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Abstract: Working at heights causes heavy casualties among workers during construction activities.
Workers’ unsafe action detection could play a vital role in strengthening the supervision of workers to
avoid them falling from heights. Existing methods for managing workers’ unsafe actions commonly
rely on managers’ observation, which consumes a lot of human resources and impossibly covers a
whole construction site. In this research, we propose an automatic identification method for detecting
workers’” unsafe actions, considering a heights working environment, based on an improved Faster
Regions with CNN features (Faster R-CNN) algorithm. We designed and carried out a series of
experiments involving five types of unsafe actions to examine their efficiency and accuracy. The
results illustrate and verify the method’s feasibility for improving safety inspection and supervision,
as well as its limitations.

Keywords: unsafe actions; working at heights; intelligent recognition; deep learning; construction site

1. Introduction

Working at heights is associated with frequent injuries and the deaths of workers
during construction activities [1]. Fatal injuries due to construction accidents exceed
60,000 injuries every year all over the world [2]. According to the Occupational Safety
and Health Administration, a similar trend occurs in developed countries, even though
infrastructure construction has almost been completed in these countries [3]. Statistics from
the Ministry of Housing and Urban-Rural Development of China show that, from 2010
to 2019, there were an average of 603 production safety accidents per year, resulting in
approximately 730 worker deaths per year [4]. Among these accidents, fall-from-height
accidents accounted for at least 52.10%, followed by struck-by-object accidents (13.90%,
Figure 1). Many researchers have noted that the root causes of safety accidents are workers’
unsafe behaviors [5-7]. Heinrich’s accident causation theory states that more than 80% of
safety accidents are caused by workers’ unsafe behaviors [8]. Therefore, management to
minimize workers’ unsafe behaviors is important to construction safety.

Behavior-based safety (BBS) plays an influential role in the supervision and manage-
ment of workers’ activities [5,9,10], in which workers’ activities are recorded and their
behaviors are analyzed through observation, interview, and survey. Most BBS studies
have involved four necessary steps [11]: (1) create a list of workers” unsafe behaviors;
(2) observe and record the frequency of unsafe behaviors; (3) educate and intervene in
workers’ behavior; (4) provide feedback and perform follow-up observations. BBS has
gained its status in construction management because it has been more successful than
other methods for solving problems caused by unsafe behaviors. Furthermore, researchers
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have recognized unsafe behaviors as the most important problem. The purpose of normal
science is neither to discover new types of phenomena nor to invent new theories [12]. On
the contrary, normal science research is to continuously improve phenomena and theories
provided by existing paradigms, which are eternal challenges to researchers’ skills and
imagination [13]. BBS observation is a traditional form of worker behavior measurement,
which has certain limitations in practical applications [14].

Fall from height
0.6 I The proportion of deaths
0.5

Others Electric shock
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Crane injury Struck by Objects

Figure 1. Distribution map of the causes of death during construction from 2010 to 2019 [4].

Observation—the second stage—is important because it can provide more data for the
analysis of patterns. Ref. [15] puts forward a safety assessment method of leading indicators
based on jobsite safety inspection (JSI) through a lot of accident data analyzing. Traditional
unsafe behavior observation mainly relies on safety managers” manual observation and
recording, which not only consumes a lot of time and cost, but it is also difficult to cover
the whole construction site, or all workers. On the one hand, many human resources are
needed for data acquisition due to large sample data requirements [16]. On the other hand,
excessive reliance on workers’ observations can easily cause personal impact since different
people have different feelings about the same thing [17]. Therefore, an automated and
reliable method that could efficiently measure unsafe behavior is needed to support BBS
observation. Automation technology is already making its mark in the observations of
workers’ behaviors [18]. Proposed real-time positioning systems based on different types of
sensors and the Internet of Things (IoT) have played considerable roles in workers’ safety
observations [19,20]. However, sensors can sometimes affect workers’ normal work [21].
Computer vision technology can also be used for collecting and processing workers’ safety
information [22]. Its ability to provide a wide range of visual information at a low cost has
attracted a lot of attention [23-26].

Construction workers” unsafe actions are a type of unsafe behavior that could be the
main reason leading to construction accidents, primarily occurring when working at heights.
Most unsafe actions are instantaneous, and therefore, it is difficult for safety supervisors to
observe them in real time. Furthermore, detecting workers” unsafe actions is critical to the
observation process of BBS. Computer vision technology for the automatic recognition and
detection of workers’ unsafe actions could tentatively replace manual observations of BBS.
The gap in research could be significant for specific groups of construction workers. To date,
there is no automatic method of detecting the unsafe behavior of workers in a high working
environment. Therefore, the present study is to help improve the observation method
of workers’ unsafe behavior considering five unsafe actions that mostly appeared in the
high working environment on construction sites. A series of experiments involving over
30 testees were implemented to verify the proposed method. This paper is structured as
follows: First of all, the research method is presented, involving unsafe actions lists, dataset
construction, and the Convolutional Neural Networks (CNN) model built. Following this,
the results are presented and discussed. Finally, a conclusion is drawn.
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2. Related Works
2.1. Safety Management in High Places

Falls from height in construction sites have earned science mapping research to reveal
the existing research gaps [27]. The common causes that lead to falling accidents are defects
in protective devices, poor work organization [28], and workers” unsafe actions, such as
sleeping on the baseboard. Ref. [29] built a database that dissected the mechanics of workers
falling off the baseboard. An IoT infrastructure, combined with the fuzzy markup language
for falling objects on the construction site, could greatly help safety managers [30].

Deep learning enhances the automation capabilities of computer vision in safety moni-
toring [14,23,31]. CNN has shown exceptionally superior performance in high-dimensional
data with intricate structures processing. Related research on using computer vision for
worker safety management under working-at-height conditions can be described from the
following three aspects:

Aspect 1: To automatically check a worker’s safety equipment, such as their helmet
and seat belt [31-33]. The detection of safety equipment originated from early feature
engineering research, such as the histogram of oriented gradients (HOG) [34]. It has been
proposed that increasing the setting of the color threshold of the helmet and the upper
body detection could improve detection accuracy [35]. Deep learning has been used to
develop multiple processing layers to extract unknown information, without the need to
set the image features artificially [36]. In addition, a regional convolutional neural network
(R-CNN) has been used to identify a helmet and has achieved good results [37].

Aspect 2: To automatically identify hazardous areas. This research is generally based
on object recognition, including openings, rims, and groove edges in high places [38—-40].
Computer vision has been used to detect whether workers pass through a support struc-
ture [39], since workers walking on support structures have a risk of falling.

Aspect 3: To monitor non-compliance of safety regulations [41], in particular, climbing
scaffolding and carrying workers with a tower crane [42]. There has been a study on
intelligent assessment for interactive work of workers and machines [24]. Research in this
area needs to combine computer vision and safety assessment methods so that safety status
can be explained using computer semantics [38,41].

2.2. Computer Vision in Construction

Scientists designed the CNN to describe the primary visual cortex (V1) of the brain by
studying how neurons in a cat’s brain responded to images projected precisely in front of
the cat [43,44]. There are three fundamental properties to a CNN imitating the V1 [45]:

Property 1: The V1 can perform spatial mapping, and CNN describes this property
through two-dimensional mapping.

Property 2: The V1 includes many simple cells, and the convolution kernel is used to
simulate these simple cells” activities; that is, the linear function of the image in a particular
receptive field.

Property 3: The V1 includes many complex cells, which inspire the pooling unit of CNN.

On all accounts, there are still two factors that determine the deep learning target
detection model quality:

Factor 1: The dataset that is used to train the workers’ unsafe actions recognition model
should have unique unsafe action features that can be identified by a computer. There are
many open-source datasets available for deep learning research, such as ImageNet [46] and
COCO [47]; however, not all of them are suitable for object detection on construction sites.
Many researchers have also established datasets related to construction engineering. For
object recognition and detection on construction sites, there are datasets about workers [31];
construction machinery [31]; and on-site structures, such as railings [48]. For workers’
activities on the construction sites, a dataset dedicated to steelworkers engaged in steel
processing activities has been established [49]. Scholars have even enhanced datasets by
preprocessing Red-Green-Blue (RGB) images to optical and gray images 49], which has
provided novel ideas for dataset acquisition.
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Factor 2: Deep learning algorithms and models as mathematical methods to find
optimal solutions are important, as they affect the detection results. Le-Net is the foun-
dation of deep learning models [50], which contains the basic modules of deep learning,
convolutional layer, pooling layer, and fully connected layer. AlexNet came first in the
2012 ImageNet Large Scale Visual Recognition Challenge (ILSVRC2012) [36]. Since then,
various neural network models have shown their accuracy and efficiency in feature ex-
traction, including ZF-net [51], VGG-net [52], Res-net [53], Inception-net [54], etc. After
obtaining the feature map, additional algorithms are needed to classify and locate the
object. Faster R-CNN, YOLO, and SSD are deep learning algorithms that are widely used
in many applications.

In this research, we propose an improved faster R-CNN utilizing a special dataset
composed of unsafe actions when working at heights, which is based on ZF-net. This
work’s application is that it could provide construction managers with information on
workers” unsafe actions, and therefore, assist with interventions. In addition, it could
become a new procedure for BBS observation.

3. Methods
3.1. Research Framework

Feature engineering needs to set the transcendental extracted features artificially. Deep
learning training is a process of finding the optimal solution based on a dataset using
representation. Unlike feature engineering, representation learning is a group of machine
learning methods that can automatically find useful input data features through a general-
purpose learning procedure [55-57]. The representation learning is similar to a “black box”,
and therefore, it is difficult to understand how the internal nonlinear function works. As
the dataset and the algorithm are the critical factors in applied research related to deep
learning, the research process is designed by improving design science research [58]. In
this study, this is more suitable for research on the automatic detection of workers’ unsafe
actions, as shown in Figure 2.

Design & Plan '« Process iteration

Model Result

) R -
Object Definition *» Data Acquisition > Development | | Demonstration

Throwing
. ZF-net
Relying RGB images Performance
i RPN .
Lying Contrast Comparison
enhancement testing
Jumping images Fast R-CNN
detector

With no helmet

Figure 2. The research process of intelligent recognition for workers” unsafe action.

The method is structured as follows:

(1) Before building the automatic recognition model, the workers” unsafe actions that are
to be detected should be defined. This research lists five kinds of worker action types
that were likely to cause safety accidents when working at heights.

(2) Thesecond stage is data acquisition, mainly to acquire images with features of workers
unsafe actions that could be used for deep learning training, validation, and testing.
In this step, Red-Green-Blue (RGB) and contrast enhancement images are integrated
to reinforce the dataset performance.

(3) Then, the model development stage involves deep learning training and testing.
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Therefore, the test results demonstrate the model’s performance and are the basis of
the design and plan modifications.

3.2. Definition of Workers” Unsafe Actions

Fall-from-height and struck-by-object accidents are prone to happen when workers
are working at heights; therefore, in this research, we analyzed workers’ unsafe actions
through investigating the regulations and reports on these two accident types [1,59,60].
Simultaneously, it should be considered whether the unsafe actions have features that could
be identified through computer vision. The five main unsafe actions are summarized in
Table 1, namely, throwing objects downwards, relying on railings, lying on scaffold boards
and operating platforms, jumping up and down levels, and not wearing a helmet.

Table 1. Unsafe actions categories and descriptions.

No. Categories Unsafe Actions Descriptions
1.1 Throw waste and leftover materials at will.
1.2 Throw fragments down when working on building exterior walls.
1 Throwin 1.3 Throw tools and materials up and down.
J 1.4 Throw rubbish from windows.
1.5 Throw dismantled objects and remaining materials arbitrarily.
1.6 Throw broken glass downwards when installing skylights.
’ Relvin 2.1 Relying on the protective railing.
yms 2.2 Rely or ride on the window rails when painting windows.
Lying 3.1 Lie on scaffold boards and operating platforms.
4 Jumping 4.1 Jump up and down shelves.
5 With no helmet 5.1 Workers fail to use safety protection equipment correctly when entering a dangerous site of falling objects.

All of the unsafe actions are momentary actions, except for not wearing a helmet, and
therefore, it is difficult for security managers to observe these actions instantly. Whether or
not to wear a helmet is a relatively stable state of a person’s action, which security managers
can clearly observe and prevent in time. However, wearing a helmet is very important to
the safety of workers, especially for working at heights; therefore, it is worthwhile including
it in the research content.

3.3. Data Acquisition

The quality and quantity of the dataset is the decisive factor affecting detection ac-
curacy. Many researchers have established datasets for construction safety management,
such as datasets used to identify construction machines and workers and to identify the
activities of steel processing workers. To date, there is no dataset for the characteristics of
workers’ unsafe actions when working at heights on construction sites; therefore, even if
multiple publicly annotated open-source datasets could be used for deep learning detection
model training and testing, none of them could be used as experimental data for this study
directly. The dataset used in this research needs to include the five types of workers’ unsafe
actions that occur when working at heights, including throwing, relying, lying, jumping,
and with no helmet. A total of 2200 original sample images were collected. The five unsafe
actions sample distribution is shown in Table 2.

Table 2. Sample distribution.

Unsafe Actions Distribution
Jumping 11.12%
Throwing 21.41%
Relying 22.12%
Lying 15.82%

Helmet 29.53%
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3.4. Model Development

The detection algorithm is another decisive factor affecting the detection accuracy.
Deep learning algorithms have received wide attention for their potential to improve con-
struction safety and production efficiency. R-CNN and fast R-CNN have been proposed
successively and have dramatically improved the accuracy of target recognition. Faster
R-CNN, a deep learning algorithm with an “attention” mechanism, introduces the region
proposal network (RPN), further shortening the model’s training time and the detection
network’s running time. Based on the convolutional neural network framework of convolu-
tional architecture for fast feature embedding (Caffe), a faster R-CNN is mainly composed
of two modules. One of the modules is the RPN, which generates a more accurate, high-
quality candidate frame position by premarking the targets’ possible positions. The other
module is the fast R-CNN detector, which aims to improve the target recognition area based
on the RPN’s candidate frame.

The entire training process works by alternate training of the RPN network and the
fast R-CNN detector, and both use the Zeiler and Fergus network (ZF-net) [51]. Figure 3
shows the flowchart of the model training for workers’ unsafe actions. The procedure to
implement the workers’ unsafe action detection model is described as follows:

(a) (b)

PxQ

§ —— — - 4 —D T .

i I 5 [ RPN » Regions Proposal
::'A'|n§; Feature map S opoe
. 7
%, AL

= v Rol feature vector

Object .
. Coordinate

Rol Pooling —> J i

class

ZF-net Fast R-CNN detector
(c)

Figure 3. Flowchart of the model training. (a) Input the training samples to the ZF-net; (b) Generate
region proposals using the RPN network; (c) Integrate feature maps and proposals and sent to the
Faster R-CNN detector to determine the target category.

Stage 1: Input the training samples to the ZF-net for pretraining. Then, conduct
alternate training of the model to acquire the first stage RPN and the fast R-CNN detector.
Alternate training means to obtain the first stage ZF-net and RPN through the first round
of training, and then the first round of the fast R-CNN detector training uses the training
samples and the first stage RPN.

Stage 2: The second stage of training is almost the same as the first stage, except the
input parameters are the results obtained in the first stage of training. After the second
stage of training ends, the obtained ZF-net is saved as the final training network.

Stage 3: The validation sample is entered, and the final ZF-net is used to adjust and
update the RPN network and the fast R-CNN. Finally, the proposed detection model
is obtained.

4. Experiment and Results
4.1. Experiment

The data were mostly acquired from graduate students, while a small amount of data
were acquired from workers on the construction site. College students and workers are
adults, and their movements are similar. Since the dataset construction needed to consider
image quality factors, such as illumination conditions and different shooting angles, using
students as experimental subjects facilitated the collection of a large number of images.
Therefore, we selected students” images as the training set for the model. There were
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31 graduate students, with heights ranging from 158 cm to 181 cm, who participated in the
experiments. The actions of throwing, relying, lying, jumping, and not wearing a helmet
were examples of unsafe actions. The image sample collection followed 6 principles:

(1) Each student must perform the 5 actions, i.e., throwing, lying, relying, jumping, and
without helmets, with their usual manner of behavior.

(2) Each type of unsafe action would be taken in different scenarios, with different
shooting angles and lighting conditions.

(38) For each class of unsafe actions, 3-5 sequential images as a group were collected to
reflect a continuously varying action.

(4) Images of poor quality were filtered out and deleted, such as indistinct images and
targets with a small proportion of images.

(5) The originally collected images were preprocessed through contrast enhancement,
and then included as part of the samples. Adding preprocessed images into the
dataset increased the sample size of the dataset and improved the deep learning
convolutional neural network model [31,49].

(6) Samples were reshaped in the dataset to a resolution of 375 x 500.

The data collected from construction workers were mainly about wearing a helmet.
The total number of participants was approximately 50. Figure 4 shows examples of the
5 unsafe actions image samples. The samples were labeled using the sample labeling tool
Labellmag, and the labeled annotation files were saved in the xml format file. The samples
were finally divided into 3 groups, i.e., the training data, the validation data, and the testing
data. Finally, the dataset was ready, which included 5 action types of images, annotation
files, and image sets.

Throwing

Lying

Figure 4. Sample examples.

At the implementation stage, the Faster-RCNN algorithm was trained using
20,000 iterations with a learning rate of 0.001. The dataset was the improved VOC 2007,
which has been built in Section 3.3. The proposed method was implemented in MATLAB.
For the hardware configuration, the model was tested on a computer with Intel(R) Core(TM)
i7-6700 CPU @ 3.40 GHz, memory card of 16.0 GB, GPU of NVIDIA GeForce CTX 1080 Tj,
and Windows 10 64-bit OS.

4.2. Results

After training, the ZF-net model file for detecting unsafe actions was obtained. The
remaining samples were used to test the final model, and the testing results are shown in
Figure 5. The average detection time of the sample test is 0.042 s.
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Figure 5. Testing results.

Some concepts of target detection need to be explained as follows: True positive (TP),
the input images are positive samples, and the detection results are also positive samples;
false-positive (FP), the input images are negative samples, but the detection results are
positive samples; true negative (TN), the input images are negative samples, and the
detection results are negative samples; false-negative (FN), the input images are positive
samples, but the detection results are negative. Take the action of relying on a railing as an
example. If the testing result is “relying”, it is recorded as TP; if the testing result is without
relying, an FN is recorded. However, if no worker is relying on the test image’s railing, but
a “relying” is detected, FP is recorded. Figure 6 shows examples of TP, FN, and FP samples.

Jumping - 0.872

(a) TP (b) FP (c) FN

Figure 6. Examples of (a) TP, (b) FP, and (c) FN samples.

The analysis of TP, TN, FP, and FN’s test results with the fourfold table are shown in
Figure 7, which helps to understand the distribution of test results.

Positive

(detection) 935% 0.3%

Negafive

(detection) 6.2% 0
Positive Negative

(actually) (actually)

Figure 7. Test results with the fourfold table.

This experiment used four key performance indicators (KPIs) to assess the perfor-
mance of the model for detecting unsafe actions: (1) accuracy, (2) precision, (3) recall, and
(4) F1 measures.
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Results (%)

100 4

Throwing

Relying

Lying

Accuracy

Jumping

Accuracy, i.e., the ratio of the TPs and TN to the total detections, is generally used to
evaluate the global accuracy of a training model. Precision is an indicator of the accuracy
of prediction and recall is a measurement of the coverage area.

The F1 measure is the weighted harmonic average of precision and recall, which
evaluates the model’s quality. The higher the F1 measure, the more ideal the model.

The overall performance of the model is good. The test results were 93.46% for
accuracy, 99.71% for precision, 93.72% for recall, and 96.63% for the F1 measure.

4.2.1. Sample Source Analysis

For the sample source analysis, we established a dataset of workers’ unsafe actions
and trained a CNN model for workers’ unsafe action detection. The model’s performance
based on four indicators was good; the results for all of the indicators were above 90%.
However, the model’s performance indicators were based on the examinees added into the
dataset. The images in the dataset had a fairly high degree of similarity. The results could
be understood as the model mainly aimed at workers in the same project and construction
scenes. However, unsafe actions outside of the dataset should be considered, for example,
different scenarios and different examinees. Therefore, we tested the examinees outside
the dataset as a comparison group to analyze whether the model applied to other types of
scenarios and workers.

Similar to the previous dataset establishment method, the comparison group exam-
inees were asked to perform the five unsafe actions according to their usual manner of
behavior. The shooting scene of the comparison group was entirely different from the scene
in the original dataset. The results are shown in Table 3 and Figure 8.

Table 3. Test results of the model’s overall performance.

Indicators Accuracy Precision Recall F1-Measure
Original 93.46% 99.71% 93.72% 96.63%
Comparison 83.38% 87.79% 63.79% 73.89%

B Original ‘- Original

Comparison| 1- Comparison

B Original
I Comparison

100 4

)

Results (%)
Results (%

Helmet Throwing  Relying Lying Jumping  Helmet Throwing  Relying Lying Jumping  Helmet

Fl-measure AP

Figure 8. Test results of the model’s performance on each unsafe action (between the original and
comparison group).

We compared the testing results of the comparison group with the original dataset.
The performance of the comparison group was worse than the original samples. Neverthe-
less, they were still more than 60 percent accurate. The reason could be attributed to the
individual differences in the actions performed. There are significant numbers of construc-
tion sites, as well as numbers of workers. An unsafe action detection dataset built for a
specific engineering construction site is more suitable for workers at a specific construction
site for a long time period. To detect workers” unsafe actions at other engineering projects,
rebuilding the unsafe action model dedicated to those projects would be more conducive
to observing workers. The interference environment of images also affects the recognition
accuracy, such as light, rain and fog.
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4.2.2. FPs Analyzation

In the FP analysis, it was observed that FPs were usually due to the similar character-
istics of two unsafe actions. For example, Figure 9 shows an image sequence of a throwing
action. The testing result of the throwing action in Figure 9 was erroneously detected
as relying on the railing. At the early stage of the throwing action, the detection result
was relying (Figure 9a). As the image sequence changed, the detection was a result of
both throwing and relying on the railing (Figure 9b). At the end of the throwing action, a
throwing result was detected when the projectile was about to leave the hand (Figure 9c¢).

Figure 9. Testing results analysis for a FP sample. (a) At the early stage of the throwing action, the
detection result was relying; (b) As the image sequence changed, the detection was a result of both
throwing and relying on the railing; (c) At the end of the throwing action, a throwing result was
detected when the projectile was about to leave the hand.

There are two explanations for the phenomenon that appeared above.

First, most of the image samples of the relying action in this study were relying on
the railing. When performing sample labeling, the railing object was usually included in
the sample labeling box of the relying action. The CNN learns all types of features of the
images. These features include but are not limited to color, shape, and texture. Therefore,
when the ZF-net was learning action features, it might mistake the railing for the feature of
the relying action.

Secondly, the recognition method of the human skeleton may help to explain this
problem. In previous studies, the posture of the human body could be distinguished by
the distribution of human bone parameters [61], such as elbow angle and torso angle. The
similarity of the human bone shape parameters in these two actions (throwing and relying)
was very high, as shown in Figure 9. When a worker throws an object beside a railing, it
is accompanied by a relying posture. Hence, it was not surprising that such a result was
reached. In recent related research, Openpose has been used as an advanced algorithm
that could achieve accurate human posture. The general process of CNN in learning image
features has usually been divided into three layers [57], which could simply reveal the
process of accepting and understanding the news for the V1. In the first layer, the learned
features usually indicate whether there are edges in a specific direction and position in the
image. In the second layer, the pattern is detected by discovering the specific arrangement
of the edges, regardless of small changes in edge positions. In the third layer, the patterns
are assembled into larger combinations of parts corresponding to familiar objects, and
subsequent layers detect the object as a combination of these parts. This is a bottom-up
strategy. In contrast to this learning strategy, part of the affinity field (PAF) is used in
Openpose, which can improve the ability of computer vision in human pose estimation [62].
This provides a new research method in workers’ unsafe actions management.
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4.2.3. Helmet Detection Analysis

For the helmet detection analysis, the action detection of whether the worker wears a
helmet is different from other unsafe action detection methods. Detecting only the helmet
could not determine whether the worker is wearing a helmet. Figure 10 is an intuitive
explanation of this conclusion. When a helmet is not worn, it could also be detected that
the object is a helmet (Figure 10a). However, based on “people” detection, helmet detection
could effectively avoid this problem. Therefore, on the one hand, for the helmet-wearing
test, if there is a result that the person and the helmet are detected simultaneously, as shown
in Figure 10b, it was defined as safe. On the other hand, if only one of them appears, it
could not judge whether it was an unsafe action, Figure 10a.

B person : 0851

| heimet : 0.892

(a) (b)

Figure 10. Helmet wearing test (a) Helmet; (b) Helmet & person.

5. Discussion

This research proposed an automatic identification method based on an improved
Faster R-CNN algorithm to detect workers’ unsafe actions considering a heights working
environment. Based on the method, this research designs and carries out a series of
experiments involving five types of unsafe actions to examine their efficiency and accuracy.
The results illustrate and verify the method’s feasibility for improving safety inspection
and supervision, as well as its limitations. According to the experiment and results, it
could be found that it is an excellent way to detect workers’ unsafe behaviors through the
proposed method.

Compared with previous studies that have utilized computer vision for construction
management, this research has the following advantages. This work combines human
knowledge with computer semantics that consider a high workplace. Thus, leading to
better intervention in construction safety management when workers work at heights.
For the observation and recording part of BBS, manually observing was a waste of hu-
man resources and could not capture the worker’s action information comprehensively.
Computer vision has an advantage in this aspect. Computer vision has been utilized
to observe workers, including the efficiency of their activities [49], helmet-wearing [37],
and even construction activities at night-time [63]. These works are significant to project
management and achieved a good effect. However, accidents are most likely to occur
when workers work at heights. There is a lack of research on observing workers’ behavior
in high working environments. The proposed method is for workers” observation in a
high working place. There was a dataset of unsafe actions that commonly happen in high
places on construction sites. It may provide a more reliable method for observing workers’
behavior in a high places.

Three factors affect the robustness of the model:



Sustainability 2022, 14, 6126

12 0f 15

(1) Whether a deep learning algorithm could fully extract image features.

(2) Whether the dataset could adequately represent the detection object. Deep learning
is learning the features in a dataset. Therefore, the characteristics contained in the
dataset determine the final effect of the model.

(3) The quality of the image used for recognition also affects the robustness. It includes
the quality of data acquisition equipment, image acquisition angle and object ob-
scured, and the influence of environmental factors, such as light, rain and fog on
image quality.

This research also has application limitations. It lacks a large-scale dataset. There
comprised approximately 2200 images utilized for the CNN model training, which was
deemed to be small. The quality and quantity of images in the dataset will affect the effect
of the model. Future studies will consider further dataset improvement to enhance the
robustness of the model.

6. Conclusions

Most construction sites are equipped with cameras to observe their safety status. How-
ever, manual observation is laborious and may not accurately capture workers’” unsafe
behavior. Computer vision technology’s time-sparing and intelligent advantages could
help construction safety management when workers work at heights. This paper proposed
a deep learning model that could be applied to detect unsafe actions when working in a
high place automatically. The workers” unsafe actions worth observing and detecting were
defined first to achieve this work. The dataset including five workers” unsafe actions for
deep learning was built. Finally, an automatic recognition model was built for training, val-
idation, and testing the unsafe actions model. The model’s accuracy in detecting throwing,
relying, lying, jumping actions, and helmet wearing were 90.14%, 89.19%, 97.18%, 97.22%,
and 93.67%, respectively.

This work combines human knowledge with computer semantics, thus leading to
a better intervention in construction safety management when workers work at heights.
Its contribution is to enable computers to identify the unsafe behavior of workers in a
high working environment. Its application is that it could provide workers’ unsafe action
information intelligently to safety managers and assist with intervention. Besides, an
unsafe action detection dataset built for a specific engineering construction site is more
suitable for workers who would engage with the specific construction site for a long time.
It could become a new means for the BBS observation procedure. All of these would benefit
workers, managers, and supervisors working in a hazardous construction environment.

Since the research mainly focuses on whether unsafe actions could be well-detected,
all scenarios where workers made these actions were not fully considered in the dataset
production process. According to the occurrence rules of the accident, an accident is often
coupled with multiple factors. Although unsafe actions were an essential factor in accidents,
they do not lead to accidents directly but in a specific scenario.
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