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During earthworks, monitoring and controlling the actual productivity of construction machines enables insight into

the progress of tasks, calculation of expected duration and costs, favorable use and allocation of machines, and

the application of appropriate decisions and corrective measures, which is of great interest to contractors.

Excavators and tipper trucks are primarily used in earthworks. Manual collection of data from the construction site

to assess the actual productivity of machines is today considered an outdated, time-consuming, and subjective

method.
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1. Introduction

The productivity of construction machinery plays an essential role in the progress of earthworks . The actual

machine productivity achieved during earthworks performance significantly differs from the expected machine

productivity estimated in the planning phase . Tracking and monitoring of earthworks, based on collected quality

data from the construction site, is necessary to detect deviations between the planned productivity and the actual

productivity of the machines so that appropriate corrective measures can be taken in time and thereby reduce

potential damages caused by deviations .

Manual (traditional) methods for collecting data from construction sites are subjective and time-consuming and can

result in the delayed application of corrective measures and increased costs . In recent years, to measure and

evaluate the actual machine productivity on construction sites, researchers have used methods and tools of rapidly

growing wireless technologies, more precisely, representatives of sensing technologies  or audio–visual

technologies .

One of the representatives of location-sensing technologies is the global positioning system (GPS). Civil

engineering researchers use GPS technology because it offers a cost-effective solution for automated data

collection . GPS technology is a valuable tool for earthworks . Research in the field of application of GPS

technology includes collecting tipper truck driving data to assess the actual productivity of tipper trucks in near real-

time . Although in numerous studies GPS technology was used as an independent tool, in most of these

studies it was emphasized that GPS technology, as an independent tool, cannot meet all the requirements for

solving research problems because the data is limited to time and location .
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Video recording devices, like video cameras, are widely used on construction sites for better insight into work

performance, productivity improvement, and safety monitoring . Compared to sensing technologies, audio–

visual technologies have the possibility of providing insight into the real activity of machines, thus making it easier

to analyze the reasons that lead to low productivity and reducing the generation of incorrect data and conclusions

. Audio–visual technologies have significant potential for automated data collection from construction sites to

monitor progress and safety, analyze productivity, and visually survey facilities .

Resource detection in audio–visual data from construction sites is a frequent research focus because it gives

promising results . Despite the efforts of researchers and achievements so far in the application of audio–visual

technologies, further research is needed, especially in tracking and monitoring construction . To solve the

shortcomings of audio–visual technologies, further research should focus on the application of audio–visual

technologies together with other technologies like GPS technology, radio frequency identification (RFID),

accelerometers, etc. .

2. Audio-Visual and Loaction-Sensing Technology in
Earthworks

2.1. Location-Sensing Technology for Productivity Assessment

Montaser and Moselhi  proposed a practical and simple system, called Truck+, for tracking, monitoring,

controlling, and estimating the actual productivity of tipper trucks in earthworks in near real-time. In the Truck+

system, the integration of GPS and GIS system technology is used to calculate the duration of the tipper truck time

cycle. The authors pointed out that the application of the Truck+ system can be improved by integrating with other

sensing or audio–visual technologies, such as video cameras, weight, speed, or movement sensors, RFID

technology, etc.

Ibrahim and Moselhi  proposed a method for estimating the actual productivity of tipper trucks in near real-time.

The method uses the integration of GPS technology with sensors and a microcontroller to collect data on the

operation of the tipper truck.

Alshibani and Moselhi  proposed a system for estimating the actual productivity of tipper trucks and estimating

the required cost and time when performing earthworks (under the influence of tipper trucks) in near real-time. The

system integrates GPS and GIS technology, consisting of five modules and four algorithms. For simplicity and

efficiency of tracking, only one GPS receiver is placed on a tipper truck that drives on the same route and has the

same box volume as other tipper trucks. The authors noted that their system is currently being researched and is

limited to work involving tipper trucks. Also, they stated that the system applies only to the open area of operation,

so there is no interference in receiving satellite radio signals. They suggest using RFID or other sensing

technologies to improve the system.
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Salem and Moselhi  proposed a model for tracking and monitoring the productivity of earthworks (under the

influence of tipper trucks). The application of the model is the collection of data on the driving of tipper trucks to

calculate the actual productivity of tipper trucks and analyze driver habits and road conditions for timely detection of

unwanted driver behavior and/or road disturbances. The authors pointed out that only trial tests of the model were

performed and that the model needs to be validated on an actual construction site.

2.2. Audio–Visual Technology for Productivity Assessment

Bügler et al.  proposed a methodology that combines two different audio–visual technologies, i.e., a combination

of photogrammetry and video analysis. Their methodology aims to monitor progress and assess the productivity of

earthworks in the case of extensive (deep) excavations of construction pits.

Kim J. and Chi  presented a vision-based framework for excavator action recognition that considers sequential

pattern analysis for automated cycle time and productivity analysis. They emphasized that the experiments confirm

the positive effects and applicability of the proposed framework.

Chen et al.  pointed out that the application of audio–visual technologies is primarily based on the automatic

detection of work activities of construction machines, with little application for real problems such as tracking and

monitoring the productivity of earthworks. Other limitations, which they mentioned, are difficulties in automatically

detecting work activities in the case of a long video or a large number of machines on the construction site. To

overcome some of the limitations, they proposed a research framework with the possibility of automatically

recognizing work activities and analyzing the productivity of a large number of excavators on a construction site.

Kim J. and Chi  proposed a methodology for monitoring earthmoving productivity using multiple (non-

overlapping) cameras on a construction site. They especially emphasized the fact that their proposed methodology

is, to their knowledge, the first attempt to monitor and control the productivity of earthworks with the help of a large

number of cameras and that the shortcomings of their methodology (such as overlap and tracking errors) can be

solved by integrating with Internet of Things (IoT) technologies, such as GPS, RFID, accelerometers, and the like.

Chen et al.  presented a computer vision (CV) method to identify the leading causes of excavator and truck

idling in excavator operations. They pointed out that the proposed method aims to control the work efficiency and

productivity of construction machines and that the validation results are promising.

Šopić et al.  proposed a simple research framework for quick and practical estimates of excavator cycle time

and actual productivity using a video camera at the construction site and performing video analysis. Video analysis

involves labeling the excavator’s working activities using a label automation algorithm. They highlighted that the

simple research framework should be integrated with non-vision-based technologies (such as GPS, RFID,

accelerometers, and sensors) in further research.

Xiao et al.  described a vision-based method for automatically generating video highlights from construction

videos by integrating machine tracking and convolutional neural networks (CNN) feature extraction. They pointed
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out that useful video footage is beneficial for productivity analysis and safety control. Experiments with the

proposed method proved its accuracy and potential advantages.

Cheng et al.  introduced a novel, autonomous vision-based framework for excavator action recognition and

productivity measurement based on deep learning and average cycle time calculation. They emphasized that the

implementation of the proposed framework was successful, feasible, economical, and fast, with the ability to

measure the productivity of the excavator in real-time.

Chen et al.  described a vision-based method for identifying excavators and loaders activities without pre-

training or fine-tuning by adopting zero-shot learning. They pointed out that testing the proposed method for activity

recognition and productivity evaluation on videos recorded from real construction sites showed feasibility and high

accuracy.

2.3. Integration of Audio–Visual and Sensing Technology

Kim H. et al.  investigated the feasibility of measuring excavator cycle times using a smartphone-embedded

inertial measurement unit (IMU). The IMU included an accelerometer and a gyroscope. The excavator’s operation

was videotaped using a GoPro camera. They highlighted that the test results of the proposed research

demonstrate its applicability and cost-effectiveness. In future research, they suggested the combined utilization of

IMU and GPS for collecting data and monitoring equipment status.

Kavaliauskas et al.  compared the workflow of three unmanned aerial vehicle (UAV)-based photogrammetry

techniques: real-time kinematic (RTK), post-processing kinematic (PPK), and GPS-based for efficiency, reliability,

and geometric accuracy of earthwork quantity estimations.

Šopić  proposed an early warning system model for approaching the marginal cost-effectiveness of construction

machinery during earthworks. Among other things, audio–visual (smartphone) and location-sensing (GPS)

technology were used to collect data from the construction site. The application of the model on the actual

construction site of the mega infrastructure project of state road construction and its verification proved the model’s

innovativeness, reliability, and practicality.

3. Methodologies for Earthworks Productivity Assessment

The deterministic approach to assessing machine productivity is a simple and easy one . Based on the literature

review, a significant application of methodologies with a deterministic approach for assessing machine productivity

can be observed, of which the methodologies contained in books, such as Peurifoy et al. , Nunnally , Nichols

and Day , and manuals of world machine manufacturers, such as Komatsu’s specifications and application

handbook  and Caterpillar’s performance handbook , stand out. Some of the researchers who used the

Peurifoy et al.  methodology are Montaser et al. , Kang and Seo , Sarkar and Shah , and Singla and

Gupta . Furthermore, some of the research that used the Nunnally  methodology is at Attoh-Okine ,
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Sağlam and Bettemir , and Sabillon et al. , while some of the research that used the Nicholas and Day 

methodology is at Lewis et al. . Finally, some of the researchers who used Komatsu’s specifications and

application handbook  or Caterpillar’s performance handbook  are Bhurisith and Touran , Panas and

Pantouvakis , Rafsanjani , and Pantouvakis .

For the purpose of estimating the productivity of construction machinery, it would be significant to compare several

different methodologies for assessing productivity, thereby preventing unconditional and uncritical acceptance of

the results obtained from only one methodology . The theory and associated formulas for machine productivity

from books and manuals of world machine manufacturers provide an excellent basis and, together with experience,

serve to evaluate the productivity of machines on the construction site .

The productivity of earthmoving machines can be measured by the volume of excavated soil and (crumbly or

broken) rock per unit of time, which can be obtained based on the number of tipper trucks that transport the

excavated material in one day . Therefore, the criterion for the precision of the methodologies for machine

productivity can be the number of tipper truck laps from the construction site to the unloading place (with return),

tracked by GPS technology. Figure 1 shows a deterministic approach to productivity assessment.

Figure 1. Deterministic approach to productivity assessment.
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