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Abstract: The automated evaluation and analysis of employee behavior in an Industry 4.0-compliant manufacturing firm are vital for the rapid and accurate diagnosis of work performance, particularly during the training of a new worker. Various techniques for identifying and detecting worker performance in industrial applications are based on computer vision techniques. Despite widespread computer vision-based approaches, it is challenging to develop technologies that assist the automated monitoring of worker actions at external working sites where camera deployment is problematic. Through the use of wearable inertial sensors, we propose a deep learning method for automatically recognizing the activities of construction workers. The suggested method incorporates a convolutional neural network, residual connection blocks, and multi-branch aggregate transformation modules for high-performance recognition of complicated activities such as construction worker tasks. The proposed approach has been evaluated using standard performance measures, such as precision, F1-score, and AUC, using a publicly available benchmark dataset known as VTT-ConIoT, which contains genuine construction work activities. In addition, standard deep learning models (CNNs, RNNs, and hybrid models) were developed in different empirical circumstances to compare them to the proposed model. With an average accuracy of 99.71% and an average F1-score of 99.71%, the experimental findings revealed that the suggested model could accurately recognize the actions of construction workers. Furthermore, we examined the impact of window size and sensor position on the identification efficiency of the proposed method.
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1  Introduction

Since the 1980s, studies in the domain of human activity recognition (HAR) have progressed significantly. Exposure to high-quality computers and intelligent devices such as smartphones and smartwatches is a contributing factor. Smartphones are widely utilized by the majority of the world’s people in various nations. The necessity to replace humans with technology to oversee the actions of other humans has sustained HAR exploration. There is also widespread usage of sensing technology in Ambient Assisted Living (AAL) and intelligent houses [1]. Available options include physiological, environmental, and visual sensors that commonly contribute to identifying human behavior and activities for healthcare monitoring. Recognizing activities is one of the essential elements of an intelligent home [2]. The elderly and the mentally disabled suffer from a variety of medical conditions. Consequently, this might result in incorrect execution of everyday activities in these groups. Therefore, identifying anomalous behaviors becomes essential for ensuring that old and dependent individuals do their responsibilities with slight variation [3]. This may protect their safety and good health [4]. In addition, relevant sensor types are utilized for various applications, including falls, indoor location, identification of activities of daily living (ADL), and anomaly detection. As sensing modalities, wearable inertial sensors such as particular accelerometers are used for all these applications except for indoor localization [5]. This demonstrates that accelerometers are frequently utilized as action recognition sensors.

Human workers are a valuable asset in any project in the construction sector, and workers are frequently subject to different safety concerns and possible mishaps. Monitoring the process of workers’ actions, behaviors, and mental conditions might reduce the incidence of worksite accidents, and avoid injuries, falls, or work-related musculoskeletal disorders (WMSDs) [6,7]. Hence, measuring and assessing workers’ actions is vital to control the time and cost in the construction stage and identify possible safety issues [8].

In the previous decades, developments in new technologies have allowed academics and practitioners to progress toward establishing automated, real-time performance surveillance systems for the construction sector [9–11]. Recent innovations in sensor-based solutions (from both hardware and software viewpoints) have allowed managers and supervisors to easily engage with other organizations on the worksite and obtain enhanced productivity and safety performance [12]. Based on the kind of sensors deployed, automated action observation and identification techniques might be split into three broad groups, including 1) computer vision-based approaches, 2) audio-based approaches, and 3) sensor-based aspects.

Utilizing two-dimensional (2D) image/video cameras and three-dimensional (3D) range cameras, computer vision-based techniques collect visual data from building sites for subsequent analysis. These technologies analyze photos or videos recorded from a building site by various cameras, such as depth cameras [13], which must be positioned in strategic areas with clear lines of sight to collect all active construction activity. Even though the actual picture data improved identification accuracy, it needed more resources at a higher expense.

In addition, most audio-based approaches depend on capturing the sound patterns of devices executing specified activities. Recently, these strategies have been used as a practical compromise to kinematic-based procedures. Standard microphones, contact microphones, and microphone arrays are the most popular equipment used in this method. Microphones may be classified based on their pick-up pattern and transducer design [14]. Signal processing methods are then used to gather audio data to identify various sorts of field activity.

Lastly, sensor-based approaches use many sensors, such as accelerometers and gyroscopes, to identify the distinct movement patterns of construction personnel and equipment. These sensors may be microfabricated on to an embedded device, such as an inertial measurement unit (IMU), to gather data that, when processed, might reveal the rotational speed and orientation of the devices. In addition, some IMUs are based on microelectromechanical systems (MEMS), which are the most common sensor type owing to their tiny size and affordability. MEMS sensors are highly prevalent in various sectors and have several applications in multiple fields, including healthcare systems, unsupervised home surveillance (home telecare), fall monitoring, identification of athlete movement patterns, asset management, and factory automation [15,16].

In recent years, human motion identification based on wearable inertial sensors has expanded to include more complicated everyday tasks such as driving, smoking, cooking, and other non-repetitive behaviors to enlarge the research area [17–19]. Nevertheless, studies and research into human behavior and conditions are extensively employed in wellness, sports, and medical treatment, but construction management studies are still limited. In the domain of the construction process, a preliminary investigation has been undertaken into employees’ activity management, and the study is at an early level. The majority of the preliminary study was conducted using visual technologies. With the design and implementation of sensor-based technologies, several academics have investigated these strategies to achieve the identifiable management of construction workers’ actions. Unfortunately, the few building tasks examined in prior research were straightforward. Consequently, a research gap exists between HAR and construction management. The interest in looking for a novel and efficient sensor-based HAR model to identify construction worker activities was motivated by our study in this work. Therefore, this research presents an activity recognition technique based on wearable inertial sensors for construction worker activities. The following are the contributions of this article:

1)   The WorkerNeXt model, a unique DL architecture, is proposed since this model: 1) can automatically extract the spatial characteristics of raw signals of wearable inertial sensors using the residual connection and multi-branch aggregation processing, and 2) can increase the efficiency and accuracy of detecting construction worker activities.

2)   We illustrate the efficacy of our proposed WorkerNeXt network by conducting empirical investigations on a common public wearable sensor-based HAR dataset, including various construction worker actions.

3)   Moreover, we compare the experimental findings achieved using our suggested technique to those of various cutting-edge methodologies from the HAR research.

The content of this study is structured as follows. The second section examines the literature and prior research on sensor-based human activity recognition in the construction stage. This section further compares historical HAR datasets and deep learning techniques. In Section 3, a HAR approach and a new deep learning model for construction workers’ activity identification are presented. The fourth section explains the experimental setup and presents the outcomes for several situations, and the fifth section addresses the observed effects. Lastly, Section 6 summarizes the key results of this study and offers recommendations for further studies.

2  Related Works

2.1 Human Activity Recognition in Construction

The construction industry’s HAR studies have typically focused on three methodologies [20]: the audio-based, vision-based, and sensor-based approaches.

Audio-based solutions rely primarily on microphones for data collection and for signal processing methods used for data cleaning and feature extraction [21]. Hence, machine-learning algorithms such as support vector machines (SVM) [22] and deep neural networks [23] are used to identify construction activities. However, audio-based approaches are more adapted to distinguish equipment actions than construction worker motions since the latter significantly depends on workplace sounds.

Improvements in processing capacity and computer-vision methods have allowed researchers and practitioners to utilize camera sensors to offer semi-real-time data on worker actions at a relatively low cost in tracking worker operations. Object detection, object tracking, and behavior identification were engaged in developing camera-based approaches. Some studies have applied cameras as the base truth against which the methodology and output of other types of sensors could be evaluated [24,25], while others use them as the primary sensor for gathering data [26,27]. For example, both [26] and [28] employed color and depth data collected from the Microsoft Kinect (camera-based) sensor to distinguish worker behaviors and measure their performance; the sensor outcomes were then analyzed and passed into an algorithm. The algorithm [28] distinguishes between distinct site personnel’s professional ranks and localizes their 3D placement, while the algorithm [26] follows employees’ activities and detects those activities based on their stance. Utilizing ActiGraph GT9X Link and Zephyr BioHarnessTM3, the study of trunk posture for construction tasks was also investigated.

Nevertheless, camera-based systems have several technical flaws that restrict their dependability and applicability despite their usability. Except for thermal cameras, cameras are susceptible to environmental conditions such as lighting, dust, snow, rain, and fog; they cannot work effectively in total darkness or direct sunshine. Moreover, when the collected images are packed or congested, these techniques may not be able to manage the excessive noise [20,29]. Moreover, camera-based systems need substantial storage capacities to accommodate the number of images and video data, making them computationally demanding compared to other alternatives [29]. Additionally, they can present privacy and ethical concerns since employees may feel uneasy being continually scrutinized. A network of cameras is necessary [30] to provide complete coverage of building sites, which may be rather costly.

Researchers [31–35] have also evaluated the benefit of kinematic-based approaches, including accelerometers and gyroscopes, since they may offer a more trustworthy data source for worker movement monitoring. Initial kinematic-based labor activity identification studies can be traced back to a survey [33] in which single-wired triaxial accelerometers were utilized to determine five operations of construction laborers: collecting bricks, twist placing, fetching mortar, spreading mortar, and trimming bricks. More recently, [34] gathered information from accelerometers and gyroscopes placed in the upper arms of laborers in the process of designing and assessing a construction activity identification system for seven sequential functions: hammering, turning a wrench, idling, packing wheelbarrows, pushing loaded wheelbarrows, offloading wheelbarrows, and pressing unloaded wheelbarrows. Using accelerometers connected to the wristbands of construction laborers, [31] identified four of their operations: spreading mortar, hauling and placing bricks, correcting blocks, and discarding residual mortar. Using a smartphone accelerometer and auroscope sensors attached to the wrists and legs of rebar laborers, [35] developed a technique for recognizing eight operations, including standing, strolling, squatting, washing templates, setting rebar, lashing rebar, welding rebar, and cutting rebar.

Generally, HAR is a time-series classification issue comprising sequential procedures such as sensor readings, data preparation, feature extraction, feature selection, feature annotation, supervised learning, and classifier model evaluation [20]. Various machine-learning algorithms, including Naive Bayes [33], decision trees [31,34], logistic regression [31,33], KNN [31,34], SVM [31,35], artificial neural networks [34], and others, were analyzed to obtain the highest activity classification performance from the data obtained by kinematic-based sensors.

As indicated before, despite significant study attempts to produce innovative ways to automate the action detection of laborers, no complete solution has been deployed. The industry needs a comprehensive and effective alternative that considers the variability of building activities and the complexity of elements regulating the differentiation between one activity and another, which machine learning classifiers could be utilized to provide the correct results. According to the researchers’ experience, no prior study has examined the use of physiological signals to train classifiers for recognizing construction worker activities. Some researchers have incorporated wearable sensors to monitor laborers’ energy consumption, metabolic equivalence, physical activity levels, and sleep quality [36]. However, studies investigating using such a rich data source for construction activity detection are insufficient. This work investigates the viability of employing worker physiological characteristics (BVP, RR, HR, GSR, and TEMP) as an alternative data source to enhance the accuracy of machine learning classifiers in recognizing industrial work activities.

2.2 Deep Learning Approaches for Sensor-Based HAR

Many sensor-based HAR research studies have explored deep learning with significant results. Convolutional neural networks (CNNs) have become a prominent framework for deep learning in HAR because of their ability to extract the unique properties of the signal data automatically. Yang et al. [35] provide one of the earliest and more intriguing applications of CNN in HAR. Raw sensor data can be represented at a higher level, according to the researchers, if CNN’s structure is sufficiently deep. Additionally, substantially enhancing feature learning and categorization inside a single model makes the learning features more discriminatory. Ronao et al. [37] have demonstrated that a deep CNN with 1D convolutional procedures outperforms conventional pattern recognition techniques for classifying smartphone sensor-based activity data. Huang et al. [38] present a CNN model with two stages to increase the recognition performance of actions with complicated characteristics and limited training data.

Recent years have seen the practical application of numerous cutting-edge algorithms introduced in computer vision to HAR. The study presented in [39] provided a HAR model based on U-Net [40] to conduct sampling point-level forecasting, thereby resolving the multi-class issue. Mahmud et al. [41] converted 1D time-series sensor data to 2D data before using residual block-based CNN to extract features and categorize actions. Ronald et al. [42] employed inception components [43] and residual connections [44] to designate a CNN-based neural network to push the boundaries of predictive performance in HAR.

2.3 Available Dataset for Construction Worker Activities

According to recent literature assessments, the research community lacks generally utilized standard datasets representing numerous individuals’ realistic and variable construction worker behaviors. Even though there are a set number of datasets [45–47] for investigating construction worker activity recognition based on wearable sensors, a construction worker activity dataset is publicly available. It may be used to develop and evaluate HAR classifiers.

Mäkela et al. [48] introduced the VTT-ConIoT dataset, a publicly accessible dataset for evaluating HAR from inertial sensors in professional construction contexts. The collection comprises data from 13 people and 16 distinct actions and is gathered from three particular sensor sites on wearable devices. The dataset is provisionally accessible on the Zenodo website [48]. It was compiled under controlled settings to portray actual construction operations and was built in collaboration with important building construction stakeholders. The data set is designed using a procedure that can be used immediately to gather activity data from building sites. The system is based on IoT devices embedded into essential workwear and complies with construction industry requirements and laws.

The VTT-ConIoT dataset includes high-resolution movements from several IMU sensors, supplementary person stance, and critical points from a stationary camera. Each participant’s data were meticulously labeled using a six-class general protocol and a sixteen-class protocol that was more detailed. The dataset is ideal for benchmarking and evaluating systems for human movement identification in professional contexts, particularly construction labor.

Consequently, this work trains and evaluates detection algorithms using the VTT-ConIoT dataset. The fundamental objective of this research is to precisely identify construction worker actions, as shown in Table 1.
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3  Methodology

3.1 Overview of the Proposed Approach

This research studied construction worker activity recognition based on DL approaches. As shown in Fig. 1, the HAR framework used in this study comprises four key processes: data acquisition, data pre-processing, model training, and model evaluation.
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Figure 1: The HAR framework used in this study

We began by acquiring a HAR dataset, which included data from wearable sensors on the behaviors of construction workers. This study has selected a publicly available dataset, VTT-ConIoT, to investigate. Three-dimensional sensor data include accelerometer, gyroscope, and magnetometer measurements. Using a sliding window approach, the sensor data were denoised, normalized, and segmented to provide sample data for training and assessing DL models. Using a 10-fold cross-validation procedure, these samples have been generated. The trained models were then evaluated using the four most important HAR measures. Each step is discussed in depth in the subsections that follow.

3.1.1 VTT-ConIoT Dataset

The VTT-ConIoT dataset [48] is a newly suggested public dataset for evaluating HAR from inertial sensors in skilled construction environments. The dataset consists of raw sensor data for 16 specific actions (described in Table 2) gathered from 13 construction workers employing three IMU-sensored clothing items. One sensor is placed at the hip close to the non-dominant hand, and two are placed near the shoulder close to the non-dominant hand (one sensor on the upper part of the arm and another on the back part of the shoulder). The researchers collected data using Aistin iProxoxi sensors that include an IMU consisting of a 3D-accelerometer, 3D-gyroscope, 3D-magnetometer, and a barometer. Accelerometer samples were taken at 103 Hz, and the sampling rate of the gyroscope and magnetometer was 97 Hz.
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3.1.2 Data Preprocessing

The VTT-ConIoT dataset’s unprocessed sensor data were preprocessed to ensure the effectiveness and consistency of the interpretations. Initially, the sensor data resampled the signals by applying linear interpolation to synchronize the gyroscope and magnetometer data (97 Hz) with the accelerometer data (103 Hz) by correlating both signals to the higher sampling rate [48].

The resampled data were then separated using 2, 5, and 10 s sliding windows with a 50% overlap. In IMU-based HAR solutions, the size of these windows is determined by the application [49,50].

3.2 The Proposed WorkerNext Network and Model Training

3.2.1 The Proposed WorkerNext Network Architecture

The proposed WorkerNeXt network is an end-to-end deep-learning model built on convolutional blocks with multi-kernel residual blocks of the deep residual structure. Fig. 2 depicts the suggested model’s general design.
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Figure 2: The architecture of the proposed WorkerNeXt model

In this work, Convolutional Blocks (ConvB) are used to extract low-level characteristics from raw sensor data. ConvB consist of four layers, as shown in Fig. 2: 1D-convolutional (Conv1D), batch normalization (BN), exponential linear unit (ELU), and max-pooling (MP). Multiple convolutional kernels that are trainable obtain particular features in the Conv1D, and each kernel generates a feature map. To accelerate and stabilize the training process, the BN layer was chosen. The ELU layer was applied to enhance the expressiveness of the model. The MP layer was utilized to condense the feature map while preserving its most vital components.

The Multi-Kernel Blocks (MK) have three components with convolutional kernels of various sizes: 1 × 3, 1 × 5, and 1 × 7. Each part employs 1 × 1 convolutions while employing these kernels to reduce the system complexity of the proposed network and the number of parameters.

Utilizing the Global Average Pooling algorithm and flattened layers, the averages of each feature map were transformed into a 1D vector in the classification block (GAP). The outcome of the utterly connected layer was translated into probabilistic reasoning employing the Softmax function. To calculate the network’s losses, the cross-entropy loss function, frequently used in classification tasks, was utilized.

3.2.2 Hyperparameters

In DL, the hyperparameter configuration is used to manage the learning experience. The proposed model uses the following hyperparameters: 1) epochs, 2) batch size, 3) learning rate, 4) optimization, and 5) loss function. To determine these hyperparameters, the number of epochs was set to 200, and the batch size was set to 128. After 30 epochs, if there was no improvement in validation loss, we introduced an early stopping call to terminate the training phase. Initially, we defined the learning rate at 0.001. If the proposed model validation accuracy did not improve throughout seven epochs, its value was reduced to 75% of its initial value. To decrease error, β1 = 0.90, β2 = 0.999, and ε = 1 × 10 − 8 were input into the Adam optimizer [51]. The error is determined by the optimizer using the categorical cross-entropy algorithm. Cross-entropy overcomes classification error and mean squared error [52]. The overall hyperparameters of the proposed WorkerNeXt network are detailed in Table 3.
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3.3 Model Training and Evaluation

3.3.1 Model Training

Following the setting of the modeling hyperparameters in the previous part, the VTT-ConIoT dataset was used to train the hybrid deep residual network. Instead of utilizing a fixed train-test split, we used five-fold cross-validation (CV) to assess the efficacy of the proposed model. The five-fold CV procedure divided the dataset into five equal-sized, unique, nonoverlapping folds. It supported the models with a four-fold CV, leaving the fifth fold for measuring assessment.

3.3.2 Evaluation Metrics

The result of an N-class classification can be visualized in a confusion matrix of size l × l. Each row in a confusion matrix represents an actual class, while each column represents a predicted class. Each entry Cij in a confusion matrix C denotes the number of observations (segments) from class i predicted to be of class j.

The recall, precision, and F1-scores are used as performance metrics to evaluate the correctness of a classification. The F1-score metric is particularly interesting for its robustness to class imbalance [53]. The recall (Ri), precision (Pi), and F1-measure (F1i) for class i in a multiclass problem can be defined by the following equations,


Pi=TPiTPi+FPi
(1)


Ri=TPiTPi+FNi
(2)


F1i=2×Pi×RiPi+Ri
(3)

where TPi is the number of objects from class i assigned correctly to class i, FPi is the number of objects that do not belong to class i but are assigned to class i, and FNi is the number of objects from class i predicted to another class.

Typically, two methods are used to evaluate the total categorization effectiveness: macro-averaging and micro-averaging. Firstly, the indicator is computed independently for each class, and the unweighted mean is calculated. To correct for class imbalance, a weighted average might be calculated by guidance (i.e., the number of valid cases for each label). The second component globalizes the calculation by calculating the total number of true positives, false negatives, and false positives.

In the following equations, the κ and μ indices refer to the macro- and micro-averaging, respectively. P, R, and F1 are the total precision, recall, and F1 measures.


PK=1N∑i=1N⁡Pi,RK=1N∑i=1N⁡Ri,andF1K=2×PK×RKPK+RK
(4)


Pμ=∑i=1N⁡TPi∑i=1N⁡(TPi+FPi),Rμ=∑i=1N⁡TPi∑i=1N⁡(TPi+FNi)
(5)

4  Experiments and Results

This section provides the description of the experimental setup, implementation, and obtained results.

4.1 Experimental Setup and Implementation

All tests were carried out using the Google Colab Pro+ framework. The GPU module (Tesla V100-SXM2-16GB) was used to accelerate the training of deep learning models. The proposed model and several basic deep learning models were built in Python using Tensorflow (version 3.9.1) and CUDA (version 8.0.6) backends. GPUs are utilized to accelerate the training and testing of deep learning techniques. The following Python libraries were used to execute the experimentations:

•   Numpy and Pandas were applied for data organization to read, manipulate, and analyze sensor data.

•   Matplotlib and Seaborn were applied for charting and presenting the results of data exploration and model evaluation.

•   As a library, Scikit-learn was utilized in investigations for sampling and data production.

•   Deep learning models were developed and trained using TensorFlow, Keras, and TensorBoard for model construction.

4.2 Results

Several experiments were performed on the VTT-ConIoT dataset to evaluate the optimal approach under different window sizes of 2, 5, and 10 s. The experiments employed a 10-fold cross-validation methodology, with four distinct physical activity scenarios in the VTT-ConIoT dataset as follows:

•   Scenario I: Using only sensor data from the hip location

•   Scenario II: Using only sensor data from the shoulder location

•   Scenario III: Using only sensor data from the wrist location

•   Scenario IV: Using only sensor data from all locations (hip, shoulder, wrist)

The results in Tables 4–7 showed that the proposed WorkerNeXt models gave optimal accuracy and F1-scores for construction worker activities in all experimental scenarios. The highest accuracy was 99.71%, with an F1-score of 99.72%. When comparing the two baseline models, LSTM performed better than CNN in every design.
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Based on the experimental results, the proposed WorkerNeXt model outperforms the other two baseline CNN and LSTM models for every scenario. The convolutional block works by extracting local spatial features from raw sensor data. Then, the multi-kernel block can extract relational information from the local spatial features. Comparing the results in Tables 4–7, we notice that the sensor data from arm and shoulder locations are more helpful in identifying construction worker activities. The reason is that most worker activities relate to upper limb movement.

5  Discussion

In this section, we explored and discussed the practical consequences in various aspects, such as the effect of different window sizes and the effect of the multi-kernel module. The discussion demonstrates that the proposed WorkerNeXt model is appropriate for efficiently identifying construction worker activities.

5.1 Effect of Different Window Sizes

We investigate the impact of various window widths on WorkerNeXt’s effectiveness. Fig. 3 describes the F1-score achieved from each investigation based on the findings presented in Tables 4–7. The comparison result demonstrates that the F1-score values are lower when the window size is set to 2 s. Construction worker activities are complicated human actions [18] that require lengthy monitoring durations to obtain the defining characteristics of motion [54].
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Figure 3: Performance evaluation of the WorkerNeXt model using different window sizes of sensor data recorded from different locations

5.2 Effect of Sensor Locations

Fig. 3 demonstrates that the WorkerNeXt obtained a high F1-score utilizing sensor data collected from upper body areas such as the shoulder and wrist. Regarding the construction worker tasks listed in Table 2, the VTT-ConIoT consists of 12 hand-oriented operations out of 16. Fig. 4 depicts confusion matrices derived from analyzing the WorkerNeXt model with 10 s window-sized sensor data captured at various locations (hip, back, arm, and all places).
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Figure 4: Confusion matrices obtained from testing the WorkerNeXt model on sensor data from different locations (from left to right: hip, back, and arm)

Considering the confusion matrices in Fig. 4, the findings suggest that micro F1-scores (acquired from the WorkerNeXt using sensor data from the hip location) of hand-oriented actions such as Picking up objects, Hands up high, and Hands up are lower than those obtained from sensor data from the back and arm locations.

6  Conclusion and Future Works

Administration of the construction process has become difficult for the construction sector and academics. Process management is performed by strategically placing personnel, materials, and equipment to regulate cost, efficiency, productivity, and security. Nonetheless, studies on the management and supervision of construction workers are often too broad and neglectful of specifics. In addition, the activity recognition research of construction employees selects just a few categories of predetermined operations, providing construction managers with restricted expected values. This research provides a deep learning approach for identifying the activities of construction workers based on triaxial acceleration, gyroscope, and magnetometer information obtained by wearable sensors attached to three body regions (hip, back, and arm). The WorkerNeXt model, a proposed deep residual network, was selected to categorize sixteen construction worker tasks. The average classification accuracy of all samples using a 10-fold cross-validation process achieved 99.91%.

The experimental findings demonstrated that 16 building tasks could be identified and distinguished based on three-axis acceleration and angle data taken from the human participants’ hip, back, and arm regions. Furthermore, the feasibility of deploying sensors incorporated in wearable devices to capture data produced by construction management has been confirmed. Compared to standard DL models, the suggested model offers noteworthy improvements in simplicity and effectiveness. Over ninety percent identification accuracy demonstrated that an approach combining a deep residual network and wearable sensors might be utilized to identify the complicated construction worker operations.

Future research will focus on the necessity for fixed-size input signals and the misclassification of specific recordings associated with certain worker tasks, such as painting-related operations. To solve the first constraint, we consider building a variable-size model that operates on global pooling rather than a flattened layer. With this strategy, we might propose a novel way to calculate the input vector length using data from additional sensors. Even though we produced good results with 1D CNN, we are exploring ensemble classifiers or multi-input deep learning models for identifying a wider variety of actions in the future.
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Table 1: A summary of existing datasets that collected construction worker activities based on wearable sensor

data
References Year Data Sensors' Locations Sample Number of Types of
availability frequency workers activities
Akhavian et al. [34] 2018 Private A, G Arm 100 Hz 4 10
Ryu et al. [47] 2018 Private A Wrist 22 Hz 10 4
Zhang et al. [45] 2018 Private A, G Wrist, 10 Hz 9 8
Leg
Yang et al. [46] 2019 Private A, G Wrist, 10 Hz 25 8
Leg
Mikela et al. [48] 2022 Public A, G, M Amm, 103 Hz (A) 16 13
(VTT-ConloT dataset) Back, 97 Hz (G, M)
Hip

Note: 'Sensors used for recording worker activities. where A = Accelerometer. G = Gvroscone. M = Magnetometer.
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Table 3: The summary of hyperparameters for the WorkerNeXt network used in this work

Stage Hyperparameters Values
Convolutional block ConvlD Kernel Size 5
Multi-kernel block x 3 Filters 64
Batch Normalization -
Activation ReLU
Max Pooling 2
Branch 1 1
ConvlD Kernel Size 1
Filters 16
ConvlD Kernel Size 3
Filters 16
Branch 1 2
ConvlD Kernel Size 1
Filters 16
ConvlD Kernel Size 5
Filters 16
Branch 1 3
ConvlD Kernel Size 1
Filters 16
ConvlD Kernel Size 7
Filters 16
Branch 1
Kernel Size 1
ConvlD Stride 1
Filters 64
Branch 2
Kernel Size 1
ConvlD Stride 1
Filters 64
Classification block Global Average Pooling -
Flatten -
Dense 128

Training

Loss Function
Optimizer

Batch Size
Number of Epochs

Cross-entropy
Adam

128

200
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Table 6: Performance evaluation of baseline deep learning models and the proposed models using wearable

sensors from the arm location

Window Performance

Sizes Model Accuracy Loss F1-score

2s CNN 21.73% (£18.938%) 2.51 (£0.334) 17.92% (£21.052%)
LSTM 76.91% (£1.447%) 0.98 (£0.032) 76.81% (£1.477%)
WorkerNeXt 88.91% (£0.408%) 0.66 (£0.054) 88.91% (£0.403%)

5s CNN 37.35% (£25.393%) 3.65(£0.856) 35.06% (£28.025%)
LSTM 91.00% (£0.908%) 0.32 (£0.043) 90.99% (£0.914%)
WorkerNeXt 98.31% (£0.242%) 0.06 (£0.011) 98.31% (£0.240%)

10s CNN 34.94% (£24.046%) 3.43 (£1.444) 32.31% (£26.410%)
LSTM 97.31% (£0.453%) 0.09 (£0.013) 97.31% (£0.451%)
WorkerNeXt 99.70% (£0.129%) 0.01 (£0.007) 99.71% (£0.128%)
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Table 4: Performance evaluation of baseline deep learning models and the proposed models using wearable
sensors from the hip location

Window Performance

Sizes Model Accuracy Loss F1-score

2s CNN 12.97% (£13.390%) 2.62 (£0.297) 8.23% (£14.985%)
LSTM 75.21% (£0.890%) 0.97 (£0.023) 75.19% (£0.969%)
WorkerNeXt 82.26% (£1.677%) 0.84 (£0.098) 82.30% (£1.653%)

5s CNN 6.27% (£0.017%) 2.77 (£0.000) 0.74% (£0.002%)
LSTM 89.38% (£1.251%) 0.39 (£0.042) 89.39% (£1.259%)
WorkerNeXt 97.54% (+£0.678%) 0.10 (£0.031) 97.55% (+£0.680%)

10 s CNN 6.26% (£0.002%) 2.77 (£0.000) 0.74% (£0.000%)
LSTM 95.82% (£0.354%) 0.13 (£0.010) 95.82% (£0.355%)
WorkerNeXt 98.85% (£1.610%) 0.05 (£0.068) 98.85% (£1.604%)
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Table 7: Performance evaluation of baseline deep learning models and the proposed models using wearable

sensors from all locations

Performance

Accuracy

Loss

F1-score

Window
Sizes Model
2s CNN
LSTM
WorkerNeXt
5s CNN
LSTM
WorkerNeXt
10s CNN
LSTM
WorkerNeXt

57.19% (+£26.089%)
88.64% (+0.755%)
94.89% (£0.726%)
72.91% (+3.988%)
95.50% (+£0.602%)
99.31% (+£0.157%)
51.01% (£28.795%)
98.55% (£0.258%)

2.37 (£0.345)
0.41 (£0.019)
0.31 (0.030)
3.93 (£1.203)
0.15 (£0.017)
0.02 (£0.005)
4.24 (£2.404)
0.05 (£0.007)

56.14% (+£28.306%)
88.66% (0.769%)
94.89% (£0.719%)
72.71% (£4.266%)
95.51% (+0.606%)
99.31% (+£0.155%)
50.42% (30.123%)
98.55% (+0.258%)

99.91% (£0.037%)

0.00 (£0.002)

99.91% (£0.037%)
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Table 2: Description of construction worker activities in the VI'T-ConloT dataset

Activity Description

Roll painting A participant paints a wall with a paint roller

Spraying paint A participant utilizes a tube that simulates a machine to conduct gestures portraying paint being
sprayed on a wall

Leveling paint A participant uses an implement to simulate the application of screed or paint to a wall

Vacuum A participant vacuums the floor using a vacuum cleaner
cleaning

Picking objects A participant manually collects things off the floor and puts them in a container
Climbing stairs A participant ascends three stairs, turns around, and descends three stairs
Jumping down A participant ascends three steps on a staircase, turns around, and descends three steps by leaping

Laying back A participant imitates operating with their hands up while reclining on a platform of moderate
height

Hands up high A subject imitates operating on tubes by raising their hands over their head
Hands up low A participant imitates operating on tubes by bringing their hands to their head or shoulders
Crouch on floor A participant works on the floor while squatting, laying tiles

Kneel on floor A participant places tiles on the floor while kneeling

Pushing cart A participant carries a cart 20 meters down a hallway, then turns around and brings it back
Walking A participant moves 20 meters in a straight line down a hallway, then turns and comes back
straight

Walking A participant circumnavigates seven cones, then goes 20 meters, turns around, and comes back
winding

Stairs up and A participant ascends the steps for thirty seconds, then descends them
down
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Table S: Performance evaluation of baseline deep learning models and the proposed models using wearable

sensors from the shoulder location

Window

Sizes

Model

Performance

Accuracy

Loss

Fl-score

2s

5s

10 s

CNN

LSTM
WorkerNeXt
CNN

LSTM
WorkerNeXt
CNN

LSTM
WorkerNeXt

26.03% (+24.195%)
78.45% (+0.745%)
85.29% (+£2.686%)
56.92% (3.546%)
91.44% (£1.334%)
98.51% (£0.129%)
37.56% (£25.916%)
97.33% (£1.044%)
99.71% (£0.144%)

2.88 (£0.13780)
0.92 (+£0.04688)
0.72 (£0.12339)
3.05 (£0.87563)
0.31 (£0.05180)
0.08 (+0.01682)
3.51 (£1.703)
0.10 (£0.040)
0.01 (£0.005)

22.68% (+26.872%)
78.46% (£0.706%)
85.31% (£2.675%)
56.61% (+£3.804%)
91.42% (£1.339%)
98.51% (+£0.127%)
35.06% (£28.385%)
97.32% (£1.048%)
99.72% (+£0.143%)
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