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EXECUTIVE SUMMARY  

To optimize the use of equipment on construction sites, up-to-date information and appropriate 
interaction concepts are necessary. In this delivery, use cases for the use of digital twins for particularly 
important equipment are described. For this purpose, it was worked out which actors, processes, and 
data have to be recorded, analysed or processed in detail in order to be able to optimize the use of 
equipment. A particular focus was on tower cranes, as these are very important for many construction 
processes and a high level of availability must be guaranteed. In addition to the individual use cases, 
technologies were also identified that will be used to collect information about the equipment on 
construction sites. The results are, on the one hand, the basis for the implementation of the use cases 
and, on the other hand, also an important factor for the realization of the Digital Twin Platform and 
the required interfaces. Essential use cases and a series of process maps (e.g., for tower cranes, 
excavators or dump trucks) are developed based on practical user stories. They provide a guide both 
for smart and dumb equipment utilization, and to identify optimal equipment transportation and 
operation methods. A clear view of information exchange among users, digital platforms and related 
applications is provided, including information about tasks, equipment, site plans, hazards, safety 
measures and other components. 
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1 CHALLENGES OF USING EQUIPMENT ON CONSTRUCTION SITES 

Many industrial sectors, such as retail distribution and vehicle manufacturing, have gained benefits 
from new production initiatives since the end of the 1970s. They gradually made significant progress 
towards more efficient and tightly integrated supply chains [1]. However, the construction industry is 
lagging behind in terms of supply chain and logistics practice and performance [2]. A series of practical 
problems have been observed, including adversarial contractual relationships, the lack of customer-
supplier focus, price-based selection, the lack of coordination and communication, and an ineffective 
use of technology [2]. Researchers argue that one of the most obvious causes of lower productivity in 
construction “[…] is the poor management of materials, equipment and tools” [3]. 

Insufficient planning is recognized as a major reason for logistics problems [4]. In practice, a 
conventional construction logistics plan is generally made based on construction managers’ experience 
and expertise. It involves an as-designed site layout, project Quantity Take-off, and a series of periodic 
(e.g., daily, weekly, or monthly) schedules. It adjusts schedule-based material consumption, and site 
storage areas are configured according to the periodic consumption. Often, the real-time material 
consumption does not match the periodic plan due to unstable labour productivity and project 
changes. Construction managers need to adapt construction logistics to such changes using their 
experience and knowledge. Great efforts have been made to improve coordination and 
communication regarding construction logistics issues. However, it is argued that “[…] most 
construction projects have to work with manual processes and traditional methods of communication 
such as phone calls, faxes, and emails […]” [5]. Information and communication technology tools and 
platforms are developing fast and changing almost every industrial sector. However, in construction, 
it seems that too many urgent and repetitive problems make construction managers not have time to 
embrace current technology innovations. 

Another limitation is that construction managers generally treat the completion of a construction task 
as the highest goal, where any shortage of on-site material stock should be avoided. Therefore, an 
avoidance strategy is applied to prevent adverse effects caused by off-site supply disruptions. 
However, it may cause problems, such as additional waiting time, an excessive number of orders, 
overstock on-site, the waste of site capacity, and difficulties in material and equipment maintenance. 
Two aspects should be considered regarding current construction logistics planning: 

1. Uncertainty caused by periodic consumption, 
2. inefficiency and waste caused by adopting an avoidance strategy to ensure sufficient material 

resources for construction workflow. 

For proper construction site management and plan revisions during construction, it is necessary but 
challenging to understand a construction site’s status in real-time [6]. Construction sites are changing 
environments at which construction resources (workers, equipment, and materials) continuously and 
frequently interact with each other [7]. On the construction site, space is needed to store a large 
number of building materials, while at the same time roads and adequate working space are also 
required.  Both horizontal and vertical transportation on the construction site lead to the complexity 
of on-site transportation. Meanwhile, insufficient construction logistics planning and frequent plan 
changes lead to uncertainty in the construction site environment. Therefore, the environment of the 
construction site is dynamic, complex, and uncertain, resulting in difficulties and dangers using on-site 
equipment. 

Optimizing construction equipment is not only an approach to reduce uncertainty on site, but also can 
contribute to improving the construction efficiency and avoid wastes. It is essential for solving a series 
of site issues, for example, site space utility, machine usage efficiency, and site safety.  
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Safety is one of the vital issues for the on-site utilization of construction equipment. Construction-
related injuries and accidents in the U.S. are 50% higher than those in any other industry; in Japan, 
they constitute 40% of the total accidents, 50% in Ireland and 25% in the United Kingdom [8]. Ensuring 
the safe use of equipment is an important aspect of improving safety performance. For example, one 
of the major causes of fatalities in construction is the use of tower cranes during lifting operations [9]. 
Tower crane accidents are not only threatening workers on construction sites, but also pedestrians. 
Besides the safe use of heavy lifting equipment and load-shifting machinery on construction sites, the 
safe driving of trucks and other construction vehicles is also essential. 

The use of digital technologies such as online databases, virtual reality, geographic information 
systems, 4D computer-aided design, and building information modelling (BIM), sensing/warning 
technologies, etc., can support site hazard prevention and safe project delivery [10]. In the future, 
more innovative technologies should be used in equipment identification and tracking to cope with 
current challenges. 

 

2 DETECTION OF EQUIPMENT ON CONSTRUCTION SITES 

The monitoring of equipment on construction sites can serve several management purposes. A 
platform that automatically documents the positions, status, and current work progress of machines 
could be useful for construction site management. The platform could indicate if a machine is 
malfunctioning, if changes have occurred during construction, or if work cannot be completed as 
planned. This would eliminate the need for conventional reporting and allow for adjustments to be 
made more quickly. This way, the productivity on construction sites and the quality of work could be 
improved as it facilitates planning and allows for a faster response to changes. 

However, manual observation and reporting is currently the primary method by which a construction 
site is monitored [11]. To query the actual construction site situation, people must move on foot or in 
a vehicle between construction containers and the site. The information obtained on-site is then 
recorded on paper or with a tablet. Complemented by various drawings and specifications, the current 
situation and work progress is evaluated. This process is labor-intensive, costly, and time-consuming. 

The promotion of automated construction is important to speed up processes and improve 
productivity. For this, methods capable of detecting construction equipment and monitoring its work 
progress are needed first. A promising possibility is the automated analysis of construction videos using 
computer vision techniques. Researchers have already done some studies in this regard [12–15], 
explicitly focusing on the field of construction. A major advantage over other technologies, such as 
wireless sensors or laser scanners, is that camera-based approaches are less expensive. Cameras 
provide a lot of visual information, are widely used on construction sites [11] and are already used for 
safety monitoring [16]. It is possible to determine the 3D locations of construction equipment from 
videos by using multiple calibrated cameras [17]. These locations could be captured and visualized 
using a BIM model of the construction site. Also, the automation of construction monitoring tasks is 
possible [18]. Based on these findings, it is worthwhile to monitor construction equipment using 
computer vision techniques. 

For this purpose, a digital building twin (DBT) is needed for this work package that provides all prepared 
information and stores newly generated information. The DBT is a digital representation of the 
construction site that includes both the future potential reality, known as Project Intent Information 
(PII), and the past reality and current reality captured in Project Status Knowledge (PSK) [19]. The PII 
will serve as the basis to prepare equipment for the next task. This means that equipment will be 
reserved for a specific task and the task information will be communicated to the relevant people. It is 
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assumed that the task information already exists. If possible, the equipment used provides information 
that is stored in the PSK. This would be, for example, information such as:  

• How many pieces of equipment are working on a task?  

• What is the status of each piece of equipment?  

• Where are the pieces of equipment located on the site? Are there any pieces of equipment 
not in use?  

• Are there any obstacles in the delivery of materials on the site? 

This means that WP6 provides various PSK information but does not process it further. 

 

2.1 Classical Computer Vision Approaches 

2.1.1 Support Vector Machine 

Support vector machines (SVMs, also support-vector networks) are supervised machine learning 
methods that analyse data for classification and regression [20]. An SVM is a discriminative classifier 
formally defined by a separating hyperplane. Given labelled training data, the algorithm determines a 
hyperplane optimally separating the given data. This hyperplane can be used to categorize new 
samples. 

Given a set of data points belonging to one of two classes each, the goal is to decide to which class a 
new data point belongs.  For this, the data points, which are represented by 𝑝-dimensional vectors, 
are separated by a (𝑝 −  1) -dimensional hyperplane. There can be many hyperplanes correctly 
classifying the data (see Fig. 1(a)). However, a reasonable choice is that hyperplane separating the two 
classes by the largest margin (see Fig. 1(b)). This way, the distance from the hyperplane to the nearest 
data point of each class is maximized, as shown in Figure 1.  

 

 

Figure 1. Hyperplane and maximum margin in SVM 

SVMs are helpful in text and hypertext categorization, as their application can significantly reduce the 
need for labeled training instances in both standard inductive and transductive settings [21]. 
Classification of images can be performed using SVMs. Experimental results show that SVMs achieve 
significantly higher search accuracy than traditional query refinement schemes after just three to four 
rounds of relevance feedback. This is also true for image segmentation systems, including those using 
a modified version of an SVM that uses the privileged approach as suggested by researchers [22]. 

In the field of construction, researchers investigate automatic recognition systems classifying acoustic 
waves generated by construction equipment [23]. In the proposed recognition framework, the linear 
prediction cepstral coefficients (LPCC) for acoustic waves generated by the construction equipment 
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are extracted in small frames. These LPCC features are then fed into the SVM classifier for training and 
testing.  

Digital images and video clips collected at construction job sites are commonly used for extracting 
useful information. Exploring new applications for image processing techniques within the area of 
construction engineering and management is a steadily growing field of research. One of the initial 
steps of image processing applications is automatically detecting various types of construction 
materials. A comparison study is conducted to evaluate the performance of different machine learning 
techniques for the detection of three common categories of building materials: concrete, red brick, 
and oriented strand boards (OSB) [24]. The employed classifiers in this research are multilayer 
perceptron (MLP), radial basis function (RBF), and SVM. Results are shown in Figure 2. The results 
indicate that SVM outperformed the other techniques in terms of accurately detecting the material 
textures in images on all material types. The results also reveal that the common material detection 
algorithms perform very well in cases of detecting materials with distinct colour and appearance, e.g., 
red brick, while their performance for detecting materials with colour and texture variance such as 
concrete as well as materials sharing colour and appearance properties with other elements of the 
scene, e.g., OSB boards, might be less accurate. 

 

Figure 2. The results of concrete detection by using SVM, RBF, and MLP compared to manual 
segmentation 

Memarzadeh et al. (2013) propose a computer vision     –based algorithm for the automated 2D 
detection of construction workers and equipment in site video streams [25]. Tiling the sliding detection 
window via a dense and overlapping grid of formed descriptors and using a separate binary SVM 
classifier for each construction resource enables automated 2D detection of workers and equipment, 
as shown in Figure 3. A new comprehensive benchmark dataset, which contains over 8000 annotated 
video frames including equipment and workers from different construction projects is introduced. This 
dataset contains a large range of pose, scale, background, illumination, and occlusion variations. Their 
preliminary results on the detection of standing workers, excavators, and dump trucks with an average 
accuracy of 98.83%, 82.10%, and 84.88%, respectively, indicate the applicability of the proposed 
method for automated activity analysis of workers and equipment in single video cameras. 
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Figure 3. Examples of datasets testing for excavators and trucks, respectively. Each row: (a) a test 
image, (b) the oriented gradients, (c) hue map and (d) saturation map 

 

2.1.2 Cascade Classifier 

Object detection in images and videos is among the most-demanded techniques that originate from 
computer vision. Object detection using Haar feature-based cascade classifiers is an effective object 
detection method proposed by Paul Viola and Michael Jones [26]. Cascade classifiers are trained with 
several hundred positive samples of a particular object and arbitrary negative images. After the 
classifier is trained it can be applied to a region of an image to detect the object in question. To search 
for the object in the entire image, the search window can be moved across the image to classify every 
location. This process is commonly used in image processing for object detection and tracking, 
primarily face detection and recognition. 

We take face detection as an example to clarify the mechanism of the cascade classifier. Initially, the 
algorithm needs a lot of positive images (images of faces) and negative images (images without faces) 
to train the classifier. Haar features shown in Figure 4 are used to extract different image features. 
Each Haar feature’s response is a single value obtained by subtracting the sum of pixels under the 
white rectangle from the sum of pixels under the black rectangle. 

 

Figure 4. Haar features 

All possible sizes and locations of each kernel are used to calculate lots of features. For each feature 
calculation, we need to find the sum of the pixels under the white and black rectangles. To solve this 
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efficiently, the integral image is introduced. This reduces the calculations for a given rectangle to only 
four arithmetic operations. 

Stages of the cascade are usually trained via AdaBoost. The sensitivity threshold can be adjusted so 
that close to 100% true positives are found among some false positives. The procedure can then be 
started again for further stages, until the desired accuracy is reached or the computation time are is 
exceeded. 

After the initial algorithm, it was understood that training the cascade can be optimized to achieve a 
desired true detection rate with minimal complexity. Examples of such algorithms are RCBoost, 
ECBoost or RCECBoost. In their most basic versions, they can be understood as choosing, in each step, 
between adding a stage or adding a weak learner to a previous stage, whichever is less costly, until the 
desired accuracy has been reached. As the sensitivity of the classifier is the product of all stage 
sensitivities, each stage detection rate cannot be lower than the desired rate of the classifier. This 
makes the training a constrained optimization problem. 

Detecting vehicles based on Haar-like features along with the cascade classifier has captured growing 
attention because of its effectiveness and robustness. However, such a vehicle detection strategy relies 
on exhaustive scanning of an entire image with different sizes of sliding windows. This is tedious and 
inefficient, since a vehicle only occupies a small part of the whole scene. Therefore, Zhuang et al. (2016) 
propose a real-time vehicle detection algorithm that is based on improved Haar-like features and 
combines motion detection with a cascade classifier (see Figure 5) [27]. They adopt a visual background 
extractor accompanied by morphological processing to obtain foregrounds. These foregrounds retain 
vehicle features and provide the positions within the images where vehicles are most likely to be 
located. Subsequently, vehicle detection is performed only at these positions by using a cascade 
classifier instead of a monolithic classifier. This improves the detection performance.

 

Figure 5. Example of Haar-like feature extraction 

Current assessment of progress in construction projects is a manual task that is often error-prone. 
Images of sites are extremely cluttered and rife with shadows, occlusions, equipment and people, 
making them extremely hard to analyse. Lukins and Truccco (2007) propose a system capable of 
detecting changes on a building site observed by a fixed camera, and classifying such changes as either 
actual structural events or as unrelated [28]. They employ the AdaBoost algorithm based on a core set 
of non-rotated, linear Haar features to learn from collected data and detect columns on the 
construction site, as shown in Figure 6. 
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Figure 6. Example output for column detection (left), with Haar features used (right) 

Mneymneh et al. (2017) conduct study regarding construction safety. It aims at evaluating existing 
object detection methods detecting whether workers are wearing hardhats in images captured on 
indoor job sites [29]. The results highlight the potential of cascade classifiers (Figure 7) in accurately 
detecting hardhats in various scenarios and in repetitive runs. 

 

Figure 7. High rate of incorrect detections using: (a) Haar features; (b) LBP features 

 

2.1.3 Cascade Classifier 

Since surveillance cameras are already existent on most construction sites, a video-based detection 
and tracking system can be implemented at low costs. Relying on video streams, the detection of 
workers is similar to pedestrian detection. Some effort has already been made to elaborate those 
methods to the needs of construction worker detection. Neuhausen et al. (2018) propose a concept 
for the detection and tracking of construction workers using the soft cascade classifier (see Figure 8) 
[30]. For their conceptual worker tracking system, they propose a single classifier approach which 
highly improves the speed over the two-parted detection system by Park and Brilakis [31]. They decide 
on the soft cascade approach proposed by Bourdev and Brandt since its detection results exceed those 
of the Viola-Jones detector [32]. Additionally, its likewise pruned cascading layout further improves 
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the speed of classification by rejecting negative samples early in the cascade. The entire cascade has 
to be processed for positive samples only. For negative samples, however, only few image features are 
evaluated before rejection. This allows for real-time processing of video data. Moreover, since it is 
unknown which image features qualify for this task, boosting automatically selects the optimal set of 
features for this purpose. Accordingly, a manual selection as in the approach of Park and Brilakis [31] 
is not required. 

 

Figure 8. Conceptual system for tracking construction workers on-site in bird’s-eye view images 
using the soft cascade classifier 

Tracking pedestrian workers could improve productivity and safety management on construction sites. 
For this, vision-based tracking approaches are suitable, but the training and evaluation of such a system 
requires a large amount of data originating from construction sites. These are rarely available, which 
complicates deep learning approaches. Thus, Neuhausen et al. (2020) juxtapose a deep learning 
detector and an approach based on classical machine learning techniques using a small self-recorded 
dataset [33]. They identify workers using YOLOv3 and compare its performance to an approach based 
on a soft cascaded classifier. Afterwards, tracking is done by a Kalman filter. In their experiments, the 
classical approach outperforms YOLOv3 on the detection task given the small training dataset. 
However, the Kalman filter is sufficiently robust to compensate for the drawbacks of YOLOv3. 

Neuhausen et al. (2020) apply a Soft Cascade Classifier, which learns the optimal set of image features 
using AdaBoost. For this, they deduce weak classifiers from the image features by thresholding their 
responses. Then, they generate a weak classifier pool containing the thresholded features at all 
conceivable sizes and positions in an image patch. During training, AdaBoost iteratively draws those 
weak classifiers from the pool which separate the set of samples best. This way, a strong classifier 
emerges from the set of chosen weak classifiers. Figure 9 visualizes the process by the example of the 
first five Haar-like features chosen by AdaBoost. 
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Figure 9. Iterative feature selection by AdaBoost (from left to right). A shape model is learned from 
Haar-like features 

 

2.2 Deep Learning approaches 

The application of classical object detection algorithms requires image features of an object to be 
extracted beforehand [34]. This means that the user must understand the feature extraction process 
to enable the algorithm to detect objects in the image. This is usually associated with time-consuming 
feature engineering. Feature engineering involves the preparation of raw data so that a machine 
learning algorithm can process it. This step creates a better starting point for later training. Therefore, 
images cannot simply be used as input data to train a machine learning algorithm for object 
recognition. In contrast, deep learning trains directly on the input images (Figure 10). Deep learning is 
based on artificial neural networks (ANNs), whose architectures are designed to extract image features 
autonomously. During the learning process, the algorithm itself searches for the structures it needs to 
recognize. For computer vision applications commonly special kinds of ANNs are used, so-called called 
convolutional neural networks (CNNs) [35]. Images are directly fed into a CNN and at the end, the user 
receives an answer about which object is represented in the image. Specific CNN architectures can also 
localize objects in images [36]. However, the drawback of CNNs is that they require a large amount of 
data to achieve good results [34]. In addition, the computational requirements are enormous since a 
lot of data and parameters must be processed and optimized. But if these issues are overcome, the 
user will obtain a detector with high accuracy. Additionally, it is easier to generate a CNN model that 
can detect multiple object classes.   

There exists a clear trade-off between classical and deep-learning-based approaches [34]. Classical 
algorithms are optimized for performance, while deep learning offers higher accuracy and versatility. 
For example, if a distinction is to be made between two objects that differ only in colour, then a 
classical approach would be the better choice, as a simple colour threshold function would be 
sufficient. If several complex objects are to be recognized and a large data set exists, then a deep 
learning approach would be more suitable. However, the choice between classical and deep learning 
depends on the application’s requirements [33]. In this regard, the user must make a choice herself. 
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Figure 10. Processes of classical approaches and deep learning approaches 

 

2.2.1 Convolutional Neural Network 

A convolutional neural network (CNN) is a deep learning architecture which is specifically designed for 
processing images [37–39]. Moreover, the idea of the network is inspired by the receptive field 
structures found in the human primary visual cortex [37, 38]. A CNN basically consists of one input 
layer, one or more hidden layers, and one output layer. The input layer takes the image and sends it 
to the first hidden layer. In the hidden layers, image features are extracted from the image. The output 
layer outputs the result of the classification. This means that at the end the CNN informs which object 
was recognized in the image. In most cases, an output layer contains several classes, which is why each 
class gets a weight value after the calculations. The class with the largest weight is considered to be 
the final result at the end. 

The hidden layers mostly include convolutional layers, ReLU layers, and pooling layers [37–39]. These 
can be repeated with varying frequency and in an alternating order (Figure 11). Usually, one or more 
convolutional layers are started with a ReLU layer between each of them. This is followed by a pooling 
layer, which in turn may be connected to a convolutional layer. The end of the CNN architecture is 
formed by one or more layers consisting of fully connected neurons (Fully Connected Layer). 

 

Figure 11. Structure of a typical CNN for image classification. 
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In the first convolution layer, the image is analysed by a fixed number of filters. These are rectangles 
of fixed size (so-called kernel size) that scan the image with a constant step size. During the scan, a 
rectangle moves from left to right across the image, starting with the first row. If the step size is set to 
one, then the rectangle is moved pixel by pixel. When the rectangle reaches the end of a row, it jumps 
1 pixel down to the next row and starts the scanning process again until the last row is reached. In the 
field of image processing, this process is widely used and is often described by the term “sliding 
window” (Figure 12). 

 

Figure 12. A red sliding window over an input image 

A filter can be understood as a matrix with a fixed size, in which each cell contains a weight. The weight 
differs in each cell and was previously determined by the training. During the scanning process, which 
was described before, a linear convolution operation takes place. If the filter is located at a certain 
image position, the pixel values within the filter of the image are considered. The next step is a 
multiplication between the weights and the pixel values of the image. Subsequently, the products are 
added up and the result of the calculation is stored in an output matrix (Figure 13). An element in the 
output matrix corresponds to a neuron, which, due to the convolution operation, perceives and reacts 
to local features in the selected image region of the image [38]. To what the neuron reacts depends 
again on the chosen filter. This is one of the special properties of a CNN, since related information can 
be considered, and patterns can be recognized. 

 

Figure 13. Process of a linear convolution 

During the process, various features are extracted from the image, which is why the output matrix is 
also called a feature map. In most cases, 32 or 16 filters are used in the first convolutional layer, which 
creates 32 or 16 feature maps afterwards. These represent different features of an object. After that, 
a second convolutional layer with 64 or 32 filters could be added that generates further 64 or 32 
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feature maps. Note that a filter takes all feature maps of the first layer into account (see Figure 14). 
The results of each linear convolution that takes place on each feature map of the first layer are 
summed up. Each newly created feature map captures different features and is passed on to the next 
layer. 

 

Figure 14. Convolution of the feature maps 

After each convolutional layer, a Rectified Linear Unit (ReLU) activation function can be performed [8]. 
This operation is a nonlinear operation and is performed elementwise. By means of this operation, all 
negative pixel values in the feature map are replaced by zero. Positive values are not changed. The 
purpose of this activation function is to insert nonlinearity into the network by implementing a 
threshold. Otherwise, the output of the convolution layer would be a linear combination of the inputs. 
Consequently, the network would not be able to learn complex patterns from the data, since real data 
is predominantly nonlinear. Moreover, the idea of the ReLU function is based on the biological process 
that a neuron performs in the brain [34]. A neuron either fires or does not fire. 

In a pooling layer, values from a feature map are aggregated in combination with a specific operation. 
This is necessary because feature maps contain the exact position of the obtained features [37]. A 
small movement of a feature in the input image would result in a different feature map. By using 
aggregation in the pooling layer, a down sampling is performed on all feature maps. In this process, 
the most relevant structures are retained. This makes the feature maps more robust to feature position 
changes. 

Like the convolution layer, a filter goes through the same scanning process but the operation changes. 
There are several operations for the pooling layer. One of the most commonly used operations is max-
pooling [38]. In the max-pooling process, the highest pixel value is taken from the feature map, which 
is located inside the filter (see Figure 15). In most cases, the filter is limited to a size of 2×2, therefore 
the step size is set to two [38]. The selected step size reduces the size of a feature map by a factor of 
two. This means that the number of pixels in each feature map is reduced to a quarter of the size 
because the dimensions are halved. The reduced feature maps are then passed to the next layer. 

 

Figure 15. Process of a max-pooling function 
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The fully connected layer is used for the classification of the image content [38]. It is a normal ANN 
structure where the inputs of the neurons are connected to all outputs of the previous layer. To feed 
the output of a convolutional layer or a pooling layer into a fully connected layer, a 2D feature map 
must be converted into a 1D vector, as shown in Figure 16. Thus, the feature maps are flattened in this 
process. 

 

Figure 16. The feature vector is inserted into the fully connected layer 

The feature maps that are obtained from the previous layers represent high-level features of the input 
image. By feeding the data into a fully connected layer, the possibility of learning nonlinear 
combinations of these features arises. 

 

2.2.2 Region-based Convolutional Neural Network 

The region-based convolutional neural network (R-CNN) was described in 2014 by Ross Girshick et al. 
[40]. It is one of the most significant applications that is capable of finding objects in an image using 
deep learning techniques. At that time, the application was demonstrated on the well-known 
benchmark datasets VOC-2012 and 200-class ILSVRC-2013. On these datasets, the approach achieved 
state-of-the-art results. 

The R-CNN network consists of three main modules [40]. The input image is passed to the first module 
to search for regions that may contain objects. In total, it extracts 2000 region proposals using selective 
search image segmentation [41]. This segmentation algorithm systematically scans the image with 
various sliding windows of different scales. In this process, the algorithm searches for neighbouring 
pixels that share colours and textures. Different lighting conditions are considered by the algorithm. 

The second module is a CNN [40] which extracts feature vectors from the proposed image regions. For 
this, each proposed region is warped to a uniform size because CNNs require input images of a fixed 
size. Thus, the CNN acts as a feature extractor. The last module consists of a linear SVM that classifies 
each image region. The overall architecture is depicted in Figure 17. The result after passing an image 
to the network is a set of detection boxes with class labels. 
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Figure 17. Workflow of the R-CNN network 

 

2.2.3 Fast R-CNN 

The R-CNN network has achieved state-of-the-art results and is capable of detecting objects in the 
image. However, the architecture has a major drawback. Since the CNN must always classify 2000 
regions, execution is slow [41]. Moreover, the training of the network is costly because the training is 
a multi-stage pipeline in which the three models are trained separately while being dependent on the 
results of the other modules. 

Ross Girshick [41] proposes an improved version in which the whole image is directly passed to the 
CNN to generate feature maps. Then the proposed regions are projected onto these feature maps. A 
RoI pooling layer extracts the region proposals from the feature maps and converts them to a uniform 
size to obtain a feature vector of fixed length for each region proposal. Each feature vector is then fed 
into a fully connected layer. Several fully connected layers are subsequently lined up, which ultimately 
branch into two sibling output layers. One output layer contains a softmax function that classifies the 
object within the region. The other output layer produces four offset values that refine the position of 
the detection box (see Figure 18). 

The selective search is still applied [41]. Unlike R-CNN, in Fast R-CNN the algorithm is executed in 
parallel with the CNN until the region candidates are projected onto the feature maps. The SVM 
classifier from R-CNN was replaced by the two new output layers in Fast R-CNN. 

 

 

Figure 18. Workflow of fast R-CNN 

The author of the paper tested his network on the Pascal VOC 07 dataset [42], which consists of almost 
10,000 images containing 20 object classes. It must be mentioned here that R-CNN and Fast R-CNN 
require a predefined CNN model, since in both architectures this component is replaceable. In this test, 
the CNN model VGG16 was used, which consists of 13 convolutional layers and three fully connected 
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layers. For more details about the VGG16 model see [42]. In the test, the author found that Fast R-CNN 
processed the images 146 times faster than R-CNN. In addition, the training was reduced from 84 hours 
to 9.5 hours. 

 

2.2.4 Fast R-CNN 

With Fast R-CNN, the processing time was decreased and the training time was reduced. However, the 
application of selective search creates a bottleneck because it is executed on the CPU while the 
network operates on the GPU [43]. It is known that the region proposals depend on features in the 
image. These are computed by the CNN in Fast R-CNN during the forward pass. Shaoqing Ren et al. 
[43] present a region proposal network (RPN) for this purpose. The RPN takes the feature maps of the 
last convolutional layer and applies a small network to propose regions. 

The RPN uses a sliding window that slides over the feature map [43]. For each position, this results in 
different anchor boxes of different aspect ratios and scales. The authors use 9 different anchor box 
dimensions in total. For each anchor box a classification and a regression are performed. The 
classification indicates if an object is present while the regression determines the coordinates of the 
bounding box. To implement this process, the RPN includes a convolution layer, which maps each 
sliding window to a low-dimensional feature vector. The feature vector is fed into two fully connected 
sibling layers. One represents the regression layer and the other the classification layer (see Figure 19). 
In this step, the concept of anchor boxes is applied since the center of the sliding window indicates the 
position of the anchor. The proposed regions are evaluated based on the classification value, so that 
the most promising regions are passed to the network. The further process then corresponds to the 
Fast R-CNN network (see Figure 20). 

 

Figure 19. Region Proposal Network (RPN) 
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Figure 20. Faster R-CNN 

The authors used the Pascal VOC 07 dataset and the VGG16 model for the test [43]. Thereby, they 
measure the detection speed in frames per second (fps) and compare it to the Fast R-CNN approach. 
Faster R-CNN achieved a speed of 17 fps, while Fast R-CNN only achieved 0.5 fps. 

Faster R-CNN has become very popular in recent years and is also used in work focussing on topics of 
the construction industry. Chen et al. [18] used a Faster R-CNN network to detect excavators on 
construction sites. In this work, images are obtained from construction site surveillance cameras. The 
goal of the work is to measure the activity and productivity of excavators used during earthworks. In 
another work, Faster R-CNN is used to detect various construction activities in construction site images 
[44]. The detector in this paper is used to detect 22 construction-related objects such as workers, 
general vehicles, materials, and activity-specific equipment. Then, a semantic and spatial relevance is 
calculated to determine whether objects are jointly involved in an activity. In total, 20 activities were 
detected in this work with an accuracy of 86.33%. Fang et al. [15] have proposed an improved Faster 
R-CNN detector for the detection of construction workers and excavators. They improved it by 
adjusting the aspect ratios and sizes of the anchor boxes. Their trained network is capable of processing 
an image in 0.101 s and therefore it is real-time capable if suitable hardware is used. The average 
detection accuracy of an excavator in this work is 95% and for a worker it is 91%. There is also work 
that uses the Faster R-CNN for the topic of safety on construction sites. For example, Fang et al. [45] 
presented an approach that detects workers that are working at heights missing a safety harness. The 
system here consists of two stages. In the first stage, a Faster R-CNN network detects the workers in 
the image. In the second stage, an additional deep CNN model is used to check for the presence of a 
safety harness. The workers are detected 95% of the time and the safety harness is detected 98% of 
the time. In another work, Faster R-CNN is used to verify that construction workers are not wearing 
helmets [46]. Far-field surveillance cameras are used, which made workers appear small in the videos. 
Also, the detection algorithm is tested under different weather and lighting conditions. Under these 
difficult conditions, the algorithm is still able to detect 94.9% of the workers without helmets. The work 
also illustrates that Faster R-CNN is well suited to detect small objects in the image. Faster R-CNN is 
also used in the field of robotics. Wang et al. [47] present a robot that detects and collects nails and 
screws. The goal is to autonomously collect these objects lying on the ground at construction sites in 
order to reduce the risk of injury. The selection of these works shows that Faster R-CNN has great 
potential to detect various construction equipment on construction sites, which can be both large [15, 
18, 44] and small [45–47]. However, it must be noted that real-time capability is more difficult to 
achieve with this algorithm than with other detection algorithms [36]. 
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2.2.5 You Only Look Once 

The R-CNN algorithms extract regions and classify them to locate different objects within an image. 
Accordingly, R-CNN does not consider the entire image. In 2016, Redmon et al. [48] introduced the 
detection algorithm You Only Look Once (YOLO), that considers the entire image and predicts bounding 
boxes and class probabilities for these boxes. The unique feature of YOLO is that it requires a single 
convolutional network for this task. Due to its architecture, Jiao et al. [36] also refer to YOLO as a one-
stage detector. In this paper, they distinguish between one-stage (YOLO, SSD) and two-stage (R-CNN, 
Fast R-CNN, Faster R-CNN) detectors and present the advantages and disadvantages. The disadvantage 
of one-stage detectors is that they provide less localization and object detection accuracy than two-
stage detectors. However, the advantage over two-stage detectors is that they can process images 
faster. This makes one-stage detectors more suitable for real-time applications. The speed comes from 
the fact that one-stage detectors treat object detection as a regression problem, because they take an 
image and learn the class probabilities and bounding box coordinates [49]. 

YOLO divides the image into a grid consisting of S×S cells at the beginning [48]. The authors of the 
paper have the idea that if the center of an object falls in a grid cell, then this grid cell is responsible 
for the detection of this object. The operation can be simply described as follows: Each cell predicts B 
bounding boxes, where each box is supposed to encompass an object. During this process, each box is 
associated with a confidence score. This score describes how confident the model is that the respective 
box encloses an object. In addition, a class probability is determined per grid cell. The class probability 
indicates to which class a detected object belongs. The reason for determining the class probability 
per grid cell and not per bounding box is that each cell is responsible for determining one object. The 
bounding boxes of each cell should all recognize the same object. Subsequently, the confidence score 
and the class probability are combined to obtain a final score. If many bounding boxes overlap for a 
particular object, then non-max suppression is used to select the bounding box with the largest 
confidence score (see Figure 21). 

 

Figure 21. YOLO working method 
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In an experiment, the authors compare YOLO to Faster R-CNN, measuring the detection speed [48]. 
For the experiment, they use the Pascal VOC 2007 dataset. The test shows that YOLO achieves a rate 
of 45 fps, while Faster R-CNN detects objects in the video with 7 fps. YOLO is the favorite when speed 
is the main factor. However, it is observed in the experiment that the detector makes many localization 
errors. 

Due to the localization errors and the problems in detecting small objects when they appear in groups 
[48], improvements have been made to YOLO in recent years. One of the improvements in YOLOv2 is 
that the grid is refined and that it includes the concept of anchor boxes from Faster R-CNN [50]. This 
enables the detector to better detect small objects. In addition, the convolutional network has been 
modified. The new Darknet-19 network consists of 19 convolutional layers and 5 max pooling layers. 
Compared to the previous architecture (24 convolutional layers, 2 fully connected layers), Darknet-19 
is shorter and consequently requires fewer operations to process an image. In YOLOv3, the multi-label 
classification and feature pyramids technique is introduced [51]. The detector is thus able to adapt to 
more complex datasets with many overlapping labels. Also small objects can be detected even better 
[36]. In addition, Darknet’s architecture has been enlarged to 53 convolutional layers [51], which allows 
for the extraction of more details. YOLO was improved again by other authors, which resulted in 
YOLOv4 [52]. With YOLOv4, the authors aim to enable training on a Graphics Processing Unit (GPU). In 
addition, the efficiency and accuracy of localizing objects in the image has increased. There already 
exists YOLOv5 [53] but the developers have not published a paper for this yet. 

Researchers who focus on the construction industry have already discovered this detector for their 
purposes and use it in their work. Kim et al. [54] use YOLOv3 to detect excavators, wheel loaders and 
workers from the top view perspective. The images were taken from an Unmanned Aerial Vehicle that 
flew over actual construction sites. The goal of the work is to measure the distance between a piece 
of equipment and a worker. The system is designed to warn when equipment is hazardously close to 
a construction worker. To test the network, the authors used 398 construction site images to measure 
the mean Average Precision (mAP) of the detector. The average accuracy reached 90.82% in the test, 
which indicates that YOLO mostly classified and localized the construction equipment correctly. Xiao 
and Kang [55] used YOLOv3 to achieve an automatic check of the construction equipment status by 
cameras. The presented system detects construction equipment and matches the number of detected 
equipment with the expected number provided by the schedule. Trucks and excavators are detected. 
Zhang et al. [56] presented a monitoring system that monitors power lines and warns when a 
construction equipment approximates a power line. They also employed YOLOv3 for the detection. In 
another work, an improved YOLOv3 architecture is proposed to check for the presence of helmets [57]. 
For the improvement, the authors have replaced the Darknet-53 network with the DenseNet 
architecture. By replacing it, the authors achieve a mAP of almost 98%. With the Darknet-53 model, 
the mAP drops to about 95%. Both networks were able to process the images with 21 fps. From the 
presented work, it is clear that YOLO can detect various objects on construction sites well and quickly 
despite the lower localization and object detection accuracy compared to Faster R-CNN [54–56]. 
Furthermore, YOLOv3 has the capability to detect smaller objects [58], such as worn helmets on 
construction sites [57]. Therefore, an implementation of this detector is desirable for this project 
because real-time capability is important for quickly locating equipment on construction sites. 

 

2.2.6 Single Shot Multibox Detector 

In addition to the YOLO detection algorithm, there exists another one-stage detector which was 
introduced by Liu et al. [59] and is called a single shot multibox detector (SSD). Like the YOLO algorithm, 
SSD treats object detection as a regression problem and is also real-time capable [36]. The SSD detector 
implements the concept of anchor boxes and generates multi-scale feature maps for object detection 
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[59]. By means of multi-scale feature maps, it is possible that the detection of objects takes place at 
different scales and at different levels in the network. The concept of anchor boxes works in the same 
way as in Faster R-CNN. The operation of the SSD architecture can be divided into two steps: 

1. Extraction of the feature maps in the backbone model,  
2. application of convolutional filters to detect the objects in the SSD Head. 

The backbone model is a pre-trained image classification network that acts as a feature extractor but 
does not have fully connected layers. Consequently, a deep neural network is left to extract semantic 
meaning from the input image and preserve the spatial structure of the image. In their work, Liu et al. 
[59] uses the VGG16 network as a backbone. The SSD Head contains several additional convolutional 
layers that are added to the backbone network. In each additional convolutional layer (optionally an 
existing feature layer from the backbone network), the concept of anchor boxes is used.  For this 
purpose, the feature maps in the respective network layer are divided into a grid  and in each feature 
map cell, a set of standard boxes is applied.  Each feature map cell is thus responsible for detecting 
objects in the respective area. Note that the default boxes in each feature map have different aspect 
ratios and scales to detect objects of different sizes. The following information is output for each 
standard box in each cell: 

• A probability vector that contains the probability for each class, 

• an offset vector with 4 entries that contains the predicted offset values required for the default 
box to match the bounding box of the underlying object. 

Thus, several boxes are predicted from the SSD head, which are associated with a probability vector. 
In the end, non-maximum suppression is applied to select the boxes with the highest score for a given 
class (see Figure 22). The advantage over the YOLO approach is that SSD provides object detection 
results for each scaled feature map. This allows for the detection of small and large objects quickly and 
well. 

 

Figure 22 Comparison between SSD and YOLOv1 architecture with benchmark results (Pascal VOC 
2007) [59] 
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The SSD detection algorithm was presented by Liu et al. [59] shortly after the publication of YOLO and 
consequently the authors compared SSD with YOLOv1. The Pascal VOC 2007 benchmark dataset is 
used for the comparison. SSD processes the images with 59 fps and achieved a mAP value of 74.3%. 
YOLOv1 achieves 45 fps in the test with a mAP of 63.4%. It must be mentioned that YOLOv2, which 
was released later, already achieves an mAP of 77.8% with 59 fps on the same dataset [50]. For this 
reason, the choice of the detector depends on the application requirement.  

Like YOLO and Faster R-CNN, there are also papers that focus on the construction industry using the 
SSD detector. For example, Arabi et al. [60] proposed a deep learning-based solution for construction 
equipment detection. In this work, they use the SSD detector to detect wheel loaders, concrete mixer 
trucks, excavators, dump trucks, and graders on construction sites. The authors modified the SSD 
detector by replacing the VGG16 backbone model with the MobileNet architecture [61], which is 
primarily designed for speed [60]. In their study, SSD achieved a speed of 47 fps and a mAP of 91.36%. 
Thaker et al. [62] also modified the SSD detector in order to monitor equipment on construction sites. 
Their modification focuses on the final part of the SSD detector, which also uses the MoblieNet 
architecture as the backbone. They exchanged the non-maximum suppression for a technique that 
clusters the predicted boxes. As a result, they improved the mAP from 51.24% to 55.21%. In this case, 
they employed a user-defined dataset containing various site equipment. A different study compares 
the performances of the previously presented detection algorithms in terms of accuracy and speed 
[63]. In this study, a large self-generated dataset is presented. This contains 10,000 manually labelled 
construction site images including 10 types of construction equipment. For testing, 20% of the images 
are retained, which are not used for training. The detectors achieve the following results: 

• SSD:   83% mAP  20.8 fps 

• YOLOv3:  87.8% mAP  26.3 fps 

• Faster R-CNN: 89.2% mAP    8.3 fps 

The two one-stage detectors achieve better speed, while Faster R-CNN offers the best accuracy.  

The different detectors R-CNN, Fast R-CNN, Faster R-CNN, YOLO, and SSD can localize and classify 
various construction equipment in the image due to their architecture. This is demonstrated by the 
work already presented in this field. Which detector is the best choice for a task at hand cannot be 
directly answered. A distinction must be made between whether small or large objects are to be 
detected or if real-time capability is important. This should be investigated in the later stage of the 
project. 

 

3 USER STORIES 

To identify the requirements of the DBT platform in this work package, we will first formulate various 
user stories. From these, general use cases can subsequently be designed that define our goals in this 
work package more precisely. Likewise, it is also possible by means of the user stories to identify and 
group diverse equipment types to define a process map from them, which serves as a template for 
further process maps. 

A user story represents a user, like a construction worker, who is to perform a task. For the task, the 
user needs certain information to execute it without incidents or delays. This means that there are 
advantages if this information is available for the user. The same can be considered from the point of 
view of an intelligent machine. If an autonomous machine receives the required information, then the 
equipment can also perform the task without delays or incidents. 

For the user stories, a suitable structure is needed so that they can be captured in a simple and 
understandable way. By filling the structure, it should be possible to answer the following questions: 
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1. What is the task? 
2. Who is working on the task? 
3. What information is needed to solve the task? 
4. What are the advantages of having this information quickly available to the user? 

By answering the questions it is possible to determine:  

• the user role, 

• the task, 

• the information needed for this task, 

• and the resulting advantages of obtaining the information. 

WP1 has proposed a form that fits our requirements. The template is based on a table that contains 
the following three rows: 

1. as a <USER> 
2. I want to <TASK> 
3. so that I <...>. 

Such a table is created for relevant users and tasks. Based on this, the questions can be answered to 
later formulate the requirements for the system. 

To identify the most important users, we asked our participating partners Acciona, Intsite, and Inria. 
We distinguished between the groups  

• construction site management,  

• construction workers,  

• and plant operators.  

We agreed on the following users: 

Construction site management 

Site manager [64]: The site manager monitors if construction work is carried out in accordance 
with the requirements of public law and regulations. The site manager must issue the 
necessary instructions to ensure the construction project's progress, quality, and cost. He/she 
must ensure the safe operation of the construction site, in particular the safe interlocking of 
the various works. 

Production planner [65]: The production planner is responsible for work preparation and 
support in implementing production processes and control within logistics and material 
management. He/she should coordinate participants, e.g., supplier and site manager, to 
ensure a continuous and optimized site production process. He/she should pay attention to 
on-site and off-site activities related to supply, construction and production. 

Health & Safety Manager [66]: The Health & Safety Manager is responsible for safety, health, 
environment and quality assurance. He/she supervises and coordinates the work system to 
ensure that products and services meet the quality standards. He/she also ensures that 
working conditions are safe and comply with legal requirements. 

Construction workers 

Construction worker [64]: Construction workers perform work on construction sites and assist 
various skilled workers. They help to set up and to secure the construction site, erect 

scaffolding and carry out various tasks such as mixing, bricklaying, leveling, or concreting. In 
addition, they ensure that various materials are available. 
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Plant operators 

Crane operator: The crane operator is responsible for operating cranes. He/she lifts building 
materials, construction materials, and prefabricated elements. He/she receives instructions as 
to where the material is to be picked up and deposited. 

Excavator driver: An excavator driver performs earthmoving work by means of a hydraulic 
excavator. He/she transports and operates the equipment 

Dump truck driver: A dump truck driver transports loose bulk materials such as soil, gravel or 
rock. With the dump truck, the driver follows a set route. 

In the following, the user stories that were created during group work are presented. 

 

3.1 Site manager 

1. 

As a <USER> site manager 

I want to <TASK> know the usage rate of the construction equipment 

so that I <…> can optimize the use of the equipment. 

can rearrange the construction tasks. 

 

What is the task? 

The task is to know the usage rate of the construction equipment. 

Who is working on the task? 

The site manager is working on the task. 

What information is needed to solve the task? 

Information about the usage of the construction equipment is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

The utilization of construction equipment is essential for construction performance. When the 
usage rate is available, the site manager can rearrange the construction tasks to achieve higher 
performance. 

 

2. 

As a <USER> site manager 

I want to <TASK> know when the construction equipment enters and leaves the construction site 

so that I <…> can remind the construction workers about safety matters. 

can arrange related material resources. 
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What is the task? 

The task is to know when the construction equipment enters and leaves the construction site. 

Who is working on the task? 

The site manager is working on the task. 

What information is needed to solve the task? 

Information about the motion of the construction equipment is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

The motion of construction equipment is important for safety issues and resource planning. If 
the site manager knows the motion status of construction equipment, he/she can better plan 
resource allocation and remind the construction workers about safety matters. 

 

3. 

As a <USER> site manager 

I want to <TASK> know all the equipment and materials entering the site, with  

information about quantities and purpose (how, when and for which activity, 
how and  

when it will be used) 

so that I <…> can control the workflow and track where everything is located. 

can avoid unnecessary movements of materials and equipment.  

can check the order of purchase and contracts. 

 

What is the task? 

The task is to know all the equipment and materials entering the site, with information about 
quantities and purpose. 

Who is working on the task? 

The site manager is working on the task. 

What information is needed to solve the task? 

Information about quantities and purpose of entering equipment and materials is needed to 
solve the task. 

What are the advantages of having this information quickly available to the user? 

With the information, the site manager can control the workflow and avoid unnecessary 
movements of materials and equipment. Meanwhile, the site manager can check the order of 
purchase and contracts according to the entering information. 
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4. 

As a <USER> site manager 

I want to <TASK> know if the positions of the formwork elements are correct, and if the  

shapes, sizes, etc. fully meet the requirements of the design drawing. 

so that I <…> can control the quality of the formwork construction. 

 

What is the task? 

The task is to know if the positions of the formwork elements are correct, and if the shapes, 
sizes, etc. fully meet the requirements of the design drawing. 

Who is working on the task? 

The site manager is working on the task. 

What information is needed to solve the task? 

Information about the positions, shapes, and sizes of the formwork elements is needed to 
solve the task. 

What are the advantages of having this information quickly available to the user? 

The site manager can check the positions, shapes, and sizes of all formwork elements and 
make sure they are in correct order to control the quality of the formwork construction. 

 

5. 

As a <USER> site manager 

I want to <TASK> know the condition of the scaffolding elements, if they are damaged or  

distorted 

so that I <…> can ensure the construction progress. 

can control the construction quality. 

can repair the damaged or distorted scaffolding elements in time. 

 

What is the task? 

The task is to know the condition of the scaffolding elements, if they are damaged or distorted. 

Who is working on the task? 

The site manager is working on the task. 

What information is needed to solve the task? 
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Information about the condition of the scaffolding elements is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

The condition of the scaffolding elements is essential for their maintenance. Damaged or 
distorted scaffolding elements should be repaired in time. The site manager can check the 
condition of scaffolding elements to ensure the construction progress and the construction 
quality. 

 

6. 

As a <USER> site manager 

I want to <TASK> know what construction equipment is needed on site 

so that I <…> can manage the operating tasks. 

can remind the construction workers about safety matters. 

 

What is the task? 

The task is to know what construction equipment is needed on site. 

Who is working on the task? 

The site manager is working on the task. 

What information is needed to solve the task? 

Information about the equipment type is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

If information about equipment types is available, the site manager can arrange the operating 
tasks and remind the construction workers about safety matters. 

 

3.2 Production planner 

7. 

As a <USER> production planner 

I want to <TASK> know the status of the equipment and resources of the activities for the current 
day/week 

so that I <…> can focus on the make-ready process, to prepare the activities ahead and 
minimize the waiting time of the crew. 

 

What is the task? 

The task is to know the status of the equipment and resources of the activities of the day/week. 
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Who is working on the task? 

The production planner is working on the task. 

What information is needed to solve the task? 

Information about the current construction progress is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the status of the equipment and resources of the activities for the 
current day/week, the production planner can focus on the make-ready process and prepare 
the activities ahead, minimizing the waiting time of the crew. 

 

8. 

As a <USER> production planner 

I want to <TASK> know the consumption rate of the formwork elements 

so that I <…> can replenish the formwork elements in time. 

 

What is the task? 

The task is to know the consumption rate of the formwork elements. 

Who is working on the task? 

The production planner is working on the task. 

What information is needed to solve the task? 

Information about the consumption rate of the formwork elements is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the consumption rate of the formwork elements, the production 
planner can better plan the replenishment of the formwork elements in time and avoid any 
shortage or delay. 

 

9. 

As a <USER> production planner 

I want to <TASK> know the consumption rate of the scaffolding elements 

So that I <…> can replenish the scaffolding elements in time. 

 

What is the task? 
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The task is to know the consumption rate of the scaffolding elements. 

Who is working on the task? 

The production planner is working on the task. 

What information is needed to solve the task? 

Information about the consumption rate of the scaffolding elements is needed to solve the 
task. 

What are the advantages of having this information quickly available to the user? 

With information about the consumption rate of the scaffolding elements, the production 
planner can better plan the replenishment of the scaffolding elements in time and avoid any 
shortage and delay. 

 

10. 

As a <USER> production planner 

I want to <TASK> know the current construction progress 

so that I <…> can prioritize certain operations to ensure maximum output and minimum delay. 

 

What is the task? 

The task is to know the current construction progress. 

Who is working on the task? 

The production planner is working on the task. 

What information is needed to solve the task? 

Information about the current construction progress is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the construction progress, the production planner can better plan 
operations to ensure maximum output and minimum delay. 

 

 

 

 

3.3 Health and safety manager 

11. 

As a <USER> health and safety manager 
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I want to <TASK> know the exact location of workers and the heavy machinery at the site 

so that I <…> can detect safety hazards at the site and prevent possible accidents. 

can emit alarms in case of danger. 

 

What is the task? 

The task is to know the exact location of workers and the heavy machinery at the site. 

Who is working on the task? 

The health and safety manager is working on the task. 

What information is needed to solve the task? 

Information about the location of workers and the heavy machinery is needed to solve the 
task. 

What are the advantages of having this information quickly available to the user? 

With information about the location of workers and the heavy machinery, the health and 
safety manager can detect safety hazards at the site and prevent possible accidents and emit 
alarms in case of danger. 

 

12. 

As a <USER> health and safety manager 

I want to <TASK> know the safety conditions of the formwork elements storage area (e.g., if it is 
too crowded). 

So that I <…> can detect safety hazards around the storage area. 

can prevent possible accidents due to the formwork elements. 

 

What is the task? 

The task is to know the safety conditions of the formwork elements storage area. 

Who is working on the task? 

The health and safety manager is working on the task. 

What information is needed to solve the task? 

Information about the safety conditions of the formwork elements storage area is needed to 
solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about  the formwork elements storage area, the health and safety manager 
can detect safety hazards and prevent possible accidents due to the formwork elements. 
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13. 

As a <USER> health and safety manager 

I want to <TASK> ensure that the scaffolding has sufficient firmness and stability 
 

so that I <…> can prevent possible accidents due to the scaffolding. 

 

What is the task? 

The task is to ensure that the scaffolding has sufficient firmness and stability. 

Who is working on the task? 

The health and safety manager is working on the task. 

What information is needed to solve the task? 

Information about the condition of the scaffolding elements (e.g., firmness and stability) is 
needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the condition of the scaffolding elements, the health and safety 
manager can prevent possible accidents. 

 

3.4 Construction worker 

14. 

As a <USER> construction worker 

I want to <TASK> know where certain resources (e.g., formwork elements) are located 
 

so that I <…> can find them quickly and use them for the construction task. 

 

What is the task? 

The task is to know where certain resources (e.g., formwork elements) are located. 

Who is working on the task? 

The construction worker is working on the task. 

What information is needed to solve the task? 

Information about the location of the construction resources is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 
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With information about the location of the construction resources, the construction worker 
can find materials and equipment quickly and use them for the construction task. 

 

15. 

As a <USER> construction worker 

I want to <TASK> know which machines are to be used in the work area 
 

so that I <…> can better plan construction tasks and follow the instructions for work safety. 

 

What is the task? 

The task is to know which machines are to be used in the work area. 

Who is working on the task? 

The construction worker is working on the task. 

What information is needed to solve the task? 

Information about the machines to be used is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the machines to be used, the construction worker can better plan the 
construction task and follow the instructions for work safety. 

 

16. 

As a <USER> construction worker 

I want to <TASK> know if the equipment to be used is ready for operation 
 

so that I <…> can start working without delays. 

 

What is the task? 

The task is to know if the equipment to be used is ready for operation. 

Who is working on the task? 

The construction worker is working on the task. 

What information is needed to solve the task? 

Information about the status of the equipment is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 
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With information about the status of the equipment, the construction worker can start 
working without delays. 

 

17. 

As a <USER> construction worker 

I want to <TASK> know which equipment should be maintained or which resource should be set 
ready for use (e.g., cleaning a formwork element) 
 

so that I <…> can release the equipment or resource for further work. 

 

What is the task? 

The task is to know which equipment should be maintained or which resource should be set 
ready for use. 

Who is working on the task? 

The construction worker is working on the task. 

What information is needed to solve the task? 

Information about the preparation of the equipment is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the preparation of the equipment, the construction worker can 
release the equipment or resource for further work. 

 

18. 

As a <USER> construction worker 

I want to <TASK> know where the formwork elements are stored and how many formwork 
elements should be collected at one time 

so that I <…> can find the formwork elements quickly. 

can make a clear short-term usage plan of formwork elements. 

 

What is the task? 

The task is to know where the formwork elements are stored and how many formwork 
elements should be collected at one time. 

Who is working on the task? 

The construction worker is working on the task. 
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What information is needed to solve the task? 

Information about the store location and consumption rate of the formwork elements is 
needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the storage location and consumption rate of the formwork elements, 
the construction worker can find the formwork elements quickly and make a clear short-term 
usage plan of formwork elements. 

 

19. 

As a <USER> construction worker 

I want to <TASK> know where the scaffolding elements are stored and how many scaffolding 
elements should be used at one time 

so that I <…> can find the scaffolding elements quickly. 

can make a clear short-term usage plan of scaffolding elements. 

 

What is the task? 

The task is to know where the scaffolding elements are stored and how many scaffolding 
elements should be used at one time. 

Who is working on the task? 

The construction worker is working on the task. 

What information is needed to solve the task? 

Information about the store location and consumption rate of the scaffolding elements is 
needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the store location and consumption rate of the scaffolding elements, 
the construction worker can find the scaffolding elements quickly and make a clear short-term 
usage plan of scaffolding elements. 

 

 

 

 

3.5 Tower crane operator 

20. 

As a <USER> tower crane operator 
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I want to <TASK> know where the material will be delivered and where to deposit the material 

so that I <…> can plan the pick-up, the transport route, and the depositing. 

can align the crane appropriately when the material is delivered, so that the 
transport time (crane travel) is kept short. 

 

What is the task? 

The task is to know where the material will be delivered and where to deposit the material. 

Who is working on the task? 

The tower crane operator is working on the task. 

What information is needed to solve the task? 

Information about the storage and the deposit location of the material is needed to solve the 
task. 

What are the advantages of having this information quickly available to the user? 

With information about the storage and the deposit location of the material, the tower crane 
operator can plan the pick-up, the transport route and the depositing. He/she can align the 
crane appropriately when the material is delivered, so that the transport time (crane travel) is 
kept short. 

 

21. 

As a <USER> tower crane operator 

I want to <TASK> know if other vehicles or trades are within the radius of action (restricted zones) 

so that I <…> avoid transporting over these zones (the system should give a warning when the 
hook block approaches a restricted area). 

can avoid dangerous situations for construction workers. 

avoid damage to vehicles or structures during a slewing operation. 

 

What is the task? 

The task is to know if other vehicles or trades are within the radius of action (restricted zones). 

Who is working on the task? 

The tower crane operator is working on the task. 

What information is needed to solve the task? 

Information about the traffic status within the radius of action (restricted zones) is needed to 
solve the task. 
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What are the advantages of having this information quickly available to the user? 

With information about the traffic status within the radius of action (restricted zones), the 
tower crane operator can avoid transporting over these zones. He/she can avoid dangerous 
situations for construction workers and avoid damage to vehicles or structures during a 
slewing operation. 

 

22. 

As a <USER> tower crane operator 

I want to <TASK> know where the formwork elements are stored and where to deposit the 
formwork elements, and the frequency of transporting the formwork elements 
(e.g., once per hour or once per day) 

so that I <…> can deliver the formwork elements just in time. 

can ensure the progress of construction of the formwork. 

can optimize the use of the tower crane. 

can avoid disturbance to other construction equipment. 

 

What is the task? 

The task is to know where the formwork elements are stored and where to deposit the 
formwork elements, and  know the frequency of transporting the formwork elements. 

Who is working on the task? 

The tower crane operator is working on the task. 

What information is needed to solve the task? 

Information about the storage and deposit location of the formwork elements and the 
transportation frequency is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the storage and deposit location of the formwork elements and the 
transportation frequency, the tower crane operator can deliver the formwork elements just in 
time and ensure the progress of construction of the formwork. Meanwhile, he/she can 
optimize the use of the tower crane and avoid disturbance to other construction equipment. 

 

23. 

As a <USER> tower crane operator 

I want to <TASK> know the construction progress 
 

So that I <…> can deliver the material just in time. 
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do not let construction workers wait a long time for the delivery of additional 
materials (time saving). 

 

What is the task? 

The task is to know the trades' progress. 

Who is working on the task? 

The tower crane operator is working on the task. 

What information is needed to solve the task? 

Information about the trades' progress is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the trades' progress, the tower crane operator can deliver the material 
just in time. Meanwhile, construction workers do not wait a long time for the delivery of 
additional materials. 

 

3.6 Dump truck driver 

24. 

As a <USER> dump truck driver 

I want to <TASK> know if the construction crane is idle or will complete the current work soon 
 

so that I <…> can plan transport trips. 

can start moving in time to avoid causing a traffic jam at the delivery point. 

can do other transport trips as long as the construction crane transports other 
materials. 

 

What is the task? 

The task is to know if the construction crane is idle or will complete the current work soon. 

Who is working on the task? 

The dump truck driver is working on the task. 

What information is needed to solve the task? 

Information about the status of the construction crane is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the status of the construction crane, the dump truck driver can plan 
transport trips and start moving just in time to avoid causing a traffic jam at the delivery point. 
He/she can do other transport trips as long as the construction crane transports other 
materials. 
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25. 

As a <USER> dump truck driver 

I want to <TASK> know the transport route (start point, end point) 
 

So that I <…> can avoid possible blockages on large construction sites. 

can keep the transport time as short as possible. 

can plan an optimal route for the transported goods (the transported goods or 
other objects on the construction site must not be damaged during shifting on 
the construction site). 

 

What is the task? 

The task is to know the transport route. 

Who is working on the task? 

The dump truck driver is working on the task. 

What information is needed to solve the task? 

Information about the transport route is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the transport route, the dump truck driver can avoid possible 
blockages on large construction sites and keep the transport time as short as possible. He/she 
can also plan an optimal route. 

 

26. 

As a <USER> dump truck driver 

I want to <TASK> know which tasks need to be performed at what time (task planning) 

so that I <…> can prioritize the tasks. 

 

What is the task? 

The task is to know which tasks need to be performed at what time. 

Who is working on the task? 

The dump truck driver is working on the task. 

What information is needed to solve the task? 

Information about the transportation tasks is needed to solve the task. 
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What are the advantages of having this information quickly available to the user? 

With information about the transportation tasks, the dump truck driver can prioritize the tasks. 

 

27. 

As a <USER> dump truck driver 

I want to <TASK> know where to deliver the material (Are there any special restrictions?  

Do I have to back up? Is the space very limited?) 

so that I <…> can look up if my vehicle has suitable dimensions. 

know in advance if external help in maneuvering is needed. 

 

What is the task? 

The task is to know where to deliver the material and how delivery conditions are. 

Who is working on the task? 

The dump truck driver is working on the task. 

What information is needed to solve the task? 

Information about the delivery position and condition is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the delivery position and condition, the dump truck driver can look up 
if his/her vehicle has suitable dimensions and know in advance if external help in maneuvering 
is needed. 

 

28. 

As a <USER> dump truck driver 

I want to <TASK> know if there is/there will be any obstacle on my transport route 

so that I <…> can avoid a collision. 

can ensure the transport task. 

 

What is the task? 

The task is to know if there is/there will be any obstacle on the transport route. 

Who is working on the task? 

The dump truck driver is working on the task. 
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What information is needed to solve the task? 

Information about the road and traffic conditions is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the road and traffic conditions, the dump truck driver can avoid a 
collision and ensure the transport task. 

 

29. 

As a <USER> dump truck driver 

I want to <TASK> know where the scaffolding elements are stored and where to deposit the 
scaffolding elements, and also know the frequency of transporting the scaffolding 
elements (e.g., once per hour or once per day) 
 

so that I <…> can deliver the scaffolding elements just in time. 

can ensure the construction progress. 

can optimize the use of the truck. 

can avoid interference with other construction equipment. 

 

What is the task? 

The task is to know where the scaffolding elements are stored and where to deposit the 
scaffolding elements, and the frequency of transporting the scaffolding elements. 

Who is working on the task? 

The dump truck driver is working on the task. 

What information is needed to solve the task? 

Information about the road and traffic conditions is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the store and deposit location of the scaffolding elements and the 
transportation frequency, the dump truck driver can deliver the scaffolding elements just in 
time and ensure the construction progress. He/she can optimize the use of the truck and avoid 
interference with other construction equipment. 

 

 

 

3.7 Excavator driver 

30. 

As an <USER> excavator driver 
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I want to <TASK> know the transport route (start point, end point), and where to dig and deposit 
the soil 

so that I <…> can avoid possible blockages on large construction sites. 

can keep the transport time as short as possible. 
 

 

What is the task? 

The task is to know the transport route (start point, end point) and where to dig and deposit 
the soil. 

Who is working on the task? 

The excavator driver is working on the task. 

What information is needed to solve the task? 

Information about the transport route is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the transport route, the excavator driver can avoid possible blockages 
on large construction sites and keep the transport time as short as possible. 

 

31. 

As an <USER> excavator driver 

I want to <TASK> know when and where the dump truck will be 

so that I <…> can get the soil into the dump truck in time. 

can avoid additional waiting time. 

 

What is the task? 

The task is to know when and where the dump truck will be. 

Who is working on the task? 

The excavator driver is working on the task. 

What information is needed to solve the task? 

Information about the status of the dump truck is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the status of the dump truck, the excavator driver can get the soil into 
the dump truck in time and avoid additional waiting time. 

 

32. 
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As an <USER> excavator driver 

I want to <TASK> know which tasks must be performed at what time (e.g., start digging, stop 
digging, or drive away) 

so that I <…> can work according to the task list. 

can avoid additional waiting time. 

 

What is the task? 

The task is to know which tasks must be performed at what time. 

Who is working on the task? 

The excavator driver is working on the task. 

What information is needed to solve the task? 

Information about the work tasks and performing time is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the work tasks and performing time, the excavator driver can work 
according to the task list and avoid additional waiting time. 

 

33. 

As an <USER> excavator driver 

I want to <TASK> know if there is enough space for the dump trucks to drive in. 

so that I <…> can avoid a collision. 

can ensure the transport task. 

 

What is the task? 

The task is to know if there is enough space for the dump truck. 

Who is working on the task? 

The excavator driver is working on the task. 

What information is needed to solve the task? 

To solve the task, information about the size of the space for the dump truck is needed (width 
and length in meters). 

What are the advantages of having this information quickly available to the user? 

With information about the work tasks and performing time, the excavator driver can work 
according to the task list and avoid additional waiting time. 
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3.8 Autonomous crane 

34. 

As an <USER> autonomous crane 

the equipment 
wants to <TASK> 

know where the material will be delivered and where to deposit the material 

so that it <…> can plan the pick-up, transport route and deposition. 

can deliver the material in time. 

 

What is the task? 

The task is to know where the material will be delivered and where to deposit the material. 

Who is working on the task? 

The autonomous crane is working on the task. 

What information is needed to solve the task? 

Information about the storage and the deposit location of the material is needed to solve the 
task. 

What are the advantages of having this information quickly available to the user? 

With information about the storage and the deposit location of the material, the autonomous 
crane can plan the pick-up, transport route and deposition and deliver the material in time. 

 

35. 

As an <USER> autonomous crane 

the equipment 
wants to <TASK> 

know if other vehicles or trades are within the radius of action (restricted zones) 

so that it <…> can avoid transport over these zones (The system should give a warning when 
the hook block approaches a restricted area). 

can avoid dangerous situations for construction workers. 

can avoid damage to vehicles or structures during a swing operation. 

 

What is the task? 

The task is to know if other vehicles or trades are within the radius of action (restricted zones). 

Who is working on the task? 
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The autonomous crane is working on the task. 

What information is needed to solve the task? 

Information about the traffic status within the radius of action is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the traffic status within the radius of action, the autonomous crane 
can avoid transports over these zones and avoid dangerous situations for construction 
workers. Damages to vehicles or structures during a swing operation can be avoided. 

 

36. 

As an <USER> autonomous crane 

the equipment 
wants to <TASK> 

know the construction progress 

so that it <…> can deliver the material just in time. 

let construction workers do not wait a long time for the delivery of additional 
materials (time saving). 

 

What is the task? 

The task is to know the construction progress. 

Who is working on the task? 

The autonomous crane is working on the task. 

What information is needed to solve the task? 

Information about the construction progress is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the construction progress, the autonomous crane can deliver the 
material just in time. Meanwhile, construction workers do not have to wait a long time for the 
delivery of additional materials. 

 

37. 

As an <USER> autonomous crane 

the equipment 
wants to <TASK> 

know where the formwork elements are stored and where to deposit the 
formwork elements, and know the frequency of transporting the formwork 
elements (e.g., once per hour or once per day) 

so that it <…> can deliver the formwork elements just in time. 
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can ensure the progress of construction of the formwork. 

can optimize the use. 

can avoid disturbance to other construction equipment. 
 

 

What is the task? 

The task is to know where the formwork elements are stored and where to deposit the 
formwork elements, and know the frequency of transporting the formwork elements. 

Who is working on the task? 

The autonomous crane is working on the task. 

What information is needed to solve the task? 

Information about the storage location, the deposit location, and the transportation frequency 
of the formwork elements is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the storage location, the deposit location, and the transportation 
frequency of the formwork elements, the autonomous crane can deliver the formwork 
elements just in time to ensure the construction of the formwork. Meanwhile, it can optimize 
the use and avoid disturbance to other construction equipment. 

 

38. 

As an <USER> autonomous crane 

the equipment 
wants to <TASK> 

know where the scaffolding elements are stored and where to deposit the 
scaffolding elements, and know the frequency of transporting the scaffolding 
elements (e.g., once per hour or once per day). 

so that it <…> can deliver the scaffolding elements just in time. 

can ensure the progress of scaffolding. 

can optimize the use. 

can avoid disturbance to other construction equipment. 
 

 

What is the task? 

The task is to know where the scaffolding elements are stored and where to deposit the 
scaffolding elements and know the frequency of transporting the formwork elements. 

Who is working on the task? 

The autonomous crane is working on the task. 

What information is needed to solve the task? 
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Information about the store location, the deposit location, and the transportation frequency 
of the scaffolding elements is needed to solve the task. 

What are the advantages of having this information quickly available to the user? 

With information about the store location, the deposit location, and the transportation 
frequency of the scaffolding elements, the autonomous crane can deliver the scaffolding 
elements just in time and ensure the progress of scaffolding. Meanwhile, it can optimize the 
use and avoid disturbance to other construction equipment. 

 

4 USE CASES 

Based on the user stories, we define general use cases in this section. The goal is that the general use 
cases cover the information that the users need from the user stories. As far as possible, the use cases 
should later be applied to all equipment in general. To achieve this, we will investigate which activities 
our system must realize at minimum to provide the information to the users. Table 1 summarizes the 
activities identified for each user story. 

 

Table 1. Discovered activities in the user stories 

USER STORY ACTIVITIES 

 
(1) Site manager 

 

 

• Capture the position of the equipment 

• How often has the status been set to working 

 

 
(2, 3) Site manager 
 

 

 

• Capture the position of the equipment 
 

 

(3) Site manager 

 

 

• Communicate what equipment there is to the site manager 

• Communicate to the site manager how many pieces of the 

equipment are present 

 

 

(4) Site manager 

 

 

• Capture the position of the installed formwork 

 

(5) Site manager 

 

 

• Reports the status of a scaffolding 
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(7) Production planner 

 

 

• Capture the status of the equipment 
 

 

(8, 9) Production planner 

 

 

• Capture the status of all formwork and scaffolding elements on 
the site [Idle, Working, Defective] 
 

 
(11) Health and safety 
manager 
 

 

• Capture the position of the heavy construction machines 
 

 
(14, 18, 19) Construction 
worker 
 
 

 

• Capture the position of the resources 

• Communicate the captured positions to the construction worker 

• Communicate the required amount of resources 

 

 
(15) Construction worker 
 

 

• Capture the current position of the equipment 

• Communicate the captured positions to the construction worker 

• Communicate the work plan for the respective zone to the 

construction worker 

 

 
(16, 17) Construction 
worker 
 
 

 

• Capture the status of the equipment 
 

 
(20) Tower crane 
operator 
 

 

• Communicate the delivery point to the crane  

• Communicate the deposit point to the crane 

 

 
(21) Tower crane 
operator 
 

 

• Capture possible collisions during the movement  

• Communicate the restricted zones to the crane 

 

 
(22) Tower crane 
operator 
 

 

• Capture the position of the stored formworks 

• Communicate the captured locations to the crane 

• Communicate the deposit location to the crane 

• Communicate the number of transports to the crane 
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(24) Dump truck driver 
 

 

• Report the status of the crane 
 

 
(25) Dump truck driver 
 

 

• Detect obstacles during movement 

• Communicate detected obstacles to others 

• Communicate the start and end point to the excavator 

• Capture the current position of the dump truck along the defined 

route to inform others about the status 

 

 
(26) Dump truck driver 
 

 

• Communicate the schedule with task information to the dump 
truck 
 

 
(27) Dump truck driver 
 

 

• Communicate the location of the delivery point 

• Communicate important restrictions that exist at the destination 

to the dump truck 

 

 
(28) Dump truck driver 
 

 

• Detect obstacles during movement 

• Communicate detected obstacles to others 

 

 
(29) Dump truck driver 
 

 

• Capture the position of the stored scaffolding elements 

• Communicate the captured locations to the dump truck 

• Communicate the deposit position to the dump truck 

• Communicate the number of transports to the dump truck 

 

 
(30) Excavator driver 
 

 

• Detect obstacles during movement 

• Communicate detected obstacles to others 

• Communicate start and end point to the excavator  

• Capture the current position of the excavator along the defined 

route to inform others about the status 

 

 
(31) Excavator driver 
 

 

• Communicate to the excavator which dump truck is associated 
with the excavation operation 

• Dump truck communicates its arrival time to the excavator 
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• Dump truck communicates its maximum load limit to the 
excavator 

• Dump truck communicates its departure to the excavator 
 

 
(32) Excavator driver 
 

 

• Communicate the schedule with task information 
 

 
(33) Excavator driver 
 

 

• Detect obstacles while movement to avoid collisions 

• Communicate detected obstacles to others 

 

 

It was determined that the question of position, movement, and status occurred frequently in the user 
stories. In addition, a lot of information is also communicated to users or users communicate 
information to others. Based on these findings, we decided together with the project partners Acciona, 
Intsite, and Inria that the general use cases of position, movement, status, and communication can be 
derived from the user stories. In the following, we explain these use cases in more detail. 

 

4.1 Position 

The first use case relates to the positioning of equipment on the construction site. Here, the positions 
of the equipment should be determined in real-time with the estimation of possible movements. This 
should mostly be done with camera-based methods, as this is a good and cost-effective method (See 
Sec. 2). If equipment is obscured by an object, a GPS signal should be used as an alternative if the 
equipment can provide one. Once the position of a piece of equipment has been captured, the location 
is to be displayed on a digital site plan (see Figure 23). To achieve this, 3D positions are calculated by 
using multiple construction site cameras [17].  

 

Figure 23. Detected equipment is displayed on a digital construction site map 

The captured positions will be attached with time stamps. The type of the equipment  and a unique ID 
are also stored in a database and shared with other processes. Both the type and the ID are to be 
transmitted by the equipment, starting from the moment it enters the site, via wireless 
communication. If this is not possible, computer vision methods can be used to determine the type. 
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To obtain an ID, a QR code must alternatively be visibly attached to the equipment. This code will be 
read out by a camera.  

When collecting the data, it must be ensured that it is processed in a way that complies with data 
protection regulations. The rules for this are contained in document D1.6.  

The advantage of capturing individual positions is that the site management can keep track of the 
equipment locations. It is also possible to search for specific equipment by using a simple filter 
mechanism, since the equipment type is linked to the position. The number of a particular equipment 
type can also be determined through this approach. Current transport operations could also be 
checked using the position query. In addition, the captured positions provide information about the 
current and the next use of an equipment, if the task list is referenced for this purpose. 

 

4.2 Status 

The second use case refers to the status of the equipment. Here, a distinction is to be made between 
the four following states: 

• Idle, 

• Work, 

• Travel and 

• Malfunction. 

Since it can be assumed that various equipment is used on construction sites, which often do not have 
sensors that can be read remotely, the use case is to be implemented with a camera-based approach 
(see Figure 24). For this purpose, research has already published work that has addressed this issue 
[18, 67–69]. If the equipment has readable sensors that allow the state to be determined, then the 
data will be incorporated. 

 

Figure 24. Exemplary status detection with a computer vision method 

With the registration of the status, it is possible to carry out a target/actual comparison. For example, 
if equipment is not performing work, this can be compared with the job schedule. The schedule can 
be updated based on the comparison if the status was not planned in this way. Furthermore, site 
management gets the ability to respond quickly to unforeseen problems through status detection. If 
defective equipment is detected, appropriate action can be taken quickly. This could eliminate the 
need to set up a reporting chain up to the site manager, since the site manager would receive the 
message directly from the digital building twin platform (DBTP). 
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4.3 Movement 

The third use case relates to the movement of equipment. It should be possible to determine if the 
path is blocked by something. For this, the equipment's surroundings must be monitored. Here, it is 
planned to attach cameras to the equipment. Using computer vision methods, obstacles or hazards 
should be detected, as shown in Figure 25, and reported to the DBTP. If the equipment is already fitted 
with ultrasonic sensors, then this is to be included. Adding the sensors will result in more accurate 
monitoring and increased safety. To be able to quickly detect obstacles, the detection should be done 
locally (equipment is provided with a computer) at best. This allows the equipment to send the 
message directly to the DBTP. 

 

Figure 25. Detection of hazards 

By reporting detected problems to the site management, solutions can be found faster. This 
mechanism enables dynamic response to unforeseen problems [70]. For example, if a piece of 
equipment has detected a blocked path on a large construction site, an intelligent equipment could 
reschedule the transport route. The new proposed route is shown to other machine operators on a 
display, and they can follow it.   

 

4.4 Communication 

The last general use case is about communication between the equipment and the DBTP (see Figure 
26). The central component of this use case is the communication with the DBTP. It is planned that 
task data and schedules are exchanged between the equipment and the DBTP. At this point, it is 
assumed that a human reads the job data and performs the work. Also, the detected problems from 
the movement use case will be communicated through the same communication interface. In addition 
to communicating with the DBT, smart equipment should also communicate with one another. The 
idea is to communicate data through a common interface so that equipment can coordinate with each 
other. If it is planned that two machines work together, the DBTP will communicate the ID of the 
partner machine beforehand. 

 

Figure 26. Communication between the equipment and the platform on the construction site 
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The advantage of this is that a machine can announce its arrival to the partner machine. The partner 
machine can then carry out certain preparations. For example, assume a machine unloads a certain 
material at a location. This machine can send the information that the material is unloaded. A crane 
then turns to the unloading location and lowers the hook. 

 

5 IDENTIFYING THE TYPES OF EQUIPMENT 

The next step after defining the use cases is to identify equipment types. This involves examining the 
information with which the equipment works and if it could communicate with others. The goal of this 
step is to find out which equipment type could provide information on its own and which type mainly 
needs an external support system. We therefore define two equipment types that consider the 
information from the use cases and incorporate the previously mentioned criterion (see Figure 27).  

 

 

 

 

 

 

 

 

 

 

1. Smart Equipment 

Smart equipment are devices containing various sensors, such as pressure sensors or temperature 
sensors, which can provide useful information. They have moving parts and are usually a heavy 
construction machines. They communicate with the DBTP, receives task information from the platform 
and reports their status. With one or more cameras, a smart piece of equipment observes its 
environment. This means that each smart piece of equipment has an internal monitoring system and 
is equipped with cameras. If it detects a hazard or a blockage, the information is sent to the DBTP to 
inform the site management.  

The position of smart equipment can be provided by a GPS signal and can also be determined using an 
external monitoring system. The external monitoring system would be a computer vision system that 
relies on cameras which are installed on the construction site.  One advantage of smart equipment is 
that each machine can communicate directly with another smart machine. For example, an excavator 
operator can stop his/her excavation process if a dump truck communicates its current load volume 
and load limit. Equipment types belonging to the group of smart equipment would be: 

• excavators, 

• dump trucks, 

• tower cranes and mobile cranes, 

• wheel loaders, 

• concrete pumps, 

• telehandlers, 

• truck mixers, as well as 

Smart equipment Dumb equipment 

Figure 27. Distinction between two equipment types 
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• other equipment with sensors. 
 

2. Dumb Equipment 

Unlike smart equipment, dumb equipment devices do not contain fully functional sensors, but rather 
passives tags such as a QR codes. Using the tag, the equipment can be assigned to a specific activity by 
an employee registering the equipment with a scanner. A check-in process takes place. In this process, 
the equipment is linked to the person who wants to use the equipment. The registration is sent to the 
DBTP, allowing the site management to track which dumb equipment is currently in use. If the 
equipment has been used and remains in a particular location for an extended period, an update 
process would occur. This requires the employee to use the scanner to read the tag again. If the link 
between activity and equipment should be disconnected, a check-out process occurs.  

Dumb equipment does not communicate with other equipment, does not capture its environment 
using cameras, and cannot report its status. The status is only captured through registration. Also, 
dumb equipment cannot provide a GPS signal requiring an external monitoring system to track its 
position. Typical items of dumb equipment are: 

• formwork elements, 

• scaffolding elements, 

• guardrails, 

• construction site barriers, and 

• safety platforms. 

 

6 PROCESS MAPS 

6.1 Introduction to BPMN 

Business Process Model and Notation (BPMN) is a standard way of modelling business processes using 
a common graphical notation. It uses a flowcharting technique that resembles activity diagrams in the 
Unified Modelling Language (UML). Developed by the Business Process Management Initiative (BPMI), 
BPMN has been maintained by the Object Management Group (OMG) since both organizations merged 
in 2005. The aim of BPMN is to support the communication between technical users and business 
experts by providing a notation that is intuitive to business users, yet able to represent complex 
process semantics. buildingSMART International (bSI), as part of the Information Delivery Manuals 
(IDM) standard, already adopted BPMN, which is widely used by BIM experts, for representing BIM 
processes. Thus, for the purpose of BIM2TWIN, BPMN will also be used for modelling and describing 
the proposed ideal DBT-driven construction process. 

BPMN offers numerous symbols to document processes and their use, including flow objects, pools 
and swim lanes, connecting objects and artefacts. The key descriptive elements within BPMN are flow 
objects and consist of three core elements: activities, events, and gateways.  

An activity is represented with a rounded-corner rectangle and describes the kind of work which must 
be done. An activity that is composed of sub-activities or sub-tasks is referred to as a sub-process. The 
corresponding symbols are shown in Figure 28. 
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Figure 28: BPMN symbols for activities 

An Event is represented by a circle and denotes something that happens. Compared with an activity, 
an event is something that is done (see Figure 29). Symbols within the circle denote the type of event, 
e.g., an envelope representing a message or a clock representing time. Events are also classified as 
catching, such as “catching” an incoming message to start a process, or “throwing”, such as throwing 
a completion message when a process ends. 

 

Figure 29: BPMN symbols for events 

A gateway is represented by a diamond shape and determines the forking and merging of paths, 
depending on the conditions expressed (see Figure 30). 

 

Figure 30: BPMN symbols for gateways 

All activities or partial processes are executed under the responsibility of a single person or 
organization. A pool represents an organization. A pool can be treated as a container for a set of 
activities that the parties need to process. A lane is a subdivision of a pool extending over the entire 
length. This allows individual responsibilities, roles, or people to be represented in an enterprise (see 
Figure 31). 

 

Figure 31: BPMN symbols for pools and lanes 
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With the help of artefacts, additional information can be described. In principle, there are two ways to 
define artefacts. First, data objects can be defined and attached to activities and connections. The user 
can specify by drawing an arrow whether a data object is being used, is required, or must be generated. 
Artefacts enable developers to enrich the model with detailed information. In this way, the model 
becomes more readable. There are three predefined artefacts, namely data objects, groups and 
annotations (see Figure 32). 

 

Figure 32: BPMN symbols for artefacts 

 

Table 2 describes some of the most relevant BPMN concepts used within this report. 

Table 2. Most relevant BPMN concepts used in BIM2TWIN 

Concept Description 

Process 
Map 

The whole BPMN diagram visually represents all the information and the process flow 
between participants in a business process 

Swimlane 
A graphical container for separating a set of activities from other activities. Two different 
types of swim lanes are available: Pool and Lane (see below) 

Pool 
Participant in a collaboration process. Graphically, a container for separating a process 
from other pools or participants. A pool is not required to contain a process, i.e., it can be 
a black box. 

Lane 
A partition that is used to organize and categorize activities within a pool. A lane extends 
the entire length of the pool either vertically or horizontally. Lanes are often used for such 
things as internal roles, computer systems, or internal departments. 

Process 

A sequence or flow of activities in an organization with the objective of carrying out work. 
In BPMN, a process is depicted as a graph of flow elements, which are a set of activities, 
events, gateways, and sequence flows that adhere to finite execution semantics. Processes 
can be simple processes with no further specialization, collapsed containing sub-processes 
which are detailed in a separate diagram, or expanded showing detailed internal sub-
processes in the same diagram (see Figure 33). 

Data 
exchanges 

They represent the data that is exchanged between two actors or processes, using the data 
object symbol, sometimes grouped in a single swim lane. The detailed description of the 
data content is provided through a specification of exchange requirements, i.e.: 

• the actor or system producing/sending the information, 

• the actor or system receiving the information, 

• type of exchange: email, manual, or file,  
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• data content which describes the data. It could be a formal  description of data 
types, a cardinality, mandatory/optional or, when we cannot reach such detail, 
simply a plain human-readable description. 

Events 
Represented by circles, they encapsulate actions that trigger or finalize processes. We can 
have start, intermediate or end events, which could be further specialized in timers (events 
that occur periodically), messages, conditional events, and much more. 

 

Figure 33. Sample BPMN process map 

 

6.2 General System Structure 

The flow of our system is described by BPMN diagrams. These diagrams are based on the idea of the 
management shell from Industry 4.0 [71]. The administration shell is a digital representation with 
information about characteristics and behaviours of an asset (physical product) and thus corresponds 
to the requirement of a digital twin. We adapted this idea by assigning a digital twin to each piece of 
equipment. These communicate with each other as well as with the DBTP. The depicted 
communication between the participants includes data information that is transmitted via wireless 
technologies. 

An integral part of a BPMN diagram is the DBTP, which is represented as a pool. In addition to this pool, 
other pools can also exist and communicate with the DBTP. On the one hand, these can be pieces of 
equipment or applications. An application performs necessary calculations but is not part of a piece of 
equipment or the DBTP. For example, an external application could assign several dump trucks to an 
excavation operation and send the information to the DBTP. 

A pool for smart equipment always includes a service layer, a physical layer, and a data layer. These 
are represented by separate lanes. The service layer contains activities that perform internal 
calculations and monitor equipment. At the same time, communication with other participants always 
takes place via the service layer. Thus, a service layer also functions as a communication interface. The 
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physical layer contains activities that the equipment physically execute by means of electronic control 
units, e.g., a crane transports a load. There is no direct communication between the physical layer and 
other equipment or the DBTP. If communication does take place, an activity must be started from the 
service layer. The data layer is where data is stored. Data is stored via the service layer, which also 
retrieves the data from other locations. The data contains information that is only relevant for the 
individual equipment. This includes, for example, the geometry of the equipment and the current task 
to be executed. Like the physical layer, the data layer does not communicate directly with other 
participants, as illustrated in Figure 34. 

 

Figure 34. Simple process flow between a smart equipment (in blue) and the DBTP (in green) 

The pool that represents the DBTP consists of the service layer and the data layer. The functionality of 
the lanes is identical to those in the equipment pool. The same applies to the application pool.   

For dump equipment there must be two pools, because the communication takes place exclusively via 
a user. For this reason, dumb equipment is always represented as a pool without lanes. Within the 
pool there is only the ID of the equipment, which the user retrieves with a scanner. This activity informs 
the DBTP that the equipment is being used (see Figure 35). 

Some of the BPMN diagrams contain multiple database symbols or file symbols with the same name. 
This does not mean that these databases or files should appear multiple times in the system, but only 
once. They have been drawn multiple times for clarity to reduce the number of intersecting arrows. 
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Figure 35. Simple process flow between a dumb equipment (in white), a user (in orange) and the 
DBTP (in green) 

 

6.3 Description of important activities, databases and events 

Each BPMN contains activities, events, file symbols, and database symbols that perform common tasks 
and are therefore often used. The functionality of these elements is explained in more detail in Table 
3. 

 

Table 3. The most used activities, databases and events in the BPMN 

Activities, databases, or events Description 

 

This activity checks which task is to be executed next. For this 
purpose, it accesses the task list database and takes the task that 
is to be processed next. It is an important part of the system, 
because after it the responsible equipment, which are assigned 
to the task, are informed about the task. The activity is intended 
for the DBTP, as it is to distributes the tasks centrally. 

 

This activity sends the task information to the responsible 
equipment. The user that operates the equipment should be 
able to view the information via a display. The activity is to be 
integrated into the Digital Twin Platform as it sends the task to 
the equipment. Here, the as-planned task information from D1.3 
(WP1) and D1.2 (WP2) is to be considered. 
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This activity updates the task list database located in the Digital 
Twin platform. The as-performed task information from D1.3 
(WP1) and D1.2 (WP2) should be considered. 

 

This activity receives the task that the Digital Twin Platform 
sends to the selected equipment. It is intended for that smart 
equipment as this will read out the task information and display 
it to the user. Dumb equipment is only registered by the user. 
The task information would need to be communicated to the 
user via other methods like a tablet. 

 

This activity is part of the process diagram for smart equipment. 
It updates the task that a smart equipment is performing. The 
update occurs after the equipment has performed the necessary 
physical movements to process the task.   

 

This activity sends the current task status to the digital Twin 
Platform after a task has been performed. The as-performed task 
information should be considered (Document: D1.2; D2.1). 

 

 

The database lists all tasks that are created by the customer. It is 
assumed that the task list is provided to the work package (WP6), 
since we do not optimize the task list. Likewise, it is assumed that 
the as-planned task information (Document: D1.3, D2.1) is 
available within a task. Additionally, the equipment scheduled 
for the task should be included in the task information by the 
assignment of equipment IDs to the task. 

The database is part of the DBTP. 

 

This database is part of the process diagram of a smart 
equipment. The current task to be executed is stored, read, and 
updated via this database. 

 

This activity sends a section of the site plan. Preferably, a 3D 
model should be provided. The size of the model must cover the 
radius of action of the equipment to calculate possible 
movement paths. The site plan should also be divided into zones. 
Closed zones should also be communicated so that an 
equipment does not enter them. The activity should be 
integrated into the Digital Twin platform. 

 

This activity is part of the process diagram of smart equipment. 
It requests and receives the site plan from the platform.  

 

This database contains the site plan preferably as a 3D model. It 
is part of the Digital Twin platform, which can provide a section 
of the plan for smart equipment. The construction site plan 
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should be divided into zones and currently closed zones should 
be noted. 

 

This file contains a section of the site plan from the site layout 
database. It is used only in the process diagram of smart 
equipment. 

 

This database is part of the process diagram of smart equipment. 
It stores various metadata describing the equipment. For 
example, the load volume of a dump truck, the maximum 
transport load that a crane can carry, or the volume of an 
excavator shovel. In addition, the dimensions and the maximum 
movement speed of the equipment are always stored. The 
database also contains the digital geometry of the equipment. 

 

This activity sends the information about the requested 
equipment, which is located on the construction site. The 
request is sent via smart equipment to the Digital Twin platform. 
It can be filtered based on location or by specific equipment type. 
Therefore, this activity is intended for the DBTP. 

 

This activity updates the changes that occur in the equipment. 
The information that is contained in the equipment list, such as 
location can be updated, but not the type of equipment or its ID. 
Both, smart equipment and at dumb equipment, can be 
updated. The activity is intended for the DBTP. 

 

This database is part of the process diagram of the Digital Twin 
platform. The following information is stored for each piece of 
equipment that is on the construction site: 

• Type of equipment , 

• equipment ID, 

• estimated direction of movement of the equipment, 

• position of the equipment, 

• status of the equipment, and 

• reservation periods for certain tasks. 

 

This database is used only for the tracking systems. It stores 
rectangles that encompass various detected objects in the 
image, thereby indicating the positions of the objects in the 
image.  

 

This event sends a signal to smart equipment to start the working 
process. Only the equipment that has the ID equal to X is 
addressed. The signal is sent out by the Digital Twin platform. 
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The equipment with the ID equal to X receives the signal and 
thus starts its working process. 

 

This event sends a signal when the equipment has completed its 
physical process, e.g., when a crane has delivered material. The 
signal is directed to a specific piece of equipment with the ID 
equal to X. 

 

The equipment with the ID equal to X receives the signal and 
executes subsequent work processes. 

 

6.4 BPMN Template 

In the BPMN diagram shown in Figure 36, there are six pools: the tracking system, the smart 
equipment, the dumb equipment, the user, the DBTP, and the application. These pools describe the 
behaviour and interactions occurring on site among the equipment, users, and DBTP. 

The tracking system starts tracking when an initialize command arrives. It captures, stores and analyses 
images. The tracking system requests the equipment list and related locations from the DBTP and 
checks if new equipment is identified or if any location is changed. When new equipment is identified 
or a change of location is captured, the tracking system updates the DBTP. The equipment list and 
related locations are also updated. During the whole tracking and identifying process, the application 
first reads information when the equipment list is extracted. Then, it computes the task using data 
from the internal database. Finally, it writes information to fulfil a certain function when the 
equipment list is updated. 

The smart equipment starts an operation and requests the DBTP for the next task. The DBTP sends 
tasks to the smart equipment, and the smart equipment stores the task information. According to the 
task information and the geometric data of the equipment, the smart equipment computes the task 
for a certain operation. Then the internal tracking process is triggered and observation data is 
collected. When the smart equipment performs a certain task, the progress can be tracked and 
analysed. When the smart equipment finishes a certain task, the DBTP status can be changed by 
updating the task list. During the whole operation process, the application first reads information when 
the task is sent, then computes the task using the internal database, and finally writes information to 
fulfil a certain function when the task list is updated. 

The user starts an activity with a piece of dumb equipment, and this personal equipment should be 
registered first. The DBTP registers the personal equipment by updating the user list. Then the user 
allocates or scans equipment using identification, and the DBTP updates the equipment list at the same 
time. The user performs a certain task using the registered dumb equipment, and a hazard warning 
may be given by the DBTP when the application informs a new hazard to the DBTP.  
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Figure 36. BPMN diagram of Template 
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What is the goal? 

This BPMN template for equipment optimization aims to provide a general guide for on-site equipment 
utilization. It outlines the general use process of equipment, the DBTP, and related applications. It 
provides a clear view of data exchange during equipment utilization. 

The behaviour and interactions among users, dumb equipment, smart equipment, DBTP, and 
applications are optimized. For smart equipment, all operations can be tracked, monitored and 
optimized. For dumb equipment, the interaction between the user and equipment is tracked, 
monitored, and optimized. The applications can help to realize functions which ensure the interactions 
among users, equipment, and the DBTP. Hazard warning is also considered in the interactions in order 
to ensure on-site safety. 

 

Which of the four general use cases are used? 

During the use of different types of equipment, positioning of the equipment occurs. Meanwhile, the 
operations of the equipment and the interaction between the user and equipment are tracked and 
monitored. The communication among users, dumb equipment, smart equipment, DBTP, and 
applications is established and enhanced. 

 

6.5 Tower Crane - BPMN 

In the BPMN diagram shown in Figure 37, there are three pools: the tower crane, the DBTP, and the 
hazard warning - DBTP. These describe the behaviour and interactions occurring during the operation 
of a tower crane. 

When a tower crane operation is required, the DBTP first checks which tower crane should be selected. 
The DBTP checks the task list and sends task information to the selected tower crane to start its work. 
The task information contains the as-planned task information (see document D1.3 and D2.1). This 
includes the deposit location, the destination, the material weight and the dimensions of the material 
in the task information. After the tower crane gets the task, it requests the DBTP for the site plan in 
order to calculate the route.  

The DBTP extracts site plan information from the site layout. Only the part of the site plan is sent to 
the tower crane, which includes the section where the path begins and ends. Blocked zones are also 
included. After the tower crane receives the site plan, the path for material transport is calculated 
using equipment data, the site plan, and task information. The calculated path consists of 3D 
coordinates. 

Before the tower crane conducts the material transportation, it checks if the path is free by sending 
the checking request to the DBTP. The DBTP checks if any piece of equipment blocks the path. The 
checking includes a loop: check all pieces of equipment if there is a collision risk, as collisions between 
the load and equipment must be avoided. After the checking, the DBTP informs the tower crane to 
start the transport. Meanwhile, the DBTP releases an attention signal to every equipment and 
construction worker. Construction workers can be equipped with signalling devices to avoid hazardous 
situations. 
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Figure 37. BPMN diagram of tower crane - perform transport 
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After the working process (see Sec. 6.8) starts, an external problem may be detected. If so, the tower 
crane should inform the DBTP with a hazard warning. After the problem information, including the 
machine ID, is sent to hazard warning DBTP, a new hazard warning is created. Then the hazard warning 
is sent to the responsible user. 

When the transport is finished, the tower crane updates the task information. Afterwards, the tower 
crane jib should move back to the original alignment, and the crane boom and hook block should be 
located in a free area so that no one will be disturbed. Then the tower crane requests to update the 
DBTP. The tower crane updates the task list and informs that the tower crane transport is finished. The 
equipment list and locations are updated, while the site layout is also updated. An attention signal is 
given to inform that the transport is finished.   

 

What is the goal? 

The tower crane operation and material transportation are tracked and monitored by the DBTP. All 
the information regarding tasks, equipment, the site layout, and safety measures are collected and 
stored. An optimized material transportation path can be identified. All safe operations can be ensured 
by using both the DBTP and the hazard warning DBTP. Meanwhile, fewer manual works are required 
during the whole tower crane operation and material transportation process.  

 

Which of the four general use cases are used? 

During the whole tower crane operation and material transportation process, positioning of the tower 
crane and material occurs. Meanwhile, the movements of tower crane jib, crane boom and hook block 
are tracked and monitored. The communication between the tower crane and DBTP is established and 
enhanced. 

 

6.6 Excavation process – BPMN 

In this BPMN diagram, there are several pools that describe the behaviour and interactions that occur 
during an excavation process. To improve clarity, the BPMN is divided into three groups (see Figure 38 
– Figure 40). The group numbers indicate the flow order of the BPMN diagram. 

If an excavation operation is to be planned, first an assignment must be made between the excavator 
and the dump trucks (see Figure 38). The DBTP sends the as-planned task information to an application, 
which describes the location, and the size of the excavation area. The application then stores this 
information and requests a list of equipment. It searches for free excavators and dump trucks. In the 
next step, the application links an excavator to several dump trucks. Here, the transport volume of the 
trucks and the volume of the excavator bucket are considered. At the same time, the number of pieces 
of equipment needed and the time required for the task should be as small as possible. This generates 
a schedule that is sent to the DTP. The DBTP updates the task in the task list and reserves equipment 
for the task.  

It should be noted that the flow between the application and the DBTP of WP6 is presented for 
illustrative purposes only. No implementation is planned, as it is assumed that the task already contains 
a schedule and linked equipment. 
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Figure 38. Allocation of an excavator and dump trucks to the planned task 
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Figure 39. Cooperation between excavator (in blue), DBTP (in green) and dump trucks (in orange) 
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Figure 40. Direct communication between excavator and dump truck 
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The next step is the cooperation between an excavator, the DBTP and dump trucks as highlighted in 
Figure 39. When an excavation process is required, the DBTP first checks which excavator should be 
selected. The DBTP checks the task list and sends task information to the selected excavator to start 
its work. The task information contains the as-planned task information (see document D1.3 and D2.1). 
It includes the location of the work site, the amount of excavation, and the IDs of the dump trucks 
which are assigned to this task. After the excavator receives the task, it requests the site plan from the 
DBTP to calculate the route. The DBTP extracts the site plan information from the site layout plan. Only 
that portion of the site plan is sent to the excavator which includes the section where the route begins 
and ends. Blocked zones are also included. After the excavator receives the site plan, the excavator’s 
route is calculated based on the equipment data, the site plan, and the task information. Subsequently, 
the excavator informs the DBTP that it is moving to the work site. 

While the excavator is driving, the working process (see Sec. 6.8) is activated, which monitors the 
movement to the workplace. External problems can be detected during this process. When an external 
problem is detected, the excavator should inform the hazard warning DBTP. After the problem 
information, including the machine ID, is sent to the hazard warning DBTP, a new hazard warning is 
created. Then the hazard warning is sent to the responsible persons. 

If the DBTP has received the information that the excavator is moving to the workplace, several 
subprocesses are started within the DBTP. The number of subprocesses is equal to the number of 
dump trucks that are assigned to the excavation operation. Each DBTP subprocess communicates 
directly with a dump truck and transmits task information. The task information includes where the 
job is located, what ID the excavator has, and when the dump truck should move to the worksite. The 
steps for route calculation are the same as for the excavator. If the start time of a dump truck is 
reached, it drives to the destination and informs the DBTP. During the trip, the working process is also 
started, monitoring the trip. 

When the excavator has reached its destination, the DBTP is informed. This is also performed by the 
dump truck. After these two steps, the invocation of a call activity occurs on both the excavator and 
the dump truck. The invocation of the two calling activities causes direct communication between the 
excavator and the dump truck (see Figure 40). In the first step, each piece of equipment checks the ID 
of the partner equipment. If the ID does not match the ID that the DBTP initially provided to the 
respective equipment, then the DBTP is notified of the incident. The DBTP should then inform a 
responsible person about the situation. This person is to decide if the excavation process should be 
continued or if a change must be made. If the IDs match, the excavator informs the dump truck that it 
will begin the excavation procedures. In the case of the excavator, the process of excavation is 
monitored, while the dump truck controls the current loading amount via its sensors. When the 
maximum is reached, the excavation process is stopped by the dump truck by sending a stop signal to 
the excavator. Both pieces of equipment note in the task information that the cooperation has 
finished. At the same time, it is also noted if the task was carried out as planned. If it does not 
correspond to the plan, then the system stores a reason for the change. The reason for change answers 
the following questions:  

• Has the task goal been reached earlier? Yes or No 

• Did the task have to be canceled? Yes or No 

• If yes... 
o Which equipment aborted the task? ID of the partner equipment or own ID 
o Was there a defect? Yes or No 

▪ In case of defect: Which piece of equipment? ID of the partner equipment or 
own ID 
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o Was there an accident? Yes or No 
▪ In case of an accident: Which piece of equipment was affected? ID of the 

partner equipment or own ID 

Afterwards the dump truck drives to its destination to unload the material. 

When the communication between the excavator and dump truck is finished, the task list is updated 
in the DBTP (see Figure 39). The as-performed task information is stored together with the reason for 
the change if necessary. Subsequently, the excavator checks if the excavation process has to be 
continued. Here, the task information and the observation database are used to determine how many 
dirt loading cycles have occurred and how many dump trucks are still to arrive. The goal here is to 
determine as far as possible the quantity that is still to be excavated.   

 

6.7 External Tracking System - BMPN 

In the BPMN diagram shown in Figure 41, there are two pools describing the behavior of the external 
tracking system that is responsible for tracking smart and dumb equipment. Here, a repeated 
communication between the external tracking system and the DBTP takes place. 

If the positions of the equipment are to be determined, the external tracking system loads the images 
that the cameras on the construction site have captured. These cameras cover large areas of a 
construction site. Overlapping fields of view are allowed, in order to avoid blind spots. The installation 
locations of the cameras should be stored in the construction site layout. In addition, each camera is 
linked with an ID. 

The external tracking system stores the images and searches for known equipment in each image. If 
none are present, the next images are captured. If an object is detected but the class is unclear, a 
message is sent to the DBTP. The camera ID and the size and position of the detection box are 
transmitted. This allows defining a rough area in which the object is located. The DBTP should store 
the detection in a separate database, since WP5 could possibly recognize the object. A storage period 
is not specified for this but should be defined by the developer of the DBTP. 

In case of detecting known equipment, the external tracking system requests an equipment list from 
the DBTP. The list should contain all IDs of all equipment on the construction site. Additionally, the 
type of equipment should be included. The system temporarily stores this information in a database 
and in the next step it checks which equipment is already tracked by the system. The system checks if 
the equipment ID is connected to a tracker from the tracking pool. 

A tracker tracks an object across multiple frames and has a unique ID that is linked to the equipment 
ID. When an object is temporarily occluded, a tracker compensates this by estimating the next position, 
based on the object's previous movements. This advantage should be included in the external tracking 
system, because many elements move on the construction site and can briefly occlude other objects. 

The next step is to decide whether a new tracker must be created or an existing tracker should be 
updated. If a new tracker is created, it is generated based on the detection and the equipment ID. 
Corresponding initialization steps must take place, since the object can be detected by several 
cameras. If a tracker for an equipment already exists in the tracking pool, the update is done based on 
the detection and the information that exists in the tracking pool. Each tracker has an ID that is linked 
to the equipment ID. 
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Figure 41. Structure of the external tracking system 
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After creating and updating all necessary trackers, the system uses the digital model of the 
construction site to determine the 3D coordinates in order to display the equipment digitally on the 
plan. Here, the digital model is aligned so that it corresponds to the perspectives of the cameras. The 
model of the construction site is loaded from the DBTP beforehand. This is done at specific periods to 
keep the data transfer between the external tracking system and DBTP low. When the 3D coordinates 
for each piece of equipment are determined, the system transfers the following information to the 
DBTP For each piece of equipment:  

• its 3D coordinate,  

• a time stamp, 

• its equipment type, and 

• its equipment ID. 

Finally, the system checks if all cameras are switched on. When the cameras are switched on, the 
tracking system repeats the entire process. 

 

What are the goals? 

The construction site management should be able to query the current positions of all equipment 
centrally to obtain a better awareness of the situation. Captured positions can be compared to a task 
plan to check the status of the tasks. Therefore, both the smart and dumb equipment should be tracked 
by an external tracking system in real-time. All information about equipment types, equipment IDs, 
and the construction site layout will be collected, stored, and processed. 

 

Which of the four general use cases are used? 

During real-time tracking, equipment positions are captured. This involves regular communication with 
the DBTP. The DBTP receives the captured positions and stores them centrally. At the same time, the 
DBTP provides the tracking system, the model of the construction site, and the list of equipment. 

The call activity working process is included in BPMN diagrams that are restricted to smart equipment 
(see Sec. 5.1). Unlike the pools in the other diagrams, this pool shown in Figure 41 consists of three 
lanes because the physical lane is used. 

When this activity is invoked, a parallel process occurs between the service layer and the physical layer. 
The service layer contains the internal tracking call activity. This performs the monitoring of the 
equipment using cameras located on the equipment such as a camera mounted on the crane boom. If 
the monitoring component detects a problem that affects the equipment itself, for example an 
imminent collision of an excavator with an object, an error is sent to the physical component. In this 
case, a physical component is a control unit that can stop the movement immediately. This can prevent 
damage or accidents. The two processes are synchronized after the stop and the error must be 
corrected by a person. Once the error is corrected, the work can continue. The internal tracking is also 
capable of detecting external problems that do not concern the equipment itself. In this case, a signal 
is sent to the hazard warning DBTP, which informs the relevant persons. Alternatively, the signal can 
be used to detect path blockages.   
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6.8 Working Process – Call Activity 

 

Figure 42. Detailed representation of the working process activity. Red arrows depict the detection 
of an internal error, while blue arrows depict the external stop of the process. 

If the parallel process should be stopped early, this can be done with an external stop message. In this 
case, the physical process and the internal tracking are terminated and directly synchronized with each 
other. If the process runs as planned without any external influences, a signal is sent from the physical 
layer to the internal tracking. This signal terminates the internal tracking and the processes are 
synchronized. The working process is then finished. 

 

What are the advantages? 

By monitoring the physical process, problems can be detected early and quickly. These can relate to 
the used equipment as well as to other equipment in the surrounding. A fast notification of responsible 
persons can be achieved by this process. Thus, problem solutions can be worked out more quickly. 
Furthermore, the number of possible damages or accidents is reduced, since the movement is stopped 
if a person does not react manually.   

 

6.9 Internal Tracking – Call Activity 

The BPMN shown in Figure 43 represents the internal tracking, which is invoked when the working 
process is started. The internal tracking monitors the process of work with cameras located on smart 
equipment. 
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Figure 43. Internal tracking which is used in the working process
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The process starts with the capturing of one or more camera images. The number of camera images 
depends on the number of cameras installed on the equipment. In the next step, objects are detected 
in the images and saved. In this process, the detection boxes and the object classes are saved. 

If objects are detected, the position of the equipment is determined in two ways. The first step is that 
the equipment makes a request to the DBTP. The equipment ID and the time stamp are transmitted 
with the request, which the DBTP checks. If there is a position in the database that the external tracking 
system has determined, then this information is transmitted to the internal tracking system. If the 
DBTP cannot transmit a position, the system checks if the equipment has a GPS module. If one is 
present, this position information is used. In the next step, the system makes another request to the 
DBTP. This request asks for the positions of other nearby equipment. The transmitted information is 
saved separately in the internal tracking system. To better spatially estimate the situation, rough 
dimensions of other equipment could also be transmitted, but is not included in the current BPMN 
diagram. 

After objects are detected in the images and positions are determined, the environment is checked 
using the equipment data, the positions, and the detection boxes. Here, spatial calculations are 
performed to check if the path is blocked, a collision is imminent, or an accident has occurred in the 
environment. The structure of the checking function still needs to be worked out soon. It is also 
foreseen that a safety function is built in when the system has not received positions but has detected 
objects in images. In this case, rougher estimations with other threshold values are to be carried out. 

In case of functional impairment of the equipment, for example due to a path blockage, the system 
throws an internal error [Event: internal problem detected]. If a hazard is detected, the [Event: external 
problem detected] signal is emitted. If none of these cases occurred, the environment check area is 
left. 

A further step is to check if the camera is activated. If it is turned on, a check is made to determine if 
the process should be stopped. The process can be stopped by the control unit [Event: finish physical 
task, equipment ID = X] or by an external message [Event: Stop process]. In case of an external 
message, the equipment must communicate with each other beforehand (see Figure 40). Otherwise, 
the next acquired images will be analysed. 

 

What are the advantages? 

The internal tracking allows for the monitoring of the environment, which increases productivity on 
the one hand and safety on the other hand. Functional impairments, path blockages, or dangerous 
situations can thus be detected. If a path blockage has been detected, the system can suggest an 
alternative route. If an accident or damage has been detected, relevant persons can be notified 
automatically.    

 

7 REQUIREMENTS 

The user stories enabled us to find common use cases and to identify common equipment types. From 
the collected information, the BPMN diagrams were created, which represent and describe our 
system’s structure. The goal of this section is to formulate general requirements that the deployed 
equipment should fulfill. We also write requirements that the DBTP should fulfil to integrate our 
service. Optional requirements are additional ideas that are not necessary to be realized. In the 
following, these requirements are divided into two groups. 
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7.1 General Requirements 

Cameras on construction site 

We divide the cameras into two groups: 
 

The first group includes cameras that have a fixed position and are mounted on scaffolding, on 
construction containers, on walls, on a crane mast (non-movable part of the crane) or on a stable 
tripod. It is desirable that these have a height position so that they are directed obliquely downwards 
towards the construction site. If possible, a camera’s field of view should be able to cover the ground 
and the upper part of on-site equipment. Surveillance cameras are most often installed on a 
construction site in this way.  
It is assumed that a construction site is divided into several zones. Therefore, there should be several 
installed cameras within a zone. The cameras' fields of view should overlap to reduce blind spots. 
Furthermore, each camera is given a unique ID and the installation location is stored in the digital 
model. 
 
The second group includes non-pivoting cameras that are mounted on smart equipment. This means 
that they move with the equipment on the construction site, capturing certain situations that the 
stationary cameras may not capture. It is assumed that one camera is mounted oriented in the 
direction of travel. Optionally, the possibility of a 360° viewing angle with four cameras is also being 
considered. 
A special position is occupied by the tower crane. This is also equipped with a camera that is located 
on the crane boom. The crane load should be in the field of view. 

 

Equipment sensors 

If a smart piece of equipment has several sensors that can be read, the data should be transmitted via 
radio. The most useful sensors would be: 

• Motion sensor: Detects if the equipment is in motion or not. 

• Weight sensor: Detects the amount of load on a dumb truck 

• GPS sensor: Queries the position of a piece of equipment to provide a failsafe in case that the 
external tracking system has a malfunction or the equipment cannot be captured by a camera. It 
is also considered matching the GPS position with the position captured by the external tracking 
system. 

• Sensor technology for pose estimation: This includes sensor technology that makes it possible to 
determine the orientation of certain parts of the equipment, such as the orientation of the 
excavator bucket, the orientation of the crane boom, or the inclination of the loading area on a 
dump truck. 

 

Wireless communication 

Smart equipment should be able to communicate with each other as well as with the DBTP. For this 
purpose, a wireless communication system is required. At least the following data should be 
transmitted: 

• A unique ID of the equipment, 

• start and stop signals, which start or stop operations, 

• as-planned task information as well as 

• further information that the sensors in the equipment can collect. 
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Attachment of QR codes 

Dumb equipment devices or machines do not have sensors and are registered by the user for a specific 
task. For this reason, each piece of dumb equipment should have a QR code. Smart equipment can 
also have large attached QR codes if a transmission of the ID is not possible. The QR code is then 
captured and read by a construction site camera. 

 

7.2 Requirements for the Digital Building Twin Platform  

Current construction site plan 

A construction site plan is needed for our service. This should be provided by the DBTP via an interface. 
The following information would be transferred to the DBTP by WP6: 

• A section of the plan is required: Yes or No 
o If yes... 

▪ Current location of the equipment 
▪ Target location of the next task 

o If not... 
▪ Complete site plan is requested 

• Optional: Priority of the request 
o Needed immediately 
o Needed in X minutes 

The DBTP should provide the following information after the request: 

• Construction site plan preferably as a 3D model or alternatively as a 2D plan 

• The model should contain static objects such as already built walls, containers, and scaffolding. 
Approved transport routes should also be provided. 

• Zones that are closed for certain activities should be noted. 

• If a section is requested: 
o Section of the digital model that contains the start and destination position. If the 

construction site plan is divided into zones, the individual zones can be transferred, 
including neighbouring blocked zones. 

 

List of scheduled tasks (task list) 

It is assumed that the DBTP stores all planned tasks centrally. To calculate and prepare appropriate 
routes, the DBTP should transmit the next task to the smart equipment that is scheduled for the task. 
In the process, the DBTP should send a signal to the equipment that has been selected for a task and 
will receive the information afterwards. The following information should be transmitted by the 
platform to the equipment: 

• Task as-planned information (document D2.1) 
o Important 

▪ Start time 
▪ Task destination 
▪ Type of task (e.g., transport, excavation, ...) 

• List of partner equipment IDs 
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With the list of partner equipment IDs, it is meant that if equipment must work together (e.g., 
excavator <-> dumb truck), then each equipment should know the ID of the other equipment. This is 
used when, for example, a dump truck announces its arrival to an excavator (see Figure 40). 

If the work has been performed, this is communicated to the platform. Here it is planned that individual 
information of the as-performed task (see document D2.1) is communicated. 

 

Equipment list and equipment locations    

The DBTP should keep an internal list of the equipment and its locations. It would be helpful if the 
DBTP provides an interface so that WP6 can read, update, and insert information. An entry in the list 
would contain the following information: 

• Equipment type, 

• equipment ID, 

• status, 

• 3D position,  

• optional: link to current task. 

The external tracking system (see Figure 41) could be extended in such a way that newly registered 
equipment is transferred to the platform. All information that occurs in an entry would be initialized. 
The position and status would be regularly updated by the WP6 service. 

 

Detected object - database (is optional) 

There may be a case where the external tracking system detects the position and size of objects in 
images, but classification is ambiguous. In this case, it would be helpful if the DBTP provides an 
interface to a database that stores this information for other WPs. Other WPs could take the marked 
regions and classify them using their algorithms. The external tracking system, would provide the 
following information: 

• camera ID,  

• image, 

• marked region in the image and 

• time stamp. 
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8 CONCLUSION  

The environment of the construction site is dynamic, complex, and uncertain, which may lead to 
difficulties and hazards while using on-site equipment. The efficient monitoring of equipment on 
construction sites can serve several management purposes. The up-to-date information and a platform 
that automatically documents the positions, status, and current work progress of machines and 
equipment can be useful for equipment utilization and monitoring. Therefore, a series of detection 
methods, user stories, use cases, and process maps regarding a Digital Twin Platform for equipment 
optimization are elaborated in this delivery. 

First, classical computer vision approaches and deep learning approaches are introduced in this 
delivery as a theoretical foundation for equipment detection. Then, user stories from eight 
construction participants are collected for the use case development. They provide basic application 
scenarios and describe the behaviours and interactions occurring during the equipment utilization. 
Based on these user stories, four general use cases are defined. They cover the information that the 
users need from the user stories, which can be applied to all types of equipment. After that, a general 
BPMN template is provided to give a guide for both smart and dumb equipment utilization. It outlines 
the general use process of users, equipment, the DBTP, and related applications. Meanwhile, a series 
of process maps are provided to guide specific equipment utilization and identify optimal equipment 
transportation and operation methods. They provide a clear view of data exchange, including 
information regarding users, tasks, equipment, site plans, hazards, safety measures, etc. Essential 
requirements for the Digital Twin platforms and models are proposed at the end of this delivery. 

Efforts will be put on the use cases and technical solutions development. Meanwhile, the prototype of 
the proposed technical framework will be developed and tested. For the equipment optimization, 
several managerial goals will be emphasized to bridge the upstream and downstream work packages, 
for example, production control and safety management. 

It is planned that generated information, such as location data, status information, and detected 
blockages, will be passed to WP2, which will implement the central Platform. In this regard, WP6 will 
agree with WP2 on specific interfaces. Furthermore, WP5 can use our captured location information 
to detect potential hazards. WP7 can receive our information to detect delays in the schedule. When 
delays are detected, schedules can be adjusted to reflect the current situation. 

The next steps of the work package include the implementation of a multi-sensor tracking of 
construction equipment and the development of concepts for semi-automatic operation control. In 
the development of multisensor tracking, suitable tracking technologies will be defined for individual 
construction machines. For this purpose, mainly image-based methods are used. The evaluation of the 
images is done with machine learning methods. It is investigated which images have to be taken with 
which frequency and accuracy to enable a reliable acquisition. New concepts are being developed for 
semi-automatic operational control to help the person who is in charge to use the construction 
machines efficiently by providing feedback and certain interventions in real time. This includes 
visualization of planned sequences and trajectories as well as deviations. This provides the machine 
operator with direct feedback. 

 

 

 

 

 



                        D6.1  – Technical requirements specification for equipment optimization 

 

87                    GA n° 958398 

APPENDIX A: LITERATURE 

 

References 

[1] L. Koskela, “An exploration towards a production theory and its application to 
construction,” Doctoral Thesis, VTT Technical Research Centre of Finland, 2000. 
[Online]. Available: https://aaltodoc2.org.aalto.fi/handle/123456789/2150 

[2] P. E. Love, Z. Irani, and D. J. Edwards, “A seamless supply chain management model for 
construction,” (in en), Supply Chain Management: An International Journal, vol. 9, no. 1, 
pp. 43–56, 2004, doi: 10.1108/13598540410517575. 

[3] V. Sundquist, L.-E. Gadde, and K. Hulthén, “Reorganizing construction logistics for 
improved performance,” (in en), Construction Management and Economics, vol. 36, no. 
1, pp. 49–65, 2018, doi: 10.1080/01446193.2017.1356931. 

[4] F. Ying, J. Tookey, and J. Roberti, “Addressing effective construction logistics through 
the lens of vehicle movements,” (in en), Engineering, Construction and Architectural 
Management, vol. 21, no. 3, pp. 261–275, 2014, doi: 10.1108/ECAM-06-2013-0058. 

[5] B. Dave, S. Kubler, K. Främling, and L. Koskela, “Opportunities for enhanced lean 
construction management using Internet of Things standards,” Automation in 
Construction, vol. 61, pp. 86–97, 2016, doi: 10.1016/j.autcon.2015.10.009. 

[6] H. Kim, H. Kim, Y. W. Hong, and H. Byun, “Detecting Construction Equipment Using a 
Region-Based Fully Convolutional Network and Transfer Learning,” (in EN), Journal of 
Computing in Civil Engineering, vol. 32, no. 2, p. 4017082, 2018, doi: 
10.1061/(ASCE)CP.1943-5487.0000731. 

[7] N. Pradhananga and J. Teizer, “Automatic spatio-temporal analysis of construction site 
equipment operations using GPS data,” Automation in Construction, vol. 29, pp. 107–
122, 2013, doi: 10.1016/j.autcon.2012.09.004. 

[8] M. O. Sanni-Anibire, A. S. Mahmoud, M. A. Hassanain, and B. A. Salami, “A risk 
assessment approach for enhancing construction safety performance,” Safety Science, 
vol. 121, pp. 15–29, 2020, doi: 10.1016/j.ssci.2019.08.044. 

[9] V. W. Tam and I. W. Fung, “Tower crane safety in the construction industry: A Hong 
Kong study,” Safety Science, vol. 49, no. 2, pp. 208–215, 2011, doi: 
10.1016/j.ssci.2010.08.001. 

[10] W. Zhou, J. Whyte, and R. Sacks, “Construction safety and digital design: A review,” 
Automation in Construction, vol. 22, pp. 102–111, 2012, doi: 
10.1016/j.autcon.2011.07.005. 

[11] J. Yang, M.-W. Park, P. A. Vela, and M. Golparvar-Fard, “Construction performance 
monitoring via still images, time-lapse photos, and video streams: Now, tomorrow, and 
the future,” Advanced Engineering Informatics, vol. 29, no. 2, pp. 211–224, 2015, doi: 
10.1016/j.aei.2015.01.011. 



                        D6.1  – Technical requirements specification for equipment optimization 

 

88                    GA n° 958398 

[12] Z. Zhu, X. Ren, and Z. Chen, “Visual Tracking of Construction Jobsite Workforce and 
Equipment with Particle Filtering,” J. Comput. Civ. Eng., vol. 30, no. 6, p. 4016023, 2016, 
doi: 10.1061/(ASCE)CP.1943-5487.0000573. 

[13] I. Brilakis, M.-W. Park, and G. Jog, “Automated vision tracking of project related 
entities,” Advanced Engineering Informatics, vol. 25, no. 4, pp. 713–724, 2011, doi: 
10.1016/j.aei.2011.01.003. 

[14] B. Xiao and Z. Zhu, “Two-Dimensional Visual Tracking in Construction Scenarios: A 
Comparative Study,” J. Comput. Civ. Eng., vol. 32, no. 3, p. 4018006, 2018, doi: 
10.1061/(ASCE)CP.1943-5487.0000738. 

[15] W. Fang, L. Ding, B. Zhong, P. E. Love, and H. Luo, “Automated detection of workers and 
heavy equipment on construction sites: A convolutional neural network approach,” 
Advanced Engineering Informatics, vol. 37, pp. 139–149, 2018, doi: 
10.1016/j.aei.2018.05.003. 

[16] X. Luo, H. Li, X. Yang, Y. Yu, and D. Cao, “Capturing and Understanding Workers’ 
Activities in Far-Field Surveillance Videos with Deep Action Recognition and Bayesian 
Nonparametric Learning,” Computer-Aided Civil and Infrastructure Engineering, vol. 34, 
no. 4, pp. 333–351, 2019, doi: 10.1111/mice.12419. 

[17] A. Makhmalbaf, M.-W. Park, J. Yang, I. Brilakis, and P. A. Vela, “2D Vision Tracking 
Methods' Performance Comparison for 3D Tracking of Construction Resources,” in 
Construction Research Congress 2010, Banff, Alberta, Canada, 05042010, pp. 459–469. 

[18] C. Chen, Z. Zhu, and A. Hammad, “Automated excavators activity recognition and 
productivity analysis from construction site surveillance videos,” Automation in 
Construction, vol. 110, p. 103045, 2020, doi: 10.1016/j.autcon.2019.103045. 

[19] R. Sacks, I. Brilakis, E. Pikas, H. S. Xie, and M. Girolami, “Construction with digital twin 
information systems,” DCE, vol. 1, 2020, doi: 10.1017/dce.2020.16. 

[20] C. Cortes and V. Vapnik, “Support-vector networks,” (in En;en), Mach Learn, vol. 20, no. 
3, pp. 273–297, 1995, doi: 10.1007/BF00994018. 

[21] Thorsten Joachims, “Text categorization with Support Vector Machines: Learning with 
many relevant features,” in 1998, pp. 137–142. [Online]. Available: https://
link.springer.com/chapter/10.1007/bfb0026683 

[22] O. Chapelle, P. Haffner, and V. N. Vapnik, “Support vector machines for histogram-based 
image classification,” (in eng), IEEE Trans. Neural Netw., vol. 10, no. 5, pp. 1055–1064, 
1999, doi: 10.1109/72.788646. 

[23] S. Yang, J. Cao, and J. Wang, “Acoustics recognition of construction equipments based 
on LPCC features and SVM,” in Control Conference (CCC), 2015 34th Chinese, 2015. 

[24] A. Rashidi, M. H. Sigari, M. Maghiar, and D. Citrin, “An analogy between various 
machine-learning techniques for detecting construction materials in digital images,” (in 



                        D6.1  – Technical requirements specification for equipment optimization 

 

89                    GA n° 958398 

En;en), KSCE J Civ Eng, vol. 20, no. 4, pp. 1178–1188, 2016, doi: 10.1007/s12205-015-
0726-0. 

[25] M. Memarzadeh, M. Golparvar-Fard, and J. C. Niebles, “Automated 2D detection of 
construction equipment and workers from site video streams using histograms of 
oriented gradients and colors,” Automation in Construction, vol. 32, pp. 24–37, 2013, 
doi: 10.1016/j.autcon.2012.12.002. 

[26] P. Viola and M. Jones, “Rapid object detection using a boosted cascade of simple 
features,” in Computer Vision and Pattern Recognition (CVPR 2001): 2001 IEEE 
Computer Society Conference, Jan. 2001. 

[27] X. Zhuang, W. Kang, and Q. Wu, “Real‐time vehicle detection with foreground‐based 
cascade classifier,” (in en), IET Image Processing, vol. 10, no. 4, pp. 289–296, 2016, doi: 
10.1049/iet-ipr.2015.0333. 

[28] T. C. Lukins and E. Trucco, “Towards Automated Visual Assessment of Progress in 
Construction Projects,” in Procedings of the British Machine Vision Conference 2007, 
2007. 

[29] B. E. Mneymneh, M. Abbas, and H. Khoury, “Automated Hardhat Detection for 
Construction Safety Applications,” Procedia Engineering, vol. 196, pp. 895–902, 2017, 
doi: 10.1016/j.proeng.2017.08.022. 

[30] Marcel Neuhausen, Jochen Teizer, and Markus König, “Construction Worker Detection 
and Tracking in Bird's-Eye View Camera Images,” in 35th International Symposium on 
Automation and Robotics in Construction (ISARC 2018). [Online]. Available: https://
www.researchgate.net/profile/marcel-neuhausen/publication/326689558_
construction_worker_detection_and_tracking_in_bird's-eye_view_camera_images 

[31] M.-W. Park and I. Brilakis, “Construction worker detection in video frames for initializing 
vision trackers,” Automation in Construction, vol. 28, pp. 15–25, 2012, doi: 
10.1016/j.autcon.2012.06.001. 

[32] L. Bourdev and J. Brandt, “Robust Object Detection via Soft Cascade,” in CVPR 2005: 
Proceedings, 2005 IEEE Computer Society Conference on Computer Vision and Pattern 
Recognition : [20-25 June 2005, San Diego, CA], 2005. 

[33] M. Neuhausen, D. Pawlowski, and M. König, “Comparing Classical and Modern Machine 
Learning Techniques for Monitoring Pedestrian Workers in Top-View Construction Site 
Video Sequences,” (in en), Applied Sciences, vol. 10, no. 23, p. 8466, 2020, doi: 
10.3390/app10238466. 

[34] N. O’Mahony et al., “Deep Learning vs. Traditional Computer Vision,” in Advances in 
Intelligent Systems and Computing, Advances in Computer Vision, K. Arai and S. Kapoor, 
Eds., Cham: Springer International Publishing, 2020, pp. 128–144. 

[35] W. Nash, T. Drummond, and N. Birbilis, “A review of deep learning in the study of 
materials degradation,” npj Mater Degrad, vol. 2, no. 1, 2018, doi: 10.1038/s41529-018-
0058-x. 



                        D6.1  – Technical requirements specification for equipment optimization 

 

90                    GA n° 958398 

[36] L. Jiao et al., “A Survey of Deep Learning-Based Object Detection,” IEEE Access, vol. 7, 
pp. 128837–128868, 2019, doi: 10.1109/ACCESS.2019.2939201. 

[37] M. Y. W. Teow, “Understanding convolutional neural networks using a minimal model 
for handwritten digit recognition,” in 2017 IEEE 2nd International Conference on 
Automatic Control and Intelligent Systems (I2CACIS), Kota Kinabalu, 102017, pp. 167–
172. 

[38] K. O'Shea and R. Nash, “An Introduction to Convolutional Neural Networks,” Nov. 2015. 
[Online]. Available: http://arxiv.org/pdf/1511.08458v2 

[39] S. Albawi, T. A. Mohammed, and S. Al-Zawi, “Understanding of a convolutional neural 
network,” in 2017 International Conference on Engineering and Technology (ICET), 
Antalya, 82017, pp. 1–6. 

[40] R. Girshick, J. Donahue, T. Darrell, and J. Malik, “Rich feature hierarchies for accurate 
object detection and semantic segmentation,” Nov. 2013. [Online]. Available: http://
arxiv.org/pdf/1311.2524v5 

[41] R. Girshick, “Fast R-CNN,” Apr. 2015. [Online]. Available: http://arxiv.org/pdf/
1504.08083v2 

[42] K. Simonyan and A. Zisserman, “Very Deep Convolutional Networks for Large-Scale 
Image Recognition,” Sep. 2014. [Online]. Available: http://arxiv.org/pdf/1409.1556v6 

[43] S. Ren, K. He, R. Girshick, and J. Sun, “Faster R-CNN: Towards Real-Time Object 
Detection with Region Proposal Networks,” Jun. 2015. [Online]. Available: http://
arxiv.org/pdf/1506.01497v3 

[44] X. Luo, H. Li, D. Cao, F. Dai, J. Seo, and S. Lee, “Recognizing Diverse Construction 
Activities in Site Images via Relevance Networks of Construction-Related Objects 
Detected by Convolutional Neural Networks,” J. Comput. Civ. Eng., vol. 32, no. 3, p. 
4018012, 2018, doi: 10.1061/(ASCE)CP.1943-5487.0000756. 

[45] W. Fang, L. Ding, H. Luo, and P. E. Love, “Falls from heights: A computer vision-based 
approach for safety harness detection,” Automation in Construction, vol. 91, pp. 53–61, 
2018, doi: 10.1016/j.autcon.2018.02.018. 

[46] Q. Fang et al., “Detecting non-hardhat-use by a deep learning method from far-field 
surveillance videos,” Automation in Construction, vol. 85, pp. 1–9, 2018, doi: 
10.1016/j.autcon.2017.09.018. 

[47] Z. Wang, H. Li, and X. Zhang, “Construction waste recycling robot for nails and screws: 
Computer vision technology and neural network approach,” Automation in 
Construction, vol. 97, pp. 220–228, 2019, doi: 10.1016/j.autcon.2018.11.009. 

[48] J. Redmon, S. Divvala, R. Girshick, and A. Farhadi, “You Only Look Once: Unified, Real-
Time Object Detection,” 08.06.15. [Online]. Available: http://arxiv.org/pdf/
1506.02640v5 



                        D6.1  – Technical requirements specification for equipment optimization 

 

91                    GA n° 958398 

[49] P. Soviany and R. T. Ionescu, “Optimizing the Trade-off between Single-Stage and Two-
Stage Object Detectors using Image Difficulty Prediction,” Mar. 2018. [Online]. 
Available: http://arxiv.org/pdf/1803.08707v3 

[50] J. Redmon and A. Farhadi, “YOLO9000: Better, Faster, Stronger,” 25.12.16. [Online]. 
Available: http://arxiv.org/pdf/1612.08242v1 

[51] J. Redmon and A. Farhadi, “YOLOv3: An Incremental Improvement,” 09.04.18. [Online]. 
Available: http://arxiv.org/pdf/1804.02767v1 

[52] A. Bochkovskiy, C.-Y. Wang, and H.-Y. M. Liao, “YOLOv4: Optimal Speed and Accuracy of 
Object Detection,” 23.04.20. [Online]. Available: http://arxiv.org/pdf/2004.10934v1 

[53] YOLOv5. [Online]. Available: https://ultralytics.com/yolov5 (accessed: Jul. 1 2021). 

[54] D. Kim, M. Liu, S. Lee, and V. R. Kamat, “Remote proximity monitoring between mobile 
construction resources using camera-mounted UAVs,” Automation in Construction, vol. 
99, pp. 168–182, 2019, doi: 10.1016/j.autcon.2018.12.014. 

[55] B. Xiao and S.-C. Kang, “Deep Learning Detection for Real-time Construction Machine 
Checking,” in Proceedings of the 36th International Symposium on Automation and 
Robotics in Construction (ISARC), Banff, AB, Canada, 2019. 

[56] X. Zhang, L. Zhang, and D. Li, “Transmission Line Abnormal Target Detection Based on 
Machine Learning Yolo V3,” in 2019 International Conference on Advanced Mechatronic 
Systems (ICAMechS), Kusatsu, Shiga, Japan, 82019, pp. 344–348. 

[57] F. Wu, G. Jin, M. Gao, Z. HE, and Y. Yang, “Helmet Detection Based On Improved YOLO 
V3 Deep Model,” in 2019 IEEE 16th International Conference on Networking, Sensing 
and Control (ICNSC), Banff, AB, Canada, 52019, pp. 363–368. 

[58] N. D. Nath and A. H. Behzadan, “Deep Convolutional Networks for Construction Object 
Detection Under Different Visual Conditions,” Front. Built Environ., vol. 6, 2020, doi: 
10.3389/fbuil.2020.00097. 

[59] W. Liu et al., “SSD: Single Shot MultiBox Detector,” in Lecture Notes in Computer 
Science, Computer Vision – ECCV 2016, B. Leibe, J. Matas, N. Sebe, and M. Welling, Eds., 
Cham: Springer International Publishing, 2016, pp. 21–37. 

[60] S. Arabi, A. Haghighat, and A. Sharma, “A deep learning based solution for construction 
equipment detection: from development to deployment,” Apr. 2019. [Online]. 
Available: http://arxiv.org/pdf/1904.09021v1 

[61] A. G. Howard et al., “MobileNets: Efficient Convolutional Neural Networks for Mobile 
Vision Applications,” Apr. 2017. [Online]. Available: http://arxiv.org/pdf/1704.04861v1 

[62] V. Thakar, H. Saini, W. Ahmed, M. M. Soltani, A. Aly, and J. Y. Yu, “Efficient Single-Shot 
Multibox Detector for Construction Site Monitoring,” in 2018 IEEE International Smart 
Cities Conference (ISC2), Kansas City, MO, USA, 92018, pp. 1–6. 



                        D6.1  – Technical requirements specification for equipment optimization 

 

92                    GA n° 958398 

[63] B. Xiao and S.-C. Kang, “Development of an Image Data Set of Construction Machines 
for Deep Learning Object Detection,” J. Comput. Civ. Eng., vol. 35, no. 2, p. 5020005, 
2021, doi: 10.1061/(ASCE)CP.1943-5487.0000945. 

[64] The Many Roles on a Construction Site. [Online]. Available: https://esub.com/
construction-roles-on-the-jobsite/ (accessed: Jul. 10 2021). 

[65] Tyler Riddell, What is a Construction Project Planners Role? [Online]. Available: https://
esub.com/blog/construction-project-planners-role/ (accessed: Jul. 10 2021). 

[66] Construction Safety Manager: Job Description, Salary, Requirements, & More. [Online]. 
Available: https://www.construct-ed.com/job-description/construction-safety-
manager/ (accessed: Jul. 10 2021). 

[67] J. Kim, S. Chi, and J. Seo, “Interaction analysis for vision-based activity identification of 
earthmoving excavators and dump trucks,” Automation in Construction, vol. 87, pp. 
297–308, 2018, doi: 10.1016/j.autcon.2017.12.016. 

[68] J. Zou and H. Kim, “Using Hue, Saturation, and Value Color Space for Hydraulic Excavator 
Idle Time Analysis,” J. Comput. Civ. Eng., vol. 21, no. 4, pp. 238–246, 2007, doi: 
10.1061/(ASCE)0887-3801(2007)21:4(238). 

[69] H. Luo, M. Wang, P. K.-Y. Wong, and J. C. Cheng, “Full body pose estimation of 
construction equipment using computer vision and deep learning techniques,” 
Automation in Construction, vol. 110, p. 103016, 2020, doi: 
10.1016/j.autcon.2019.103016. 

[70] D. Rebolj, N. Č. Babič, A. Magdič, P. Podbreznik, and M. Pšunder, “Automated 
construction activity monitoring system,” Advanced Engineering Informatics, vol. 22, no. 
4, pp. 493–503, 2008, doi: 10.1016/j.aei.2008.06.002. 

[71] P. Marcon et al., “The Asset Administration Shell of Operator in the Platform of Industry 
4.0,” in 2018 18th International Conference on Mechatronics - Mechatronika (ME), pp. 
1–5. Accessed: Jul. 15 2020. [Online]. Available: https://ieeexplore.ieee.org/abstract/
document/8624699 

 

 

 

 

 

 

 

 


