blackfly BFLY-U3-23S6M-C camera, see (Point Grey, 2017). 
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 Random Access Memory (RAM) Drive 

The FlyCap application saves the image data to a designated disk drive on the PC. A 

RAM drive was created for this purpose - a block of random-access memory which 

acts like a disk drive but exists only in memory, greatly speeding up operations. The 

major drawback of using a RAM drive is that the storage is in volatile memory, and will 

be lost in the event of loss of power to the PC. Additionally, the RAM drive is greatly 

limited in capacity when compared to persistent storage. As the intended outcome is 

for “real-time” application, it is unnecessary to store image data after the image has 

been processed and the surface texture has been determined for the scanned region. 

In order to further increase throughput, images may be deleted from disk as soon as 

they are processed. By deleting images on the fly, the RAM drive need only be as 

large as the file size for a single image.  
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 Matlab 

All processing of the images was carried out in Matlab. A Matlab script was written to 

pull each image the instant it appears in the RAM drive into the Matlab workspace for 

processing. The image data is then processed using the Residuals Method with Spline 

Fit algorithm (Section 5.3), and sends the output SMTD array via serial cable to an 

additional Arduino micro-controller. The data file is then deleted from the RAM drive 

to avoid exceeding the storage limit. The additional Arduino micro-controller 

represents the controller for the bitumen spray nozzle bank, and is described in further 

detail in Section 8.5 - Nozzles - Development of a Controlled Bitumen Application 

System. All prototyping and feasibility was carried out in Matlab; a development 

software platform with many background operations, graphical methods, built in 

functions and debugging capabilities; which all place tax on the execution speed of a 

function or script. Matlab is not intended for running the final implementation of high-

performance Real-Time applications. The maximum permissible total time required for 

performing live “just-in-time” runs as per the requirements of the final commercial 

application; obtaining images, calculating the road’s surface texture and sending the 

processed output result to the bitumen spray nozzle controller; assuming a vehicle 

speed of 2ms-1 and a frame rate of 40fps; is 25milliseconds. Using the built-in Matlab 

function “tic-toc” to determine the length of time taken to execute a script, the un-

compiled Residuals Method with Spline Fit algorithm takes between 12 and 50ms to 

execute. This variation is likely due to the aforementioned background operations 

within the operating system. The final prototype was capable of performing all tasks 

associated with a “real-time” bitumen spraying operation at a framerate of 10fps using 

un-compiled Matlab script. It is considered that the original working figures of 40fps, 

which may well be excessive given the resolution of the current spray nozzle 

technology, would therefore be met in subsequent work on this project if the algorithm 

is written in a proprietary programming language and/or a more specific operating 

system for real-time applications which places less burden on the CPU is used. 
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 Image Cropping 

It should be noted that texture measurement processing only requires a small number 

of pixels in the y-direction of each image, the region of interest is far smaller than a full 

frame – the frame may be cropped so that only the data contained within the region of 

interest is transferred, greatly increasing the frame rate capabilities of the camera. The 

images used in this trial were only 250pixels in height, allowing for an increase in frame 

rate by approximately 4-times (~160 frames-per-second). This modification would 

allow for either an increase in vehicle speed, an increase in resolution in the 

longitudinal direction, or a combination of the two with some trade-off. 

However, care must be taken to ensure that vertical movement of the laser line within 

the field of view is limited and that the laser line is not cropped out. Vertical movement 

of the laser line may occur from changes in the distance-to-object – the distance from 

the camera lens to the point of interest – should the height of the machine vision 

system change due to local variations in height of the road surface. The change in 

height between the machine vision system and the road surface resulted in the vertical 

movement of the laser line shown below in Figure 8.1. The images were captured 

during the Trailer Test Rig trial, when the trailer was towed out of a driveway and onto 

the street. If the image is cropped too closely to the centre of frame, it is possible that 

the line will be lost in some cases. Careful design of the camera mounting system may 

be able to minimise the movement of the laser line relative to the camera sensor. 

  

Figure 8.1.  Vertical movement of the laser line due to changes in the distance-to-object 
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The limiting parameter may however still be the time taken to run the algorithm, and it 

is yet to be determined if higher resolutions or increased vehicle speed are possible, 

or indeed, desirable.  

 

 Nozzles - Development of a Controlled Bitumen Application System 

The design and build of a controlled bitumen application system to accurately vary the 

quantity of bitumen sprayed at each nozzle is dependent upon discretised information 

of the surface texture. The final commercial spraying system design will require 

significant investigation into the spray nozzle design and control mechanism to 

achieve a uniform application. Consideration must be given to droplet formation and 

size to assess wind drift as this is an important contributor to the application. The 

design of variable-rate bitumen application nozzles for this purpose is significant and 

complex, and was deemed outside of the scope of this PhD project. As such, further 

work is required in this field.  

A number of avenues were explored during the course of this study, and the findings 

are presented below. The work is broken into the following categories: 

 Investigation into a variable rate nozzle 

 Proposal of a discretised 3-tiered nozzle system 

 The control mechanism 

 

 Investigation into a Variable Rate Nozzle 

A method of continuously variable flow rates for each individual spray nozzle was 

initially investigated. Spraying Systems - leading experts in automated spraying 

technology - were bought on board as consultants. Spraying Systems offer a large 

range of nozzles and control systems. The product line of particular interest was the 

Precision Spray Control (PSC), utilising the PulsaJet automatic spray nozzle and an 

AutoJet spray controller. PulsaJet spray nozzles are electrically-actuated on and off 

with a very high cycling rate (up to 10,000 cycles per minute) to adjust the flow rate. 

By using pulse-width modulation to vary the duty of the nozzle, a wide range of flow 
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rates can be achieved from a single nozzle at a constant pressure. The cyclic 

frequency can also be changed to vary the flow rate. The AutoJet spray controller 

allows flow rate adjustments to be made almost instantaneously to vary the application 

rate with variations in production line speed, or in this case, the vehicle speed and 

required application rate due to variations in measured road surface texture.  

Unfortunately, at present the Precision Spray Control (PSC) featuring the PulsaJet 

nozzles cannot be used for the application of bitumen, as the nozzles are unable to 

withstand the high temperatures required to keep the bitumen at a viscosity suitable 

for spraying operations. Bitumen binder must be bought to temperatures of 160°C or 

more in order to reach the viscosities required for pumping and spraying.  

The PuslaJet nozzles feature internal polymer components which are unable to 

withstand the temperatures required to successfully spray bitumen binder, and 

therefore are currently unable to be used for this application. Spraying Systems intend 

to continue to work closely with Technix Industries in order to modify the design of the 

PulsaJet nozzle, as replacement of the polymer component with another material of a 

higher working temperature may be sufficient to meet the requirements of the bitumen 

spraying operation. This future work will be dependent upon the economic trade-offs 

of the development costs versus the supply and demand of the end product.  

 

 Proposal of a Discretised 3-Tiered Nozzle System 

Without the current ability to use variable rate nozzles, an alternative solution was 

sought. The proposed solution was to utilise a discretised 3-tiered nozzle system. 

Each scanned area of road surface would be assigned to a discretised level of bitumen 

binder application rate, based upon the level of surface texture measured in that area. 

By using three different nozzles, each with a different flow rate, combinations of the 

nozzles could be used to provide a range of bitumen application rates. This setup is 

similar to that used by the Fulton Hogan Multi-sprayer. However, the real-time variable 

rate bitumen sprayer has the distinct advantage of measuring the road’s surface 

texture in “real-time”, allowing for adjustment in application rates in both direction of 
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travel and transverse directions. Three different sized nozzles allows for seven 

different spray rates using the following combinations, as shown in Table 8.1.  

If, for example Nozzle 1 = 0.5Lm-2, Nozzle 2 = 1Lm-2, and Nozzle 3 = 2Lm-2 

 

Table 8.1. Discretised Bitumen Binder Application Rates 

Discretised Level Nozzle Combination Application Rate 

1 Nozzle 1 0.5Lm-2 

2 Nozzle 2 1.0Lm-2 

3 Nozzle 1 + Nozzle 2 1.5Lm-2 

4 Nozzle 3 2.0Lm-2 

5 Nozzle 1 + Nozzle 3 2.5Lm-2 

6 Nozzle 2 + Nozzle 3 3.0Lm-2 

7 Nozzle 1 + Nozzle 2 + Nozzle 3 3.5Lm-2 

 

 

Figure 8.2.  Possible allocation of flow rates from combinations of nozzles 

 

Typical bitumen binder application rates range from 1Lm-2 to 3Lm-2, rendering the first 

and last discretised levels redundant. However, the fidelity of the smallest nozzle is 

required to provide the resolution between the discretised levels.  
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 The Nozzle Control Mechanism 

The feasibility of a Nozzle Control Mechanism was explored using the additional 

Arduino micro-controller mentioned in Section 8.3 - Matlab. A prototype was built at 

the University of Canterbury to work in synchronisation with the machine vision 

system, using LED lights to represent the flow rates of a bitumen nozzle. Different 

levels of measured surface texture were discretised into different levels of “application 

rate”, and were displayed by using a particular combination of LED’s for the measured 

area. LED lights were chosen as a surrogate to bitumen spray nozzles for their low 

cost, and ease of implementation.  

A spray booth is currently being prepared by Technix Industries at their office site in 

New Plymouth. However, due to the high setup costs and complexity of spraying a 

hot, volatile substance, the spray booth is yet to be completed. Awaiting its completion 

was therefore considered outside the scope of this PhD project. The feasibility trial 

conducted with the LED array affirms the function of the nozzle control system, and as 

such can be transferred to the control of spray nozzles in future studies towards the 

completion of the final commercial application. This simple set-up has investigated the 

method of using an additional micro-controller to output a physical command to a 

surrogate component. 

A 3x5 matrix of LED's coupled to an additional Arduino microcontroller was used to 

represent a manifold containing bitumen spray nozzles (Figure 8.3). Three different 

coloured bulbs were used in the direction of travel, with each colour representing a 

nozzle with a different flow rate. The LED bank was therefore five nozzles wide in the 

transverse direction. 
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Figure 8.3.  Arduino micro-controller with 3x5 LED array to represent a spray nozzle manifold 

 

Images from a scanned surface were broken into five intervals in the transverse 

direction, perpendicular to the direction of travel. Each image was 500mm wide in the 

field of view in the x-direction, and so each interval covered a 100mm strip in the 

transverse direction. Each nozzle in the transverse direction represents the coverage 

for each of the 100mm strips, assuming no overlap of the adjacent nozzles.  

The different levels of measured surface texture of the road’s surface were discretised 

into levels of “flow rate” shown by a particular combination of LED’s for the measured 

area. These discretised levels represent realistic discretisation of the final spray nozzle 

array on a bitumen spraying vehicle. Therefore, the LED command signal represents 

the output command which could equally be sent to a spray nozzle controller in the 

final step of controlling real bitumen nozzles for the final commercial application. 

  

 

 

Direction of Travel 
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The machine vision system captures and processes images as described in Chapter 

4 - Laser Scanning and Section 5.3 - Overview – Residuals Method with Spline Fit. 

With an image capture interval in the direction of travel of 100mm (a new image is 

captured and processed every 100mm along the direction of travel), the trigger from 

the first image captured is also used to send a trigger to the microcontroller for the 

LED array, synchronising events of both camera trigger and the spray nozzle. 

Assuming the bitumen spray bar is mounted 1 meter behind the machine vision system 

(in the direction of travel), the controller waits until 10 images have been captured, and 

with the signal to trigger the camera for the 11th image, the LED array indicates the 

volume of bitumen binder required as calculated by the processing of the first image. 

The nozzle controller continues to indicate the measured surface texture result for 

every image thereafter. This process allows for precise synchronisation between 

camera trigger and bitumen binder application events, regardless of changes in 

vehicle speed. Additionally, the distance between the nozzles in the direction of travel 

would need to be taken into account in order for the required synchronisation of the 

nozzles to hit the same target area of the road’s surface. This process is shown 

schematically in Figure 8.4, which represents a simulation or stress-test of how the 

integrated real-time variable rate spray system may perform in operation. 
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Figure 8.4.  Schematic showing discretisation of distribution of bitumen binder at various rates 
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 Summary – Integration of the Machine Vision System 

This chapter demonstrated the real-time capabilities of controlling nozzles for a real-

time variable rate bitumen spraying prototype. A feasibility study was conducted using 

LED lights as a surrogate to bitumen spray nozzles. This allowed for the investigation 

of using an additional micro-controller to output a physical command to a surrogate 

component.  

This process allowed the demonstration of precise synchronisation between camera 

trigger and bitumen binder application events, regardless of changes in vehicle speed, 

without the need for spraying hot, volatile bitumen.  
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9 Recommendations and Future Work 

 

This chapter outlines areas of future work with some suggestions of recommended 

approach and conceptual analysis. 

 Scaling 

The prototype built for the feasibility study for the development of a real-time variable 

rate bitumen spray system utilised a machine vision system with a single laser line 

generator and camera. The maximum field of view in the transverse direction, 

perpendicular to the direction of travel is limited by both the number of pixels in the x-

direction, and the physical height the camera is able to be positioned away from the 

road’s surface. As a rule of thumb, twice the number of pixels are required to capture 

the smallest object of interest. Therefore, if 1-mm image resolution is desired, 2-pixels 

per millimetre are required. The Point Grey BFLY-U3-23S6M-C camera has 1920 

pixels in the x-direction, and is therefore capable of capturing a field of view in the 

transverse direction of 960mm. Using the equations relating the field of view, camera 

sensor size, focal length of the camera lens, and the distance-to-object (See Section 

6.2 - Camera Selection Process for Final Prototype), the distance-to-object becomes: 

 

𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  
𝐹𝑖𝑒𝑙𝑑 𝑜𝑓 𝑉𝑖𝑒𝑤 𝑖𝑛 𝑥 ∗  𝐹𝑜𝑐𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ

𝑆𝑒𝑛𝑠𝑜𝑟 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 𝑖𝑛 𝑥
 

 
=  

960𝑚𝑚 ∗ 16𝑚𝑚

10.67𝑚𝑚
 

 = 1440𝑚𝑚 
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With a 45° inclination to the road’s surface, the required height between the road’s 

surface and camera becomes: 

 

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐻𝑒𝑖𝑔ℎ𝑡 
=  

𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

√2
 

 =  1018𝑚𝑚 

The required height of the camera in order to achieve the maximum permissible field 

of view in the transverse direction of the road’s surface without sacrificing image 

resolution is a little over 1 meter. This is more than likely higher than permissible by 

the physical constraints of the spraying vehicle, as under-vehicle clearance is unlikely 

to provide such space. However, it may be possible to stow the machine vision system 

on the exterior of the spraying vehicle, perhaps cantilevered off the front. This 

positioning would allow for an increase in camera height, and thus and increase in 

distance-to-object and field of view.  

If the maximum permissible height were implemented, 5 cameras would be required 

in order to cover the common maximum spray bar width of an existing bitumen 

spraying vehicle of 4.2m (noting that 5 cameras would cover a field of view in the 

transverse direction of 4.8m, 600mm more than the standard. 4 cameras could be 

used if the reduction of the spray bar width to 3840mm was deemed acceptable). 

Assuming the machine vision system was constrained to be positioned underneath 

the vehicle to which it is mounted, and the maximum permissible height of the camera 

was 500mm, the field of view in the transverse direction of the road’s surface is 

reduced to 472mm, and the number of required cameras is increased to 9.   
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The decision of this trade-off between ease of fitment and both simplicity and 

economic costs of using additional cameras will only become apparent closer to the 

completion of the final version for commercial application, when the location of the 

machine vision system on the spraying vehicle is finalised. Due to the very low costs 

of the USB 3.0 cameras in comparison to a current commercial high-speed laser 

scanning assembly, the costs of the larger system will not be prohibitive. 

The data processing requirements will be dependent upon the number of cameras 

used for the final commercial design. Theoretically, the Point Grey BFLY-U3-23S6M-

C USB 3.0 camera operating at the maximum permissible data transfer rate of full 

frame images at 40fps has a throughput of 92Mbit/s. The USB 3.0 protocol quotes a 

maximum permissible throughput of 400Mbit/s, allowing support for up to 4 cameras 

per processing computer. However, as stated in Section 6.2 - Camera Selection 

Process for Final Prototype, the true permissible bandwidth may only be determined 

experimentally, as the advertised theoretical maximum transfer rate of 400MB/s for a 

USB 3.0 system is unlikely to be possible due to background operations.  

Therefore, the number of PC’s required for the final application is unknown. However, 

as with the number of cameras, due to the low cost of the computers required for the 

USB 3.0 system, even with conservative estimates for numbers of cameras per PC, 

the overall system costs are still a fraction of a commercially available high-speed laser 

scanning system.  
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 Bitumen Binder Application Rate Modifiers 

There are a number of additional factors that can lead to the desire for additional 

increase to the bitumen application rate. The modifying factors; discussed in detail in 

the Chipsealing in New Zealand manual, Chapter 9.4 – Site Specific Adjustments; are 

outlined below. 

 

Soft Substrate (Ss) 

Soft substrates are occurring more often in New Zealand pavements which consist of 

multiple chipseals. In terms of the design algorithm, the effect of a soft substrate can 

be modelled by increasing the traffic factor or decreasing the chip size. 

 

Absorptive Surfaces (As) 

On some surfaces binder can be absorbed, meaning that the binder ‘disappears’ into 

the surface and in effect results in a low application rate. No method is available for 

assessing the degree of absorption, the preferred procedure is to seal the surface first 

with a small chip. If this is not possible, the basic application rate could be increased 

by 0.1 to 0.2 Lm-2. 

 

Steep Grades (Gs) 

On steep uphill grades, slow moving heavy vehicles can cause premature flushing of 

the surface. The Heavy Traffic Factor adjustment can be used for the application rates 

for crawler lanes (when these are provided), so the pavement can cope with the slow 

heavy vehicles. A reduction of 0.1 to 0.15 /m2 in binder application rate for these areas 

is commonly used to minimise the chance of binder pick-up from the truck tyres, which 

causes tracking and potential for flushing. 

  



9. Recommendations and Future Work 

223 

Chip Shape (Cs) 

Chip shape is controlled by a maximum ratio of ALD:AGD of 1:2.25, although typical 

ratios of 1:2 have been found in practice. These shapes are preferred as they pack in 

with maximum shoulder-to-shoulder contact. Some aggregate crushing systems can 

result in more cubical chip with ratios less than 1:2.0. The volume of voids, with this 

more cubical shape of chip, is higher than the voids between chips having the 1:2 

cubical shape. Subsequently the binder application rate needs to be increased. 

Typically, the application requires up to 10% extra binder for chips with a more cubical 

shape. 

 

Urban and Low Traffic Volume Reseals (Us) 

A significant number of urban Road Controlling Authorities and contractors are of the 

opinion that urban streets sealed with normal application rates suffer from chip loss 

along centrelines and in parking lanes. A number of ways are available for dealing with 

this problem. Generally, chip loss will be solved by increasing binder application rates 

from 10% up to 20%. 

These application rate modifiers were not included during the development of the 

prototype, but their inclusion is an important consideration for subsequent work on this 

project.  
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10 Conclusions 

 

This thesis provided the first method for measuring surface texture in a way that would 

be suitable for use in industrial road manufacture. 

Initially, an analysis of current best practice in the field and related fields yielded a 

range of possible solutions. However, all solutions were either too slow (sand circle), 

too expensive (time-of-flight cameras, network survey vehicles) or had ambiguous 

measurement capabilities (spectral-response analysis). Laser measurement systems 

seemed to be the most likely candidate for continuation. However, existing methods 

utilises single point lasers and would thus be very difficult and expensive to scale to 

the intended device. 

A number of various imaging methods were assessed. Initially, a simple Image 

Thresholding Analysis was investigated as a viable low-cost solution to surface texture 

recognition. It was hypothesised that by exploiting the difference in luminance between 

the bitumen binder and aggregate chip, there may be sufficient contrast to successfully 

distinguish between the two materials. The method was deemed too susceptible to the 

influence of real-world factors and more robust solution was sought. 

A structured light imaging technique utilising a laser line generator and triangulating 

camera was used to capture images of the surface texture. The images were analysed 

and the data of the laser line was pulled from the image using a thresholding image 

processing algorithm. The resulting laser line data was analysed using a number of 

novel algorithms, developed during the course of this study. The final, robust algorithm 

for surface texture measurement was the Residuals Method with Spline Fit. The 

method utilised a Butterworth filter to capture the global shape of the road to enable 

calculation of the local surface texture.  
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The methodology was validated extensively for a variety of surfaces. An analysis 

showed the maximum level of down-sampling possible to retain all key features of the 

road surface. The method was tested on urban Christchurch roads that contained a 

variety of surfaces. The method detected all distinctions that were apparent in the road 

surface. The performance of the methodology was sufficient to allow automation of the 

methodology for a real-time transverse variable rate bitumen spraying apparatus. The 

repeatability of the device was also confirmed in controlled surfaces. Finally, the 

methodology was proven to increase monotonically with the slow, labour intensive 

sand circle test.  

The developments of this thesis provide the technical groundwork to proceed with the 

development of economically feasible real-time TVSR for New Zealand road repair. 
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Appendix A – Data Sheets for laser line generator components 

 

Data sheet for LD-450-1600MG laser diode 
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Data sheet for GS-8020B collimator lens 
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Data sheet for PL450 Powell lens 
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Appendix B – Sand Circle Test Procedure 
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