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Abstract 

Hot Mixed Asphalt (HMA) is the preferred and dominant material for road construction in many countries. HMA is very sensitive to the construction 

process and, thus, it is important to closely monitor the construction processes. Several Pavement Operation Support Systems (POSSs) have emerged in 

recent years. These systems try to provide guidance to the operators of pavers and rollers. While effective, such systems cannot do justice in capturing the 

complex interdependencies between the project-specific context (e.g. ambient conditions, temperature of laid asphalt) and optimal operational strategies. 

Also, the existing real-time POSSs tend to perceive compaction and paving as separate operations. This research presents a comprehensive real -time POSS 

that uses machine-to-machine communication (M2M) and sensor network (GPS, temperature linescanner, thermologger) to adopt a holistic view of fleet and 

better assist the paver and roller operators in achieving a higher asphalt quality. In this system a novel method to obtain t he temperature of the asphalt mat 

is developed that is based on a combination of measured surface and core temperatures of the laid asphalt layer. A prototype of the proposed POSS is 

developed and tested in a field experiment. The test results show that the proposed system can help provide operators with a deeper insight into their projects. 

By assisting the operators in developing better operational strategies and preventing over-, under-, and poor compaction, this system is found to contribute 

to enhancing process quality as well as the quality of the end-product. 
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1. Introduction  

Hot Mixed Asphalt (HMA) is the preferred and dominant 

material for the road construction in many countries. 

Conventionally, asphalt quality is assessed by the achieved density 

of the asphalt mixture, the achieved layer thickness, final 

mechanical properties [1,2] and pavement roughness [3]. Different 

methods have been applied to control and analyze the asphalt layer 

density and roughness during and after the construction process [3-

11]. However, there are a number of critical limitations to the 

existing methods: (1) indirect and/or model-based methods are 

very sensitive to a wide range of variables. Moreover, it is difficult 

to develop a generic solution that can be applied on site during 

actual asphalt construction projects [11]; (2) these methods require   
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experienced  practitioners  for  measurements,  which  make  them 

unappealing choices for real-time monitoring [11]; (3) while density 

data can provide machine operators on site with an indication of 

asphalt quality, it says very little over the causes of the inferior quality 

and the remedies thereof. Therefore, for the real-time monitoring of 

HMA quality, it is important to focus on (a) underlying controllable 

parameters that result in a high quality HMA process, and (b) methods 

that can measure these parameters accurately in real-time. Previous 

research has shown that the dynamics of compaction (i.e. number of 

roller passes) and asphalt temperature are two critical controllable 

parameters that can determine the quality of HMA processes [12-17]. 

For instance, asphalt can be compacted best only within a certain 

temperature range, that is known as a compaction window, as shown 

in Fig. 1 [18,19]. This range has an upper and lower (also known as 

cessation time) limits. The compaction at temperatures higher and 

lower than this range would result in over-stressed or under-stressed 

asphalt [19]. Therefore, it is crucial to develop an optimal compaction 

strategy and to have a good understanding of the asphalt’s thermal 

behavior. Traditionally, operators would use their intuition and rules 

of thumb to determine when, where, and how much to compact. This 

approach is proven to be suboptimal [20]. 

Following the footprint of other sectors of construction industry 

who have successfully deployed technologies to improve safety 

and productivity of various construction processes [21-37], paving 
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Fig. 1. Cooling curve of an asphalt mixture with optimal 

compaction window (adapted from [19]). 

sector has also gravitated towards the use of advanced technologies 

to improve paving operations. Automated Machine Guidance and 

Control (AMC/G) technologies [38-42] have inspired the 

development of several Pavement Operation Support Systems 

(POSSs), which aim at assisting the operators during asphalt 

construction activities. The complexity and functional scope of 

these systems have considerably evolved in the past decade. While 

first instances of POSS relied on manual inputs from the roller 

operators to merely keep a digital track of the performed 

operations [43], more recent systems use a range of sensors to 

collect relevant real-time data (e.g. the degree of compaction) and 

provide real-time assistance for the operators [44-57]. 

The concept of Intelligent Compaction (IC) has emerged in the 

last ten years. In this concept, sensors and autonomous systems are 

used to collect and analyze data in near real-time data in order to 

assist roller operators in achieving better asphalt quality. IC assists 

the operators by suggesting roller patterns based on the 

identification of areas of the asphalt mat which require compaction 

[51,53]. Xu et al. [57] evaluated the effectiveness of IC technology 

on HMA compaction and concluded that IC can improve roller 

patterns, and thus avoid over- or under-compaction. However, the 

following critical problems with intelligent compaction in relation 

to Quality Control and Quality Acceptance (QC/QA) have been 

identified [4]: (1) the on-board computer on a roller does not 

supply sufficient post-data analysis, and (2) the IC roller is unable 

to directly measure the mixture density. Dhakal et al. [58] used 

infrared thermography (IRT) to investigate thermal segregation in 

asphalt layers. This research showed the potential thermal loss of 

the asphalt layer paved on top of a joint. This loss in temperature 

might affect the compaction process as roller operators should be 

sensitive to upper and lower compaction temperature limits and be 

notified about critical sections that need to be compacted with 

higher priority. Kassem et al. [54] considered compaction in a 

broader sense by proposing a method for density prediction in real-

time and later tried to support compaction undertaken with 

vibration [55]. 

More recently, Kuenzel et al. [56] presented the SmartSite 

project, where agent models were developed for the asphalt 

equipment. These agents were able to guide the operators on 

compaction paths and help to determine when to apply vibration. 

Although this system was able to present the core temperature of 

the asphalt layer, this was done through estimation rather that 

direct measurements. Generally, the system measures the surface 

temperature and then use layer thickness data to estimate the core 

temperature. This estimation maybe inaccurate giving variance in 

temperature in asphalt layer. 

In addition to academia, many solutions have been proposed by 

industry. Table 1 summarizes the available industrial solutions for 

pavement and compaction support systems. The major 

disadvantage of the available commercial solutions is the separate 

treatment of either paving or compaction. Also, the systems are 

closed for integration and the customer has to use several solutions 

to control data from different construction operations as well as 

different phases of the road lifecycle. 

As many of current systems consider paving and compaction as 

isolated operations, this ignores interdependencies between paving 

and compaction and leads to inaccurate assumptions about the 

actual temperatures of the asphalt mat. Also, the current state-of-

the-art in the real-time monitoring of compaction operations uses 

simulation determine the cooling curve [20,59]. Nevertheless, it is 

shown that the cooling curve of the asphalt is sensitive to the 

ambient conditions [19] and therefore needs to be determined in 

real-time [13]. 

Based on the above limitations, it can be argued that an effective 

compaction strategy not only requires a holistic view of the entire 

fleet, i.e. rollers and pav ers, but also an accurate estimation of the 

temperature of the asphalt mat in real time. Only through the 

adoption of such a comprehensive view would the operators be 

able to make near-optimal decisions on their compaction strategy. 

Therefore, this research aims to present a comprehensive 

framework for a real-time POSS that couples paving and 

compaction procedures and simultaneously analyzes the process 

parameters (e.g. the temperature of the asphalt mat and the number 

of roller passes) in relation to each other. 

The remainder of the paper is structured as follows: in Section 2, 

temperature monitoring and temperature prediction are described. 

Section 3 subsequently introduces the proposed system. Sections 

4 presents an implementation of the system and its testing in the 

laboratory and during field projects. The evaluation of obtained 

results, conclusions of the research and possible future work are 

described in Sections 5 and 6, respectively. 

2. Temperature monitoring and prediction 

Since an estimation and analysis of the asphalt’s temperature are 

among the most important functionalities of the proposed system 

in this paper, this research builds on extensive studies of [13], to 

develop a method for accurately monitoring and predicting asphalt 

temperature. Given the importance of this method in the proposed 

system, it will be described before the proposed system is 

presented. 

The temperature of an asphalt layer can be represented in terms 

of core and surface temperatures.  Since current technologies do 

not enable the measurement of  core and surface temperatures of 

different parts of the asphalt mat in a non-intrusive manner and in 

real-time, a data collection scheme needs to be developed to 

generate the temperature contour plot of the asphalt. 

The 3D model in Fig. 2 shows –the temperature data collection 

scheme used in this research. In this method, a road is discretized 

into several segments based on the road geometry and cooling rate 

of the mixture at the laboratory. A reference point will be set for 

each segment to capture the cooling rate of the asphalt on the site. 

Based on this setting, four different types of data can be defined 

for each segment:  

1. Reference Surface Temperature (RST): the surface 

temperature of the reference point. 

2. Reference Core Temperature (RCT): the core temperature of 

the reference point. 
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3. Target Surface Temperature (TST): the surface temperature 

of any given points on the asphalt mat. 

4. Target Core Temperature (TCT): the core temperature of any 

given points on the asphalt mat. 

RST and RCT are continuously collected using the appropriate 

sensors and will be discussed in Section 3.3. TST will be initially 

measured when the asphalt layer is placed, will be discussed in 

Section 3.1, and will be calculated for the rest of the project based 

on Eqs. (1) and (2). 

Table 1 

Industrial solutions for road construction projects. 

 Company Solution name Solution domain Solution features 
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Ammann GPS-based compaction 

(ACEpro and ACEforce) 

[60] 

Compaction Records compaction results 

Atlas 

Copco-Dynapac 

Continuous Compaction 

Control (CCC) [61] 

Compaction meter 

(Dynalyzer) [62] 

Compaction Records compaction results. Determines stiffness of 

the compacted material 

Bomag Bomag compaction 

management and 

positioning BCM 05 [63] 

Compaction Records compaction results 

Caterpillar Compaction Control 

Technologies [64]  

Paving and 

Compaction 

Provides integrated guidance and automatic grade 

control with real-time pass count and temperature 

mapping 

HAMM HAMM Compaction 

Quality (HCQ) [65] 

Compaction Measures the stiffness of the soil or asphalt 

pavement during the dynamic compaction process, 

current asphalt temperature 

Leica Leica PaveSmart 3D system 

[66] 

Paving Constructs precise as-designed 3D surfaces 

Moba PAVE-IR [67] Paving Measures of the material temperature to detect 

thermal segregation 

Sakai Compaction Information 

System 2 (CIS2) [68] 

Compaction Counts number of roller passes, determines roller 

speed. Controls and adjusts vibration frequency and 

amplitude. Determines paving surface temperature 

Topcon Sitelink3D, C-53 intelligent 

compaction [69] 

Compaction Records compaction results. Measures paving 

surface temperature. Provides accurate pass counts 

Trimble Trimble Compaction 

Control System (CCS900) 

[70] 

Compaction Provides display and mapping of compaction 

measurements in real-time 

Volvo Compact Assist for Asphalt 

with Density Direct [71] 

Compaction Records compaction results, pass mapping, 

temperature mapping, real-time density calculation 

over the full mat surface 

VÖGELE RoadScan [72] Paving Records paving results, captures the base 

temperature before paving, records the wind strength 

and direction, ambient temperature, air pressure and 

humidity 

Völkel Völkel Compaction Control 

(VCC) [73] 

Compaction Records compaction results, controls and adjusts 

vibration frequency and amplitude, controls roller 

speed 

L
o

g
is

ti
cs

 BPO Voltz 

logistics 

BPO ASPHALT [74]  Controls amount of trucks, controls amount of 

mixture delivered on site 

Thunderbuild APEX / ALIS  Controls amount of trucks, controls amount of 

mixture delivered on site 

S
o

ft
w

ar
e 

A
p

p
li

ca
ti

o
n

s 

AsphaltOpen An Interactive Visualization 

Tool for Asphalt Concrete 

Paving Operations [75] 

Paving and 

Compaction 

Visualizes the temperatures of the asphalt mat after 

paving and number of roller passes 

SIMPAVE Interactive Simulations for 

Planning Pavement 

Construction [76] 

Simulations for 

paving and 

compaction 

Provides path planning for hauling, roller motion 

paths, paver motion. Simulates wind, temperature 

rush hour, accidents. Provides plant output, truck 

capacity, paver capacity, roller sizes 

VETA VETA - Intelligent 

Compaction [77] 

Compaction Monitors real-time asphalt or soil compaction 

progress. Collects thermal profilers of the asphalt 

surface temperatures 
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Fig. 2. Data collection scheme developed in this research. 

𝛥𝑅𝑆𝑇𝑡 = 𝑅𝑆𝑇𝑡 −  𝑅𝑆𝑇𝑡−1  (1) 

𝑇𝑆𝑇𝑡,𝑗 = 𝑇𝑆𝑇𝑡−1,𝑗 +  𝛥𝑅𝑆𝑇𝑡   (2) 

where, t: is an index representing the time step of the data 

collection; j: is an index representing the location of the target 

point; 𝛥𝑅𝑆𝑇𝑡 : is the temperature gradient of the surface at the 

reference point at time t; 𝑇𝑆𝑇𝑡: is the target surface temperature at 

time t. 

Note that, the value of TCT will be calculated based on the 

assumption that, for any segments of the road, the cooling rate at 

the reference point is generalizable to the rest of the mat at that 

segment. After calculating TST at any given time, Eqs.(3) and (4) 

can be used to calculate TCT. 

𝛥𝑅𝑇𝑡 = 𝑅𝐶𝑇𝑡 − 𝑅𝑆𝑇𝑡  (3) 

TCTt,j = TSTt,j +  ΔRTt  (4) 

where, 𝛥𝑅𝑇𝑡: is the temperature gradient between core and surface 

at the reference point at time t; 𝑇𝐶𝑇𝑡: is the target core temperature 

at time t. 

Additionally, the average of the core and surface temperatures at 

any point in time can be used to represent the cooling behaviour of 

the asphalt through only one indicator, as shown in Eq.(5). 

𝐴𝑇𝑇𝑡,𝑗 = (𝑇𝐶𝑇𝑡,𝑗 +  𝑇𝑆𝑇𝑡,𝑗)/2  (5) 

where, 𝐴𝑇𝑇𝑡: is the average temperature at the target point at time 

t. 

The proposed system uses this method to monitor and predict the 

temperature of the asphalt mat. In the Section 3, the architecture of 

the proposed system is explained in detail.  

3. Proposed system 

The schematic high-level architecture of the developed system is 

presented in Fig. 3. The architecture of the system consists of four 

modules, namely: Paver Module, Roller Module, Reference 

Temperature Module, and Processing Centre. The main objectives 

of the Paver and the Roller modules are to (1) collect 

corresponding data about paving and compaction activities (e.g. 

TST) and share this data with the fleet, and (2) receive relevant 

data in the form of graphical visualizations and present them to 

operators. These modules rely on the stream of real-time data 

coming from various sensors attached to the equipment (e.g. GPS, 

and temperature linescanner). These two modules require the 

installation of on-board displays (e.g. tablet) inside the cabin of 

each machine to provide the operators with the relevant visual data. 

The Reference Temperature Module uses the data from 

thermologgers to collect RST and RCT. 

In this system, a centralized processing architecture is selected 

to allow the adoption of a global view of the project and minimize 

the data transfer rate and increase the system robustness. As a 

result, the Processing Centre collects construction process data 

from other modules, performs the appropriate analysis, and shares 

the analysis with other modules. The data communication between 

the various modules is shown in Fig. 4. This sequence diagram will 

be explained in more detail in the sub-sections 3.1, 3.2, 3.3 and 3.4. 

The proposed structure allows for the concurrent consideration 

and seamless integration of paving and compaction operations. 

This structure provides a holistic view of pavement operations to 

all involved operators and allows them to make near optimal 

decisions based on the consideration of the entire fleet. This is a 

major advantage over conventional systems that provide operators 

with a limited view of the construction process. The remainder of 

this section describes each module in detail. 
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Fig. 3. Conceptual structure of the proposed real-time pavement operation support system.
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Fig. 4. Flow-chart of data transferring between system modules. 
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Fig. 5. Paver module, data flows. 

3.1. Paver module 

The structure of the Paver Module is presented in Fig. 5. This 

module collects and presents the surface temperature of the asphalt 

mat behind the screed of the paver (i.e. TST). For the paver 

operator, the important information is the surface temperature of 

the asphalt immediately behind the screed of the paver. This 

information shows the degree of asphalt temperature homogeneity. 

The more homogenous the temperature, the more optimal the 

paving operation. It is worth noting that paver operators are more 

interested in the temperature of the asphalt just at the time of 

placement. In other words, the temperature data presented to paver 

operators are static values that are time-independent and do not 

account for the cooling rate of the asphalt. 

As shown in Fig. 4, the required data are gathered by GPS, 

temperature linescanner and some inputs from the project 

manager. GPS is used for the localization and geo-referencing of 

the temperature data and the temperature linescanner is used to 

measure TSTs. The temperatures of the asphalt surface are 

gathered in a strip with a customizable update rate (Fig. 6). Each 

strip is split in a number of zones (predefined parameter of the 

linescanner) and every zone has  its  own  temperature  value.  The  
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Fig. 6. Target Surface Temperature (TST) gathered by linescanner. 

total width of the strip equals the width of the road. The length of 

the strip is calculated as a difference between the beginning of the 

next strip and the location of the current strip (as shown in Eq.(6)). 

The temperature of a strip is calculated as an average value of the 

zones. 

𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑟𝑖𝑝𝑖 = 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝑖+1 − 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝑖; (6) 

The user (e.g. project manager on site) needs to specify the width 

of the road for the accurate visualization of the data. The collected 

data (paver coordinates and TSTs) are sent to the Processing 

Centre, as shown in Fig. 4. The Processing Centre analyzes the 

data and generates the relevant visualization and sends it back to 

the Paver Module, as will be explained in Section 3.4. The Paver 

Module then presents the visual data to the operator via the on-

board display (e.g. tablet). 

Fig. 7 shows a visualization the paver operator would see on the 

on-board display. This 2D visualization displays the temperature 

of the asphalt surface within a certain distance from the current 

location of the paver. Since paver operators are only interested in 

the temperature immediately behind the paver, the range of 

visualization is of a secondary importance. Additionally, the 

average temperature of the asphalt right behind the screed of the 

paver is presented to the operator. This visualization enables 

operators to identify flaws in the process in a timely manner. For 

instance, low asphalt temperature can signify delays in the 

delivery, too much opening and closing of the paver’s hopper, or 

discontinuities during asphalt mixture re-mixing. Based on this 

data, paver operators can adjust their paving strategies and 

improve pre-compaction activities. 

3.2. Roller module 

The Roller Module of the system is developed to support roller 

operators in adopting near-optimum operational strategies. The 

most important information for the roller operators are (1) the 

actual temperature of asphalt mat at different locations, and (2) the 

degree of compaction achieved at different parts of the surface.  

The later information can be presented in terms of the number of 

passes that has been made at different parts of the asphalt. Unlike 

paver   operators,   roller  operators   are   interested  in  the  actual 

Average temperature 
across the paved 
section behind the 
paver (degrees celsius)

Temperature bar

Surface temperature of 
the asphalt mat behind 

the paver

Width of the paved 
section (meters)

Length of the paved 
section (meters)

 

Fig. 7. Schematic representation of the interface for the paver 

operator. 

temperature of the asphalt at different parts of the road. As a result, 

the visualization for the roller operator should present the dynamic 

temperature of the asphalt. 

As shown in Fig. 8, the Roller Module uses the GPS receivers to 

localize the roller. The communication hub in this module sends 

the GPS data to the Processing Centre and later receives the 

visualizations, as shown in Fig. 4. The details of the analyses 

performed by the Processing Centre are presented in Section 3.4. 

The visualizations received from the Processing Centre are shown 

on the on-board display. The roller operators have two types of 

visualization, namely the temperature contour plot, as shown in 

Fig. 9, and the compaction map, as shown in Fig. 10. 

Knowing the current temperature and the achieved compaction 

at each spot of the mat, the roller operator can adjust his/her 

compaction strategy (i.e. the trajectory, the required number of 

passes, and the travelling speed). By doing so, operators can avoid 

compacting the asphalt at temperatures higher or lower than the 

optimum compaction temperature. At the same time, the 

possibilities of under- or over-compaction of different parts of 

asphalt mat can be reduced.
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Fig. 8. Roller Module, data flows.
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Figure 9. Schematic representation of the interface for the roller 

operator. 
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Fig. 10. Schematic representation of the compaction map for the 

roller operator.

3.3. Reference temperature module 

As mentioned in introduction, the majority of solutions available 

on the market consider “spot” temperatures of the asphalt mat in 

relation to the number of roller passes. The main drawback of this 

approach is that the temperature data collected from the mat is 

unreliable because the sensors are usually mounted on the roller 

and as a result the temperature of the asphalt is measured after the 

interaction of the asphalt with the roller’s drum. Also, the process 

of collecting temperature data along the paved section of the road 

can interfere with the main activities of the asphalt team during 

construction, i.e. paving and compaction. This is especially valid 

for determining the core temperatures of the asphalt mat. Setup of 

the sensors that are used inside the asphalt layer needs additional 

labour effort and additional attention from the team. Due to  time 

constrains that the asphalt team may experience during 

construction, almost no delays can be afforded for the installation 

or troubleshooting of sensors. Thus, a less intrusive approach 

should be used for collecting the core temperature of the asphalt 

layer. 

In the proposed system, building on the work of [13], a method 

is adopted for collecting and processing the asphalt mat 

temperature in a less intrusive manner. Fig. 11 shows the 

architecture of Reference Temperature Module. This module  

collects RSTs and RCTs from relevant reference points at different 

segments of the road. Fig. 12 shows the sensor setup at the 

reference point. Since the system needs to be as non-intrusive as 

possible, thermocouples are a viable option for the measurement 

of RCTs. Thermocouple measurements are registered by a 

thermologger.    Depending    on   availability,    one    or    several 
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Fig. 11. Reference Temperature Module, data analysis and data visualization. 
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Fig. 12. Reference Temperature Module, Thermologger setup on a 

construction site (side view). 

 

Fig. 13. Reference temperature module, graphical user interface. 

thermocouples can be placed in the asphalt core immediately after 

the placement of asphalt and before the commencement of 

compaction. In case several thermocouples are used, it is 

recommended to place them at different depths to better capture 

the temperature gradient profile of the layer. In such cases, the core 

temperature of the reference point in Eq.(3) can be the average of 

the data collected from several thermocouples. As for the RST, 

depending on the type of thermologger, either the built-in infrared 

unit or an additional thermocouple on the surface is used. 

The graphical user interface (GUI) of the Reference Temperature 

Module program is shown in Fig. 13. The GUI provides the site 

manager with an overview of the asphalt mixture temperature and 

a prediction of the cooling curve. 

3.4. Processing centre 

The processing Centre of the proposed solution is developed to 

(1) gather information from all the modules of the system, (2) 

analyze the data to generate the relevant visualizations for the 

operators, and (3) send the results of data analysis to the 

corresponding modules (Fig. 4). Two main types of analyses and 

corresponding visualizations, are performed in the Processing 

Centre, namely, temperature and compaction analysis. 

Fig. 14 shows the flowchart for the temperature analysis 

performed in the Processing Centre. As shown in Fig. 4 and Fig. 

14, in the first step, the system’s user (e.g. project manager) sets 

the lower temperature threshold for the analysis. This threshold is 

defined by the cessation temperature of the compaction window 

and limits the processing of the data to points that have a 

temperature higher than this threshold. This helps to reduce 

redundancies and unnecessary computational efforts. From this 

point onwards, the following analysis iterates in real-time for every 

time step (Δt) until the data stream stops at the front-end stations, 

i.e. Reference Temperature and Paver Modules. In the next step, 

the GPS data are filtered and cleaned in real-time using a Kalman 

filter [78,79] Then, GPS and TSTs collected from the Paver 

Module are integrated and synchronized. The data are 

synchronized based on the minimum update rate of linescanner and 

GPS. Subsequently, the system processes all the RSTs and RCTs 
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coming from the reference temperature modules. Next, the system 

uses the processed data and applies Eq.(1) to (4) to determine the 

TSTs and TCTs of various parts of the asphalt mat. Based on this 

analysis, the temperature contour plots of the asphalt at a given 

time are generated as shown in Fig. 9. 

Fig. 15 shows the flowchart for the compaction analysis 

performed in the Processing Centre. At the beginning the project 

manager sets up the target number of roller passes needed to be 

performed at every spot of the asphalt mat. When the project is 

underway, the GPS coordinates of the roller are filtered and 

cleaned from the outliers with help of a Kalman filter. The road 

surface of the paved section is discretized into cells and the passes 

achieved on each cell is measured. The size and resolution of the 

cells depend on the size of the roller and the available processing 

power. Based on an obtained number of passes, the compaction 

map is created. If the target number of roller passes that is defined 

by project manager (Fig. 4) has been achieved, the corresponding 

part of the asphalt mat is visualized by a black tile that notifies the 

operator of the machine that this spot does not need additional 

compaction (Fig. 10).  

3.5. Real-time decision making based on a support system 

Fig. 16 and Fig. 17 depict the decision-making process of paver 

and roller operators respectively, based on the guidance provided 

by the proposed support system. 

BEGIN

User input:
asphalt 
temperature 
threshold

END

More data?

No

Processing and 
synchronizing TSTs 

and GPS data

Processing RSTs and 
RCTs

Generating real-
time Temperature 

Contour Plots

Calculating TSTs and 
TCTs

t = 0

t = t + Δt

Yes

Reference 
Temperature

Module

Paver
Module

 

Fig. 14. Flowchart for the generating of temperature contour plots 

in the processing centre. 

With a stream of surface temperatures of the laid asphalt mat 

behind the screed of the paver, a paver operator can assess the 

temperature homogeneity of the asphalt mixture and fine-tune his 

operational strategy. If the asphalt layer is too cold after paving, 

the trucks might be waiting too long in a queue and the paving 

operation can be speeded up. On the other hand, if the temperature 

of the asphalt mat is too hot and not even in a compaction window, 

the paving process can be slowed down. Rapid drops or 

inconsistencies in temperatures can be construed as an indication 

that the operator needs to adjust the re-mixing parameters. Also, 

depending on the thermal profile of the paved mat, paver operator 

can identify the pre-compaction forces that need to be applied to 

achieve predefined thickness, preliminary density and roughness. 

As for the roller operator, if compaction has been completed on 

the current working zone, the roller operator can move to the next 

zone. However, if the roller operator identifies uncompacted areas 

that are approaching the cessation temperature, he will check if 

enough time is available for the relocation to that area. If enough 

time is available, the operator adjusts his compaction strategy (i.e. 

location and speed) and refocuses his attention on the identified 

area. otherwise, the operator maintain his current strategy as 

originally planned. The speed of compaction activities is specified 

based on the time left until a paved section reaches the cessation 

temperature of the compaction window. 

4. Implementation and case study 

A prototype is developed to test the feasibility of the proposed 

system. This prototype was tested on multiple road construction 

projects in the Netherlands. For the sake of brevity, one case study 

will be explained in full as an example. 

BEGIN

User input:
target 
number of 
roller passes 

More data?

No

Filtering  GPS data 
from the roller

Generating real-
time Compaction 

Map

Calculating of 
compaction passes 
performed on every 

spot of a mat

t = 0

Yes

Roller
Module

END

t = t + Δt

 

Fig. 15. Flowchart for the generating of compaction map in the 

processing centre. 
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Fig. 16. Decision making process of the paver operator based on 

the guidance data. 
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and compaction 
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No
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Fig. 17. Decision making process of the roller operator based on 

the guidance data.

Fig. 18 shows all the instruments used in the development of this 

prototype. In this prototype, the MP150 Raytek linescanner is used 

as a temperature sensor on a paver [80]. A high-accuracy RTK 

GPS system (Trimble SPS 852) [81] is used to localize and track 

the equipment. Thermocouples are used to measure RSTs and 

RCTs in the Reference Temperature Module. Extech HD200 

thermologger [82] is used to collect the data from thermocouples. 

This thermologger has a built-in infrared sensor that can be used 

to measure RSTs. A Vodafone Machine-to-Machine (M2M, [83]) 

communication platform is used to facilitate the communication 

between Processing Centre, Reference Temperature, Paver and 

Roller modules. Every module of the proposed system prototype 

is equipped with a Vodafone MachineLink 4G router to 

compensate for the low strength of the wifi-signal, and a power 

supply battery (CP1290 12V 9Ah, [84]). Finally, a Samsung 

Galaxy Tab Active tablet [85] is used to provide real-time data to 

the operators of rollers and pavers. Each tablet can be equipped 

with an additional Vodafone sim card that can be used to transmit 

and receive data in case the connection is lost with the 

corresponding router. All data gathered on a construction site goes 

through the communication server of Vodafone to the Processing 

Centre, which was placed at the author’s research unit. To enhance 

the robustness of the system, an additional Processing Centre is 

used as a backup. Due to the fact that the system relies on the 

Machine-to-Machine communication network of Vodafone, there 

is a low chance of network failure and connection loss. However, 

to ensure the proper and uninterrupted registration and storage of 

data, all the collected data are also stored in local memories of each 

module. 

Matlab and Java Android Studio were used as the main 

programming platforms for the prototype development. Relevant 

Matlab scripts were written for Paver, Roller, and Reference 

Temperature Modules. Java was used to develop the applications 

for visualization of temperature contour plots and the compaction 

map. In the implementation of the system prototype, some of the 

previous works of the authors are adopted and redesigned [13,86] 

to fit the scope of the proposed system.

 

Fig. 18. System prototype equipment.
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One of the case studies focused on the functionality of the 

proposed system and was carried out on a provincial road 

construction project near Montfoort, the Netherlands in 

collaboration with a local asphalt construction company. Fig. 19 

shows the location of the case study. Figs. 20 to 22 present the 

Paver Module, the Roller Module and the Reference Temperature 

Module deployed on a construction site. The paver and the roller 

paths were collected during construction project. Although a 

Trimble GPS Base station was used for gathering GPS corrections 

in real-time,  signal disturbance was observed because of high, 

dense trees and houses near the construction site. The update rates 

of the GPS and temperature linescanner were set on 1Hz and 2Hz 

respectively. The latencies of data transferring were measured to 

be approximately 1 second. Vodafone routers were easy to set up. 

Also the batteries’ capacities (i.e. 12V and 9Ah) were enough to 

power supply Vodafone routers for a typical construction day (~8-

9 hours). 

Based on GPS coordinates of the paver and temperature from the 

paver linescanner, the visualizations for the paver operator were 

created (Fig. 23(a)). These visualizations represent surface 

temperature of the asphalt mat in relation to length and width of 

the paved area. 

Based on the temperature data from the Paver and Reference 

Temperature Modules, the cooling analysis of asphalt 

temperatures was done. This analysis combined TSTs, RSTs and 

RCTs to predict and generate the cooling curve of asphalt layer. 

The visualizations for the roller operator (Fig. 23(b)) were built 

based on GPS coordinates of the compactor and cooling curve of 

the asphalt mat. 

 

Fig. 19. Location of the case study. 

 

 

Fig. 20. Equipment setup in paver module. 

 

Fig. 21. Equipment setup in roller module. 



 

104    D. Makarov et al. / International Journal of Pavement Research and Technology 13 (2020) 93-107 

 

 

Fig. 22. Equipment setup in reference temperature module. 

  

Fig. 23. (a) Visualizations for the paver operator and (b) for the compactor operator. 

 

5. Discussions 

The results of prototype implementation shows that the system 

can be easily mounted on a set of construction machines, 

regardless of the model, type and machine manufacturer. The 

proposed solution was also found to be able to withstand the harsh 

environment of road construction projects. The system was able to 

provide the asphalt team with essential information regarding 

actual paving (temperature of the asphalt mat) and compaction 

parameters (number of roller passes). 

Several workshops were used to present the developed system 

prototype to end-users of the system, i.e. operators of pavers and 

rollers. In addition, operators were given the chance to interact 

with the system during actual construction projects. During these 

hands-on sessions, end-users were able to evaluate the prototype 

system and give feedback. Based on their feedback, the proposed 

solution was found to be useful for more informed strategy 

alignment during pavement construction operations. Of particular 

interest the end-users was the system’s ability to consider the entire 

fleet of equipment. The operators suggested that the functionality 

of the system can be further enhanced by transforming the 

collected data into more actionable guidance that requires less 

interpretation from users (e.g. recommended compaction paths to 

the roller operator). 

6. Conclusions and future work 

This paper proposes a comprehensive real-time Pavement 

Operation Support System that extends the scope of existing 

POSSs by focusing on the entire fleet rather than isolated machine 

types. The proposed system integrates and analyzes various types 

of sensory data collected from rollers, pavers and an asphalt layer 

in real-time in order to provide the operators and managers with a 

global view of construction operations. Both surface and core 

temperatures are measured, providing more accurate information 

about the actual asphalt condition. A prototype of the proposed 

solution was developed and tested during case studies. 

The results of the case studies show that the system has a great 

potential for (1) improved coordination between the fleet, and (2) 

enabling the operators to make more informed decisions during 

asphalt construction. The operators of the equipment found the 

system particularly useful for adjusting their working patterns in 

terms of pre-compaction and compaction strategies. For instance, 

operators could use the compaction map to gain  better insight into 

their work progress and compaction homogeneity and steer their 

future strategies. Also, by focusing on both surface and core 

temperature of asphalt, the system is found to be able to better 

represent the cooling behaviour of asphalt in real-time. 

(a) (b) 
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This research can be further improved along several different yet 

complementary lines. Regarding hardware, while all the sensors 

showed stable and reliable behaviour during the implementation of 

the prototype, alternative sensors can be investigated to reduce the 

installation time for sensors on construction machines. The Paver 

Module can be improved by wireless sensor use or the application 

of an infrared camera with a wider field of view. A fibre optic 

sensor can be installed across the paved section to improve the 

accuracy of the Reference Temperature Module. To enhance the 

Roller Module, a more accurate localization system can be applied. 

All possible improvements and testing of other sensors are parts of 

the authors’ future research. Regarding software, the simple 

averaging of the core and surface temperatures can be improved to 

better account for the complex behaviour of asphalt in relation to 

the mix type and ambient conditions. Furthermore, the collected 

and analyzed data can be further processed to provide more 

actionable guidance for the operators that requires less 

interpretation. This should take place by means of a thorough 

analysis of the complex correlation between the system’s level of 

intelligence/autonomy, the extent of operators’ alertness and 

mindful engagement throughout the operation and the quality of 

the final product. Moreover, the real-time measurement of density, 

as the ultimate indicator of the compaction quality and the impact 

of temperature and compaction based strategy on achieving more 

uniform and homogenous density distribution on the asphalt mat, 

will be investigated in the future. 

Finally, design and development of post-data collection and 

analysis strategies that can support machine operators with 

statistics about performed activities and achieved key performance 

indicators are under consideration. Also, new ways or sensors 

technologies that can directly measure mixture density will be 

studied. 
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