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Abstract 8 

Compaction is one of the most critical processes in the asphalt pavement construction. 9 

Collaborative control of multiple rollers in the construction site to enable each roller to 10 

compact the right position at the right time with the right compaction parameters to ensure 11 

compaction quality is an unaddressed challenge. There are three technical barriers, i.e. how to 12 

collect and communicate compaction data of each roller, how to aggregate the collected data 13 

to determine compaction parameters, and how to control the roller fleet based on the 14 

real-time compaction parameters. To address the technical barriers, a cyber-physical system is 15 

designed and implemented. A framework is proposed for multi-roller compaction monitoring, 16 

which consists of five modules, i.e. data acquisition module, data transmission module, 17 

remote servers, in-situ control module, and monitoring terminal. Algorithms are created to 18 

calculate compaction parameters in the scenario of multi-machine operations. A managerial 19 
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mechanism involving cyber space, human intervention, and compaction machines is set up to 20 

achieve collaborative compaction control. Field experiments were conducted to validate the 21 

efficacy of the system, of which the results suggest the proposed system can effectively 22 

control the compaction process. With inappropriate compaction effort being identified, 23 

tracked, and rectified in real time, the compaction quality is ensured. The development of the 24 

cyber-physical system paves the way for deploying multiple automatic rollers in the 25 

construction site for collaborative and adaptive compaction.  26 

 27 

Keywords: Asphalt pavement; Quality control; Intelligent compaction; Cyber-physical system; 28 

Multi-roller collaboration; Real-time control.  29 
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1. Introduction 30 

Compaction is a vital process in the construction of asphalt pavement. Multiple rollers are 31 

operated to accelerate the compaction of asphalt pavements that have long mileages and wide 32 

cross-sections to meet tight construction schedules. The roller fleet comprises different types 33 

of compacting machines, such as steel-wheel compactor and rubber tyre roller. The 34 

compaction process typically involves three operation stages [1], i.e. the initial rolling, the 35 

repeated rolling, and the final rolling. Each stage has specific requirements for roller type 36 

(steel-wheel or rubber tyre), operation mode (static or vibratory), and compaction parameters 37 

(vehicle speed, overlap distance, etc.). Noncompliance with these requirements may lead to 38 

unqualified compaction results, which will result in ruts, cracking, and raveling, and thus 39 

reduce the pavement service life. 40 

 41 

Under the current practice, quality control for multi-roller asphalt compaction relies on 42 

traditional methods such as on-site supervision during compaction and random spot test after 43 

compaction, which not only are time-consuming and labor-intensive, but also yield unreliable 44 

results with limited coverage. With advancements in intelligent compaction (IC) technologies, 45 

wireless communication technologies, feedback control, and data analytics, cyber-physical 46 

systems have been developed that provide a new means to control the compaction parameters 47 

such as excitation force, roller passes and vehicle speed, and to monitor and visualize the 48 

compaction quality [2-6]. Kassem et al. [3] developed a compaction monitoring system (CMS) 49 

for asphalt mixtures by integrating a global positioning system (GPS) and various sensors, 50 

which can provide the roller operator with real-time color displays of roller passes, 51 
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compaction effectiveness, and temperature. Xu and Chang [4] proposed a 52 

material-machine-information-human decision integrated system for adaptive quality control 53 

and acceptance of asphalt pavement, in which the collected material responses are used to 54 

optimize compaction efforts. To synchronize compaction information among different project 55 

stakeholders, Liu et al. [5] developed a real-time quality monitoring system to disseminate 56 

the monitored compaction parameters (i.e. roller trajectory, rolling passes, compacted 57 

elevation and compacted thickness) to operators, contractors, supervisors, and owners. 58 

 59 

However, these cyber-physical systems fall short of coordinating multiple rollers in the 60 

compaction process. The operation information cannot be shared among different rollers 61 

during the construction. The data analysis can only be conducted after the compaction when 62 

the data from different machines are gathered in a manual way (e.g. use a USB to copy data 63 

from the on-board display) [7]. Thus, the analysis results cannot be obtained and fed back to 64 

the construction site in real time, which delays the identification of unqualified compaction 65 

operation, leading to an increase in construction cost brought by subsequent restoration work. 66 

Hence, existing technologies are not applicable in the real-time control and coordination of 67 

roller fleet under the complicated multi-roller compaction process. To fill in the gap of 68 

current practice, a quality control method for asphalt pavement compaction is proposed in 69 

this study that can coordinate multi-roller operations and realize real-time control of 70 

compaction quality. 71 

 72 

2. Review of relevant studies 73 
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The literature review has been primarily conducted to determine the key factors that affect the 74 

compaction quality in multi-roller scenario from the perspective of compactness, roughness, 75 

and uniformity. 76 

 77 

2.1. Control of compactness 78 

IC uses a material stiffness index — defined as IC measurement value (ICMV) — to 79 

represent pavement compactness. There are primarily two types of ICMV: (1) unitless 80 

indexes derived from the harmonic component analysis, e.g. CMV (compaction meter value) 81 

[8], CCV (compaction control value) [9], and THD (total harmonic distortion); (2) 82 

dimensional indexes derived from the roller-soil interaction model, e.g. Evib [10], kB [11], and 83 

MDP (machine drive power). To investigate the applicability of these indexes, numerous 84 

researches have been carried out to study the correlation between ICMV and spot test 85 

measurements, as listed in Table 1. The correlation between ICMV and conventional spot test 86 

results is affected by many factors (e.g. distribution of materials, stiffness of sub-layers, 87 

influence depth, and data analysis method), and thus using ICMV to represent the 88 

compactness may cause biases in some projects. As a result, before the characterization 89 

mechanism of ICMV is further revealed, real-time control of compaction parameters such as 90 

roller passes, excitation force, and vehicle speed, is still vitally important for achieving better 91 

compactness. 92 

 93 

2.2. Control of roughness 94 

The control of compaction sequence is critical to meet the roughness requirement. Pavement 95 
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compaction is performed by a combination of different rollers in a certain sequence [1]. For 96 

example, the compaction procedure of asphalt surface layer includes three stages, i.e. the 97 

initial rolling, the repeated rolling, and the final rolling. The purpose of initial rolling is to 98 

smooth the pavement surface and make the compacted materials reach a certain level of 99 

strength immediately after paving. In this stage, 2 to 4 times of rolling by steel-wheel 100 

compactor in static mode are recommended. Followed by the initial rolling, the compactness 101 

and strength of the pavement are significantly improved in the repeated rolling stage. The 102 

kneading action by rubber tyre rollers and (or) the vibratory rolling by steel-wheel 103 

compactors with high frequency are required in this stage. Thereafter, the final rolling is 104 

performed to eliminate the ruts produced by rubber tyre rollers or vibratory rollers. In the 105 

final rolling stage, at least 4 times of rolling by steel-wheel compactors in static mode are 106 

required.  107 

 108 

Shi et al. [18] points out that the implementation of the aforementioned rolling sequence is 109 

critically vital for the assurance of pavement roughness. Noncompliance with the required 110 

compaction sequence results in uneven settlement and pavement ruts. In current practice, the 111 

straightedge or the continuous evenness device is used to assess the roughness after 112 

compaction. Chen et al. [19] and Loizos and Plati [20] integrated the state-of-the-art sensors 113 

to measure pavement roughness. Since the roughness is evaluated after compaction in these 114 

researches, it will cost a lot to perform the restoration work after the flaws are detected. 115 

Before compaction, the paving thickness and flatness are measured by a balance beam 116 

instrumented on the paver. Liu et al. [21] and Walters et al. [22] investigated the real-time 117 
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monitoring method of asphalt paving by using LiDAR, total station and other sensors, which 118 

can be utilized to control paving thickness and roughness. However, even though the paving 119 

process is under strict control, some quality issues such as ruts are still likely to emerge 120 

afterwards once the rolling sequence is not executed correctly during compaction. Therefore, 121 

there is a critical need to monitor the rolling sequence during pavement compaction. 122 

 123 

2.3. Control of uniformity 124 

Xu and Chang [4] established a regression model that used ICMV to predict dry density, and 125 

the standard deviation (or covariance) was used to reflect the uniformity. Vennapusa et al. [23] 126 

and Xu et al. [24, 25] used semivariogram based geo-statistical analysis to characterize and 127 

quantify non-uniformity of compacted materials. However, all these methods are 128 

post-compaction assessments, which cannot provide necessary information for real-time 129 

control of the compaction process.  130 

 131 

Overlap distance is one of the essential compaction parameters that affect the uniformity [24, 132 

25] of asphalt pavement. With the purpose of achieving a high bonding strength between 133 

compaction strips, the adjacent strips should overlap each other at the transverse edges (e.g. 134 

in the stage of repeated rolling, 100~200 millimeters of overlap distance is required). 135 

Noncompliance with this requirement leads to weak areas in the adjacent regions between 136 

different strips, where the compactness is lower than the overall level of the entire 137 

construction zone. Hence, overlap distance between strips should be monitored during the 138 

compaction process to ensure uniformity. 139 
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 140 

To sum up, roller passes, vehicle speed, excitation force, compaction sequence, and overlap 141 

distance are five key factors that influence the multi-roller compaction quality. This study 142 

aims to develop and validate a cyber-physical system that is capable of achieving 143 

collaborative and real-time control of the above five compaction parameters under the 144 

multi-machine situation. In dam construction, there are precedents for compaction parameter 145 

control of multiple rollers. Zhong et al. [26, 27] investigated the real-time monitoring method 146 

of compaction quality for core rock-fill dams, and developed a system that can monitor the 147 

compaction parameters. These researches provide useful references for this study. 148 

 149 

3. Challenges for multi-roller compaction control 150 

The realization of multi-roller compaction control needs to address the challenges of data 151 

communication, data analytics, and feedback control from the perspective of developing a 152 

cyber-physical system. 153 

 154 

(1) Data communication among multi-machines 155 

In multi-roller operation scenario, multiple machines may roll across the same pavement 156 

section. The calculation of compaction parameters such as roller passes, overlap distance, and 157 

vehicle speed depends on spatial-temporal analysis of the integrated multi-roller operation 158 

information (i.e. roller ID, position coordinates, and vibration status). For instance, the total 159 

roller passes of a certain location on the pavement is calculated by accumulating the roller 160 

passes exerted by different rollers. Hence, the primary challenge lies in how to construct a 161 
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framework involving hardware and software that can collect, integrate, and analyze the 162 

multi-roller information in real time.  163 

 164 

(2) Determination of real-time compaction parameters 165 

Computing the compaction parameters requires the analysis of spatial relationship among 166 

multiple rollers and the retrieval of historical compaction data. For example, in the 167 

calculation of overlap distance, the occupied area of a roller needs to be determined first, then 168 

the spatial relation between the occupied area and other compacted strips is analyzed, and 169 

finally the information of the identified adjacent strip is retrieved from the database for 170 

calculating the overlap distance. This data analytic process calls for concise algorithms and 171 

an efficient data storage structure, which is another challenge for real-time control of 172 

multi-roller compaction. 173 

 174 

(3) Collaborative control of multi-machines 175 

The third challenge lies in how to set up a managerial mechanism to ensure that the abnormal 176 

rolling operation can be identified and adjusted in real time, and realize the collaborative 177 

control of multi-machines. This mechanism should include several aspects: 1) control criteria 178 

setting; 2) data collection and analysis; 3) anomaly identification; 4) warning feedback; 5) 179 

illegal operation adjustment. 180 

 181 

4. Research framework 182 

Fig. 1 presents the overall research framework. First, methodology investigations are carried 183 
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out to address the three issues confronting multi-roller compaction control, i.e. data 184 

communication among multi-machines, determination of real-time compaction parameters, 185 

and collaborative control of multi-machines. The proposed solution for multi-machine 186 

compaction monitoring enables data communication from the perspective of software and 187 

hardware. Algorithms for compaction parameters calculation use the collected data from 188 

different rollers to calculate roller passes, overlap distance, vehicle speed, and excitation 189 

force in real time, providing a data basis for the collaborative control of multi-machine 190 

operation. The procedure for collaborative control sets up a managerial mechanism involving 191 

cyber space, human intervention, and physical machine to realize real-time control of 192 

compaction process. Based on these methods, a real-time compaction monitoring system is 193 

developed and applied to a real-world case, with the purpose of verifying its applicability.  194 

 195 

5. Methodology 196 

5.1. Solution for multi-machine compaction monitoring 197 

Fig. 2 presents a framework for multi-roller compaction monitoring, which consists of five 198 

modules, i.e. data acquisition module (DAM), data transmission module (DTM), remote 199 

servers (RES), in-situ control module (ICM), and monitoring terminal (MOT). 200 

 201 

(1) The DAM is comprised of a GPS positioning module and a CMV and vibration 202 

monitoring meter. The real-time kinematic (RTK) GPS positioning module is used to track 203 

the roller positions in real time with a centimeter-level precision. The CMV and vibration 204 

monitoring meter processes the acceleration data collected from the vibration drum in real 205 
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time to determine CMV and excitation force. In order to distinguish the data collected from 206 

different rollers, the collected data are associated with the roller ID, and then sent to the 207 

remote servers (RES) by the data transmission module (DTM). 208 

 209 

(2) The DTM connects all in-situ rollers with the remote servers. It not only sends the roller 210 

operation information (i.e. roller ID, coordinates, and excitation force) to the remote database 211 

servers, but also receives the processed data (i.e. roller passes, vehicle speed, overlap distance 212 

and warning messages) from the servers. In areas where the mobile communication is 213 

available, a data transfer unit (DTU) is used to communicate with the RES via 3G/4G 214 

networks. When the mobile communication is unavailable, ad hoc networks are set up to 215 

transfer data in a local area network. In order to prevent possible loss of data packet and 216 

ensure real-time transmission, the DTM is equipped with a data cache and is able to redial 217 

automatically. 218 

 219 

(3) The RES stores the data collected from multi-machines and dynamically analyzes the data 220 

during the compaction process. Specifically, the application servers collectively process the 221 

multi-roller operation information (i.e. roller ID, coordinates, and excitation force) to obtain 222 

roller passes, overlap distance and vehicle speed for each roller in real time. The excitation 223 

force is represented by frequency and amplitude, which are calculated in the DAM before 224 

sent to the RES. The obtained compaction parameters are then compared with the pre-set 225 

control criteria. When noncompliance is detected, the system will generate warning messages. 226 

The aforementioned calculated results are fed back to the in-situ control module (ICM) and 227 
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the monitoring terminal (MOT). 228 

 229 

(4) The ICM consists of a personal digital assistant (PDA) and an on-board display. Field 230 

supervisors use the PDA to receive warning messages and to coordinate roller operations. The 231 

on-board display presents the real-time compaction parameters and warning messages of a 232 

single roller to its operator for adjusting inappropriate compaction efforts timely. 233 

 234 

(5) The MOT provides project owners and supervisors with a holistic overview of 235 

compaction process. Compaction trajectories of all rollers and corresponding compaction 236 

parameters are displayed on the screen; and a color-coded map is generated to visualize the 237 

roller passes of the whole construction zone. Users can export compaction reports as quality 238 

acceptance (QA) materials. 239 

 240 

5.2. Algorithms for compaction parameters calculation 241 

Fig. 3 illustrates the process for calculating compaction parameters in the scenario of 242 

multi-machine operations. The compaction process record is critical for multi-machine 243 

collaboration, because: (1) it helps a single roller to determine its current roller passes and the 244 

spatial relation with adjacent strips in the overall compaction process; (2) it needs to be 245 

updated by the calculated results for computation in the next cycle. 246 

 247 

5.2.1. Compaction process record 248 

The compaction process record is a number of tables in the database servers, which store the 249 
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historical data of multi-machine compaction process. It includes the trajectory point record, 250 

the strip boundary record, and the grid passes record (see Fig. 3(a)). 251 

 252 

The trajectory point record is represented as a vector ( , , , , , , , )p p p p p pP n t C N V A F l , where 253 

, , pn t C
 
are respectively roller ID, sampling time, and three-dimensional (3D) coordinates of 254 

the trajectory point 
,n tP ; and , , , ,p p p p pN V A F l

 
are respectively roller passes, vehicle speed, 255 

amplitude, frequency, and overlap distance of roller n# from −t t  to t . 256 

 257 

The strip boundary record stores the points that constitute the boundaries (i.e. An,tBn,t、Cn,tDn,t) 258 

of the compaction zone ( , ) n t  (see Fig. 3(f)). It provides spatial information about strip 259 

boundary for calculating the overlap distance. The stored data can be described as a vector 260 

( , , , , )L L LL n t C N H , where , , ,L Ln t C N
 respectively represent the roller ID, sampling time, 261 

coordinates of boundary points, and roller passes corresponding to the compaction zone 262 

( , ) n t . LH
 is the orientation eigenvalue that equals either 1 or 2. 1=LH  indicates that the 263 

point is located on the upper strip boundary, i.e. An,tBn,t; while 2=LH  indicates that the 264 

point is located on the lower strip boundary, i.e. Cn,tDn,t (see Fig. 3(f)). In this study, the 265 

“upper” orientation is defined as the left-hand side, when one faces the direction of increasing 266 

mileage.  267 

 268 

The grid passes record uses the discrete grids to accumulate the roller passes at any location 269 

of the whole construction zone. The stored data can be described as a vector ( , )k k kG C N , 270 

where k is the code number of the grid, kC
 is the coordinates of the grid center, and kN

 is 271 
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the roller passes in grid k. 272 

 273 

In each cycle period (t ), the calculated compaction parameters (vehicle speed, roller passes, 274 

excitation force, and overlap distance) and other information (coordinates, roller ID, sampling 275 

time, and strip boundary layout) are updated in corresponding tables of the compaction 276 

process record. 277 

 278 

5.2.2. Calculation of compaction zone 279 

In Fig. 3(b), upon the receipt of the coordinate point 
,n tP  from roller n# at time t, the 280 

precedent coordinate point 
, −n t tP  is retrieved from the trajectory point record. Then the 281 

trajectory of roller n# from −t t  to t  can be determined as 
, ,−n t t n tP P  (see Fig. 3(f)). The 282 

compaction zone ( , ) n t  of roller n# from −t t  to t  can be represented as a rectangle. 283 

The length of the rectangle is 
, ,−n t t n tP P  and its width is the drum width ( )D n  (see Fig. 3(f)). 284 

Therefore, the coordinates of the four vertexes (i.e. An,t, Bn,t, Cn,t, and Dn,t) of ( , ) n t  can be 285 

obtained with the known ( )D n  and 
, ,−n t t n tP P . 286 

 287 

5.2.3. Calculation of vehicle speed 288 

The average velocity between −t t  and t  is used to represent the vehicle speed at time t 289 

(see Fig. 3(c)). Given two trajectory points 
, , , ,( , , )− − − −n t t n t t n t t n t tP x y z

 
and 290 

, , , ,( , , )n t n t n t n tP x y z , the speed of roller n# at time t, 
,n tv , can be calculated using Eq. (1). 291 

2 2 2

, , , , , ,

,

( ) ( ) ( )− − −− + − + −
=



n t n t t n t n t t n t n t t

n t

x x y y z z
v

t
 292 (1) 



Collaborative Operation and Real-Time Control of Roller Fleet for Asphalt Pavement Compaction 

15 

The calculated 
,n tv , together with the sampling time t, roller ID n, and etc., is updated into 293 

the trajectory point record ( , , , , , , , )p p p p p pP n t C N V A F l . 294 

 295 

5.2.4. Calculation of roller passes 296 

There are two types of roller passes defined in this study: the grid roller passes and the 297 

compaction zone roller passes (see Fig. 3(d)). Eq. (2) calculates the roller passes at a grid cell 298 

from a micro level. 299 

1,  ( , )

   ,    ( , )

+ 
= 



k k

k

k k

N C n t
N

N C n t
 300 

where, kN  is the roller passes at the grid kG , with an initial value of zero. ( , )kC n t  301 

means that the grid center kC  is inside the compaction zone ( , ) n t , while ( , )kC n t  302 

means it is outside the ( , ) n t . 303 

 304 

The compaction zone roller passes reflects the macro-level roller passes that a certain roller is 305 

exerting. Due to the overlapping of adjacent strips, it is inevitable that different grids in the 306 

same ( , ) n t  have different roller passes kN . Nevertheless, using the statistic method, the 307 

passes value that occupies the largest proportion in an ( , ) n t  can be determined based on 308 

the grid passes record ( , )k k kG C N . The obtained value is denoted by 
( , ) n tN , representing 309 

the roller passes of the overall compaction zone. The 
( , ) n tN  is updated to the relevant 310 

elements in ( , , , , , , , )p p p p p pP n t C N V A F l
 
and ( , , , , )L L LL n t C N H  after calculation. 311 

 312 

5.2.5. Calculation of overlap distance 313 

(2) 
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The overlap distance refers to the overlapping width between adjacent compaction strips 314 

under the same roller passes (see Fig. 4(a)). The calculation process is detailed below (see Fig. 315 

3(e)). 316 

 317 

(1) Boundary points retrieval 318 

The strip boundary points (blue dots in Fig. 4(b)) with the roller passes of ( , ) n tN
 
that are 319 

inside the compaction zone ( , ) n t  are identified by searching the vector 320 

( , , , , )L L LL n t C N H . The existence of point set  ( , )( , ),  =L L L n tC C n t N N
 
leads to the 321 

boundary points fitting mentioned in the next step. If the point set is empty, the anomaly 322 

identification algorithm will be initialized. 323 

 324 

(2) Boundary points fitting 325 

Due to positioning errors and the factor of driving skills, the roller trajectories are not smooth; 326 

and thus the recorded boundary points are not on a straight line (see Fig. 4(b)). To calculate 327 

the overlap distance, the point set  ( , )( , ),  =L L L n tC C n t N N  needs to be fitted to a 328 

straight line that represents the strip boundary. The least square method is used for linear 329 

fitting. The boundary point is denoted by ( , )L Lx y ; and the mathematic formula of boundary 330 

fitting is shown in Eq. (3). 331 

2

obtain ( )

s.t.    [ ( )] min

= = +

 = − →




：    

L L

M

y f x ax b

s y f x  332 

where, M is the point set  ( , )( , ),  =L L L n tC C n t N N . By setting the partial derivatives of 333 

s with respect to a and b equal to zeros, the values of a and b can be solved. 334 

(3) 
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 335 

(3) Overlap distance calculation 336 

For point set  ( , )( , ),  =L L L n tC C n t N N , if the orientation eigenvalue 
1=LH , the current 337 

compaction zone is overlapped with the upper boundary of the adjacent strip. In this 338 

circumstance (see Fig. 4(c)), the distances of 
,Cn t

 and 
,Dn t
 to the straight line y ax b= +339 

are calculated, which are respectively denoted by 1,n tl  and 2,n tl . Then the overlap distance 340 

of roller n# at time t can be obtained as the average of 1,n tl  and 2,n tl , namely, 341 

, 1, 2,( ) / 2= +n t n t n tl l l . If 2=LH , the overlap distance is calculated by averaging the distance 342 

of 
,An t
 and 

,Bn t
 to the straight line y ax b= + . 343 

 344 

(4) Update of compaction process record 345 

The element Pl  in the trajectory point record is updated using the calculated ,n tl  for 346 

subsequent data query and data analysis. In addition, the constitutive points (e.g. An,t, Bn,t, and 347 

interpolated points) of the strip boundaries of compaction zone ( , ) n t  are updated in the 348 

strip boundary record. 349 

 350 

5.3. Procedure for collaborative compaction control 351 

Fig. 5 presents a procedure for collaborative and real-time control of compaction sequence, 352 

overlap distance, vehicle speed, excitation force, and roller passes with multi-roller 353 

operations. With the hardware mounted on the rollers, the multi-machine operation 354 

information is collected in real time. The collected data are then used to calculate compaction 355 

parameters on the remote servers. Next, the calculated compaction parameters are compared 356 
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with pre-set compaction criteria to identify the unqualified compaction efforts. If there are 357 

anomalies, warning messages will be automatically generated and fed back to the in-situ 358 

control module (ICM) and the monitoring terminal (MOT). 359 

 360 

A three-layer inspection system is created to ensure the timely adjustment of unqualified 361 

compaction efforts. First, when receiving the monitoring data from the remote servers, roller 362 

operators adjust compaction efforts to meet the construction requirements. Second, if the 363 

anomalies are not rectified timely or the actions of different rollers contradict each other, 364 

in-situ supervisors will intervene to coordinate the adjustment efforts. Third, if the anomalies 365 

are still not rectified, the administrative personnel who monitor the overall compaction 366 

process with the monitoring terminal can directly send adjustment instructions to the field 367 

supervisors. Anomaly identification is critical for the feedback control. Thus, the specific 368 

methods for anomaly recognition are detailed below. 369 

 370 

5.3.1. Anomaly recognition of compaction sequence 371 

( )sR x
 is the control criterion for compaction sequence, which represents a set of IDs of the 372 

assigned rollers for rolling the zone in the pass of x. If the ID of current roller n satisfies 373 

( , )( ) s n tn R N , the compaction sequence of roller n# at time t is compliant; if not, the 374 

compaction sequence is not compliant, and a warning is generated.  375 

 376 

5.3.2. Anomaly recognition of vehicle speed 377 

( )sV x
 is the control criterion for vehicle speed, which represents the normal range of vehicle 378 
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speed for rolling the zone in the pass of x. If 
, ( , )( )n t s n tv V N

 
holds, the vehicle speed of 379 

roller n# at time t is compliant; if not, the vehicle speed is not compliant, and a warning is 380 

generated. 381 

 382 

5.3.3. Anomaly recognition of excitation force 383 

The excitation force is reflected by the roller vibration frequency and amplitude, which are 384 

separately obtained by conducting Fast Fourier Transform (FFT) and frequency-domain 385 

integral to the collected acceleration signal. The frequency and amplitude of roller n# at time 386 

t are respectively denoted by 
,n tf  and 

,n tA . ( )sF x
 and ( )sA x

 are the control criteria for 387 

excitation force, which respectively represent the normal range of vibration frequency and 388 

amplitude for rolling the zone in the pass of x. If 
, ( , )( )n t s n tf F N

 
and 

, ( , )( )n t s n tA A N
 

389 

hold at the same time, the excitation force of roller n# at time t is compliant; if not, the 390 

excitation force is not compliant, and a warning is generated. 391 

 392 

5.3.4. Anomaly recognition of overlap distance 393 

If there is no strip boundary point LC  within ( , ) n t  that makes 394 

 ( , )( , ),  =L L L n tC C n t N N  hold, it means that the current compaction zone is not 395 

overlapped with the adjacent strip, and hence the roller operation status is not compliant. If 396 

the eligible LC  exists, the overlap distance 
,n tl

 
is compared with the control criterion 397 

( )sl x . If 
, ( , )( )n t s n tl l N , the overlap distance of roller n# at time t is compliant; if 398 

, ( , )( )n t s n tl l N , the overlap distance is not compliant.  399 

 400 
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5.3.5. Anomaly recognition of roller passes 401 

After finishing the compaction of a construction zone, statistical analysis is performed to the 402 

roller passes of all the grids in the work unit. When Eq. (4) holds, roller passes of the 403 

construction zone is compliant; otherwise, the roller passes is not compliant, and extra 404 

compaction efforts should be exerted to the under-compacted areas. 405 

, ,

( ) ( ) ( )

( )

( )

( 0)






 



k n f s

k f n

k

k

g N N

g N

 
  406 

where, ( )g x  is a discrimination function, and the function value equals 1 when the condition 407 

denoted by x holds; otherwise, the function value equals 0. k and 
kN

 
are respectively the 408 

code number and the total roller passes of grid kG . ( )n  and ( )f  are respectively a 409 

given set of roller ID n and vibration status f; vibration status f is either 0 or 1, which 410 

respectively represents static mode or vibration mode. 
, ,k n fN

 
is the roller passes of grid kG

 411 

under roller n# with f status. sN
 is the standard roller passes under a certain working 412 

condition, e.g. static compaction and initial rolling.   is the pre-set threshold value, which 413 

is usually a number over 90%. Using Eq. (4), the qualification rate of roller passes under 414 

different working conditions (e.g. static compaction, initial rolling, and the total roller passes) 415 

can be evaluated. 416 

 417 

6. Field experiments 418 

A compaction process monitoring system is developed (a system interface shown in Fig. 6) 419 

and applied in an expressway project that is under construction in Tianjin, China, in July, 420 

2016. The demonstration section is the bottom surface layer of asphalt pavement, which is 421 

(4) 
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paved with 12 cm of asphalt treated base mixture (ATB). 422 

 423 

6.1. Compaction scheme 424 

The machinery used in the project includes 2 rubber tyre rollers, XCMG XP302, 3 425 

double-drum vibratory rollers from DYNAPAC, CC624HF, and 2 double-drum vibratory 426 

rollers from Ingersoll Rand, DD-125. The detailed compaction scheme is described below. 427 

 428 

(1) Initial rolling. This process is conducted by DYNAPAC CC624HF with low speed and 429 

static mode for 4 times, and overlap is not required.  430 

(2) Repeated rolling. The pavement material is first compacted by rubber tyre rollers, 431 

XCMG XP302, with medium speed and 60cm of overlap distance for 2 times; then the 432 

compaction is conducted by DYNAPAC CC624HF for 6 times, with medium speed, high 433 

vibration frequency and large amplitude, and 20cm of overlap distance. 434 

(3) Final rolling. This process is performed by Ingersoll Rand DD-125 with static mode and 435 

no overlap requirement for 4 times.  436 

 437 

6.2. Compaction process control 438 

6.2.1. Control of compaction sequence 439 

The two XCMG XP302, three DYNAPAC CC624HF, and two Ingersoll Rand DD-125 are 440 

separately coded with ID number 1#~7#. A control criterion for compaction sequence is 441 

developed as Table 2. 442 

 443 
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Fig. 7 shows the graphical reports of roller distribution for a road section, which can be used 444 

to evaluate the compliance of compaction sequence. In Fig. 7(a), the color blocks 445 

representing roller 3# and roller 4# distribute symmetrically along the central axis of the 446 

pavement, which is consistent with the compaction scheme, reflecting that the rolling 447 

sequence is executed correctly for the 1st pass. For the 5th pass, the compaction should be 448 

conducted by the XCMG XP302 (roller 1# and roller 2#) according the scheme. However, 449 

Fig. 7(b) presents an unqualified region marked by a shadow area, which is caused by the 450 

incorrect execution of rolling sequence by roller 4#. 451 

 452 

6.2.2. Control of vehicle speed, excitation force and roller passes 453 

The real-time velocity and excitation force of each roller are displayed on the interface of the 454 

monitoring terminal (MOT) (see Fig. 6). Fig. 8 presents the graphical report of compaction 455 

trajectory for a road section, in which the over-speed compaction and unqualified excitation 456 

force output are highlighted in yellow and red respectively. Fig. 9(a), 9(b), and 9(c) 457 

respectively show the graphical reports of total roller passes, vibratory roller passes and static 458 

roller passes for the road section, with the qualification rate of 96.25%, 97.02% and 95.98%.  459 

 460 

6.2.3. Accuracy and control of overlap distance  461 

An experiment is carried out to verify the algorithm for overlap distance calculation. There 462 

are two overlapping groups on a 50m experimental section. Group 1# is overlapped by strip 1 463 

and strip 2, with the overlap distance of 20cm; Group 2# is overlapped by strip 2 and strip 3, 464 

with the overlap distance of 30cm. A roller is assigned to move along the designated 465 



Collaborative Operation and Real-Time Control of Roller Fleet for Asphalt Pavement Compaction 

23 

boundaries which are highlighted on the pavement surface. Afterwards, the calculated overlap 466 

distance is compared with the pre-set standard value, and the results are shown in Fig. 10. 467 

The calculation error of overlap distance is less than ±2.5cm, mainly resulting from the 468 

precision of RTK positioning (1-3cm). The largest relative error is 11.5%, which meets the 469 

requirement for project application. Warnings of overlap distance were issued frequently 470 

during the construction, which is caused by the high requirements of the operators’ driving 471 

skills to control overlap distance.  472 

 473 

6.3. Results analysis of compaction process control 474 

To validate the effectiveness of the proposed method, the compaction quality after system 475 

application is evaluated from the perspective of compactness, roughness, and uniformity, as is 476 

shown in Table 3. Compactness is indicated by density, and totally 25 samples scattered 477 

around the pilot section are collected by non-nuclear density gauge; roughness is measured 478 

by the continuous evenness device, which is then transformed into international roughness 479 

index (IRI), and 10 samples are collected in total; uniformity is assessed by the 480 

semivariogram analysis for CMV of the last pass of repeated rolling [23-25, 28], and three 481 

100-meters-long sections are selected as the analyzed objects from different parts of the pilot 482 

section. In case of the influence of data anomalies in certain areas, locations of all the 483 

samples are selected randomly. 484 

 485 

In terms of compactness, the average density (2.533 g/cm3) of the sampling points accounts 486 

for 96.5% of the maximum theoretical density, which is greater than the standard value 94%. 487 
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In terms of roughness, the average IRI of the 10 sampling points is 1.6 m/km, which is less 488 

than the upper control limit 2.0 m/km. In terms of uniformity, literature [26, 27] points out 489 

that the lower the “sill” is and/or the larger the “range” is, the better uniformity is achieved, 490 

while the opposite indicates a less uniform compaction. Fig. 11 depicts the distribution graphs 491 

of CMV kriging interpolation and the semivariograms of CMV for three 100m road sections. 492 

The average values of “sill” and “range” of the fitted models are respectively 5.88 and 17.03, 493 

which indicates that a relatively uniform compaction is achieved. 494 

 495 

These results indicate that the demonstration section is well-compacted, which is probably 496 

related to the real-time control of the compaction process. With the application of the system, 497 

the key compaction parameters (i.e. rolling sequence, roller passes, vehicle speed, excitation 498 

force, and overlap distance) are put under strict control, and any inappropriate compaction 499 

effort of multi-rollers can be identified, tracked, and rectified in real time. Hence, the 500 

compaction scheme is followed strictly, leading to better compaction quality. 501 

 502 

However, it should be noted that this study is subject to several limitations. First, despite the 503 

effectiveness demonstrated by the pilot project, the long-term influence and applicability of 504 

the proposed method on different types of asphalt pavement still need further investigation by 505 

conducting more field application. Second, the prototype system may generate false warnings 506 

where the construction condition is complicated (e.g. interface between two rolling section, 507 

retracing area for roller movement). In practice, this problem can be minimized by setting a 508 

threshold of duration before issuing a warning. 509 
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 510 

7. Conclusion and prospect 511 

The asphalt pavement compaction aims to achieve good compactness, roughness, and 512 

uniformity. In this paper, the collaborative and real-time control methods of compaction 513 

sequence, overlap distance, roller passes, vehicle speed, and excitation force are investigated 514 

for the multi-machine situation. The proposed solution for multi-machine compaction 515 

monitoring, algorithms for compaction parameters calculation, and procedure for 516 

collaborative compaction control respectively address the issues of data communication, data 517 

analytics, and feedback control from the perspective of a cyber-physical system. The 518 

real-world case study in Tianjin, China, indicates that the proposed methods can effectively 519 

control the compaction process, resulting in better compactness, roughness, and uniformity.  520 

 521 

In the future, current compaction control methods, characterized by single-roller and 522 

human-involved, will evolve into a collaborative and automatic cyber-physical system. The 523 

authors’ vision is that, the pavement’s compactness, roughness, and uniformity are assessed 524 

in real time during the compaction process based on the collected multi-machine information, 525 

and then the operation scheme, compaction efforts (vehicle speed, frequency, and amplitude), 526 

and the roller assignment are dynamically adjusted to attain the compaction objectives. To 527 

achieve this, further researches should focus on two aspects. First, the evaluation model of 528 

compaction quality needs to be investigated by considering the compactness, roughness, and 529 

uniformity in a holistic manner. Second, the mechanism for controlling onsite machines 530 

remotely via cyberspace should be explored to automate the feedback control process. 531 
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Tables 639 

Table 1. Findings about ICMV’s correlation with spot tests in previous studies. 640 

Literatures ICMV Related results 

Mooney et al. [12, 

13] 

CMV 

CCV 

THD 

✓ The correlations improve significantly if the underlying materials are 

stiff 

Thompson and 

White [14] 
MDP 

✓ Statistical averaging of data improves the prediction of compaction 

parameters. 

✓ Incorporating moisture content in multiple regression models 

improves correlation. 

✓ The influence depth may affect the value of MDP. 

Correia et al. [10] 

and Petersen [15] 
Evib 

✓ Correia et al. [10] obtain a linear correlation with R2＞0.9 while 

Petersen [15] found poor correlations between Evib and spot-test. 

Thompson et al. 

[16] 
kB 

✓ kB has a good correlation with PLT (plate load test) moduli with 

R2=0.9, while R2 was relatively small (0.3 ~ 0.61) for correlations 

with other spot test measurements. 

✓ The strength of correlation depends heavily on the range of values 

over which the measurements are taken. 

Meehan et al. [17] 
CMV 

MDP 

✓ Using the average value of test data to do the correlation analysis 

can dramatically improve R2. 

✓ Multivariate regression analysis can obtain a better R2 compared 

with univariate regression analysis. 

 641 

Table 2. Control criterion for compaction sequence. 642 

Pass 1~4 5~6 7~12 13~16 

Roller ID {3#,4#,5#} {1#,2#} {3#,4#,5#} {6#,7#} 

 643 

Table 3. Compaction quality evaluation after system application. 644 

Compactness  Roughness  Uniformity 

Max theoretical density 

(g/cm3) 

Sample 

number 

Average density 

(g/cm3) 
 

Sample 

number 

Average IRI 

(m/km) 

 Sample 

number 

Average 

Sill 

Average 

Range (m) 

2.626 25 2.533  10 1.6  3 5.88 17.03 

 645 
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Figures 646 

 647 

Fig.1. Research framework. 648 

 649 

Fig.2. Overall architecture of multi-machine compaction process monitoring. 650 
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 651 

Fig.3. Flowchart of compaction parameters calculation. 652 

 653 

Fig.4. Calculation principles of overlap distance: (a) Overall layout of strips overlap; (b) 654 

Diagram of boundary points fitting; (c) Geometric model for overlap distance calculation. 655 
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 656 

Fig.5. Procedure for collaborative compaction control. 657 

 658 

Fig.6. Screenshot of the monitoring terminal. 659 
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 660 

Fig.7. Graphical reports of roller distribution for section K102+900~K103+050. 661 
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 662 

Fig.8. Graphical report of roller trajectory for section K101+050~K101+192. 663 

 664 

Fig.9. Graphical reports of roller passes for section K101+050~K101+192. 665 
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 666 

Fig.10. Error analysis for overlap distance calculation. 667 

 668 

Fig.11. CMV kriging interpolation and semivariogram for section (a) K101+000~K101+100, 669 
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(b) K102+000~K102+100, and (c) K103+500~K103+600. 670 


