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Abstract: Traditional 2D surveillance video has been widely adopted in construction project
management, yet facing several challenges. An emerging surveillance technology is the latest Light
Detection and Ranging (LiDAR) that streams time-dynamic 4D point cloud (4DPC), which gained
wide attention in the automobile and engineering sectors. However, one of the major defects of
LiDAR surveillance streaming is the huge data volume. This paper presents a novel 4DPC data
compression method to ease the problem. First, the 4DPC data frame is transformed into a depth
image; then, the depth and laser intensity information are coded in the RGB color spectrum. As a
result, a stationed 4DPC data stream is converted into a 3D surveillance video coded in H.264. A
pilot test was conducted on the 4DPC data collected in a real-world project. The results confirmed
that the presented method effectively encodes the 4DPC data stream with a high (1:0.08)
compression ratio at a very low (0.5%) loss ratio at 5-cm resolution to common point cloud formats
such as .ply and .pcd. The result of 4DPC LiDAR surveillance video can be played in 3D view mode
by a designated player. The contribution of this paper lies in a novel video-based 4DPC data
compression for LIDAR surveillance video streaming in construction project management.
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1 Introduction

Diverse construction projects worldwide require the surveillance or monitoring of activities,
progress, and safety problems, such as risky worker activities. Effective surveillance videos can
provide contractors and stakeholders with rich information about construction sites and worker
states to conduct important control decisions. With the rapid development of information technology
and computer vision in recent years, high-resolution automated cameras play a major role in
construction projects to collect on-site static images or dynamic videos (Bohn & Teizer 2010). By
analyzing the collected data, supervisors can facilitate the progress of construction projects and find
the potential risks in time. Therefore, these types of cameras have been widely installed and used in
construction projects for monitoring construction activities such as safety management to reduce
high-risk accidents (Luo et al. 2020).

However, a single high-resolution camera typically meets several limitations: 1) lack of depth
information (Chen et al. 2017), and 2) heavy reliance on visible light (Pathak et al. 2015). The lack
of depth measurement brings the inconvenience of monitoring some specific construction activities
like excavation. With the growth of sensing technologies, some emerging low-cost LIDAR sensors
that collect spatial and temporal information have been utilized in the construction industry to
address the above issues (Liang & Xue 2022). Benefiting from the time-dynamic 4D point cloud
(4DPC) data from these LiDAR sensors, the surveillance or monitoring of construction activities
can be performed in a 3D view and conducted all the time.

Regardless of cameras or LiDAR sensors, the collected data is stored in the local processors
and transmitted to other devices or servers in need via the network. Therefore, a large storage
volume and bandwidth are required to record and process a huge amount of data with rich
information. During the past decades, image and video compression techniques have been widely
explored in the research field for reducing storage space and transmission bandwidth, and have
matured with the development of MPEG standards (Gall 1991). Additionally, point cloud
compression (PCC) methods are also developed with the growing usages of point cloud data
especially in the construction industry.

4DPC data collected from novel LiDAR sensors is suitable for generating 3D surveillance
video for construction project management. However, it also encounters the issues of heavy
requirement of storage and bandwidth because of the simultaneous collection of spatial geometric
information and temporal sequences. Therefore, to better leverage the convenience and efficiency
of 4DPC, we focus on these research questions: 1) how to eliminate the spatial and temporal
redundancies of 4DPC data, and 2) how can the 4DPC compression technique be applied in practical
real-world projects?

To address these issues, the main contributions of this work are summarized as follows: 1) we
propose a novel 4DPC compression method that encodes data collected from time-dynamic LiDAR
sensors into a compact video format. 2) we conduct a series of experiments to verify the proposed
method in terms of two aspects the compression effectiveness and the quality of the reconstructed
4DPC. By relying on the proposed 4DPC compression method, LiDAR surveillance streaming can
be smoothly generated by 4DPC data in construction project management.

2 Related Work

Surveillance videos have been increasingly developed and applied to the construction field for better
project progress and safety management. Based on the intelligent camera, unsafe behaviors of
workers are detected by project managers for critical control (Guo et al. 2018). To further monitor
multiple workers at the construction site by cameras, a tracking method based on machine learning
was developed and tested by Yang et al. (2010). Additionally, a graph-assisted hierarchical
reinforcement learning algorithm was applied to address the limitations of existing surveillance
video for smart construction (Ming et al. 2022). For safety assessment in the construction industry,
a case study on metro tunnel construction was conducted to test the efficiency of the safety checklist
analysis approach using intelligent video surveillance (Guo et al. 2021). To address the labor-
intensive and time-consuming observation of construction productivity, researchers proposed a
novel framework using on-site surveillance videos with three convolutional neural networks to



detect, track, and recognize excavation activities (Chen et al. 2020). However, the traditional
surveillance video lacks 3D geometric information like depth.

Point cloud data is the fundamental data for 3D information, which has been increasingly
developed for various applications in construction project management. To overcome the limited
human resources, health, safety, and time of the traditional in-person site inspection, a smart
construction monitoring system supported by photogrammetry and LiDAR-derived 4D digital
model was proposed (Cheng et al. 2022). Compared with the conventional 3D point cloud, 4DPC
has more potential for construction project management. For instance, 4DPC data can be used to
conduct semantic registration for monitoring crane-related activities on the construction site (Liang
et al. 2023).

However, the large volume of 4DPC data collected by LiDAR sensors hinders its application.
For example, the large size of it leads to poor performance in data transmission and storage.
Therefore, compressing 4DPC data, namely identifying and eliminating spatial and temporal
redundancies, is important for high-speed storing, transmitting, and processing (Abdelwahab et al.
2019). For different LIDAR sensors, an Ethernet interface solution for data packet decoding and
reconstruction utilizes hardware-assisted algorithms to improve data transmission (Cunha et al.
2022).

Different from hardware-accelerated methods, the performance of point cloud compression can
also be improved by analyzing the data structure. Typical compression algorithms can be classified
into four groups (Roriz et al. 2024): 1) Coding-based compression; 2) Format-based compression;
3) 2D compression; 4) 3D compression. With the rapid development of computer vision
technologies and mature applications of image or video compression algorithms, 2D-based point
cloud compression methods have played a major role in recent years. To leverage the advantages of
2D representations, 3D/4DPC data is converted into a 2D structure as range or reflectivity images.
Based on the projected image, several compression algorithms are proposed. For instance, combined
with range image-based segmentation and novel prediction methods, an algorithm tailored for
eliminating spatial redundant information was proposed (Sun et al. 2019). Additionally, a baseline
for range image-based point cloud compression was proposed which can reconstruct the point cloud
with uniform or non-uniform accuracy loss (Wang et al. 2022).

While the approaches can identify and eliminate the spatial redundancies of point cloud data
with a lossy or lossless method, few of them are tailored for the novel 4DPC data compression
consisting of spatial and temporal information. Leveraging the continuous characteristic of temporal
information is a great way to compress 4DPC in depth but it still needs to be researched. In this
paper, we propose a novel compression method combined with the temporal information of 4DPC
data collected from novel LiDAR sensors and video compression techniques tailored for conducting
3D video surveillance in construction project management. Compared with the aforementioned
literature, our method can effectively encode the temporal information of 4DPC data except the
spatial information.

3 4DPC Compression

The architecture of the proposed lossy 4DPC compression algorithm is presented in Figure 1, where
the input time-dynamic 4DPC is transformed into the Spherical coordinate system and projected on
the converted range image with RGB information by its 2D index. Range images are eventually
encoded into a video and stored as a data stream combined with the corresponding index file.

Ime-dynamic input
point cloud data Range image ereation
. . - = 10|frames
frame |by frame Range image
CONversion
Coordinate system Point cloud projection .
. y_ 1d proj = Video encoder
transformation on the existing image
2D index of
. \ Output data stream
projected points

Figure 1. The architecture of the 4DPC compression algorithm.



3.1 Coordinate system transformation

To comprehensively leverage the temporal information of novel LIDAR sensors, the characteristics
of 4DPC, and the advantages of image or video compression methods, we first transform the 4DPC
data from a Cartesian coordinate system to a Spherical coordinate system. Each Cartesian point <x,
y, z> in a 4DPC frame can be represented as <7, p, 6> in a Spherical coordinate system illustrated in
Figure 2. In this way, the value <p, 8> of a point can determine its 2D index on the range image and
is saved in a specific file during this process. These files will be utilized combined with the range
and intensity value recorded on the range image to decode and reconstruct the original 4DPC data
frame-by-frame.

*
Figure 2. Transformation from Cartesian to Spherical coordinates.
3.2 Range image conversion

The details of the range image conversion can be divided into two main parts: geometric projection
and attribute allocation. For geometric projection, since each point in a LIDAR frame is represented
by its spherical coordinates <r, p, 6>, the angle value <p, 6> divided by their resolution can
determine the location on the range image of this point and the 2D index is recorded individually.
When focusing on the attribute allocation, the scope of the LIDAR projected range is typically lower
than 200, the integer and decimal parts of range value <r> can be respectively saved in two channels
of an RGB image with a maximum integer value of 255. In addition, the other channel of the RGB
image is suitable for storing the intensity float value between 0 and 255. For instance, the integer
part of the range value of the projected point can be saved in the red channel, the decimal part is
saved in the green channel, and the intensity value of the point is stored in the blue channel. The
process of range image conversion is illustrated in Figure 3.
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Figure 3. Projection principle from one 4DPC frame to RGB image.

Although the intensity value of a point also contains the decimal part, it is not important to be
recorded and neglected in the process of data encoder. This will be qualitatively illustrated in the
experimental evaluation part.

3.3 Video encoder

Following the above conversion rules, each point in a 4DPC frame can be projected on the range
image. However, the range image produced by only one single 4DPC frame is less rich, thereby
leading to the worse performance of the classical video compression algorithms in our case. To
address this issue and fully leverage the advantages of video encoders, 4DPC data is frame-by-frame
cumulated by its continuous timestamp information. Since novel LiDAR sensors produce the point
cloud in a non-repetitive method, continuous 4DPC frames can therefore be projected on different



locations of the range image. In this study, ten 4DPC data frames were projected and stored in the
same image.

The results of single-frame projection and cumulative-frame projection are shown in Figure 4.
Although continuous 4DPC data is produced by novel LiDAR sensors in a non-repetitive way, more
than one point is still possible to be projected at the same pixel of the range image. To address this
limitation, we calculated the average value of points located at the same pixel to represent its value.

(a) Single frame 4DPC (b) Range image 1gle frame)

(¢) Cumulative frame 4DPC (d) Range mmage (Cumulative frame)

Figure 4. Range images projected by a single 4DPC frame and cumulative 4DPC frame.

After obtaining the range image with image richness projected by the cumulative 4DPC frame,
we applied the general video compression method AVC H.264 (Wiegand et al. 2003) to process
these images for further storage and replay in the future. It is worth mentioning that continuous
4DPC data is encoded in the compact format of a video through this method. Additionally, with the
growth of time for collecting 4DPC data, the performance of our proposed compression method
based on video encoders is also evident. This is because an increasing number of 4DPC data is
converted to the range image and encoded as a video by the video encoders which are good at
capturing and recording the difference between each image.

3.4 4DPC data reconstruction

Based on the previous encoding method, a video and some index files are stored locally. When
conducting the reconstruction process, the video will first be divided into multiple image frames.
Each frame contains ten 4DPC frames projected on it. Therefore, we can simply leverage the
corresponding index files for inverse projection. By means of this, the original 4DPC data will be
reconstructed frame-by-frame. It is worth mentioning that using the average geometric and attribute
information value of points projected onto the same pixel, to represent that of all points, may result
in a minor distortion in the reconstructed point cloud as compared to the original point cloud.

4 Experimental Evaluation

This paper employs a variety of performance metrics to assess point cloud compression, including
the bits per frame that calculate the average storage space of each 4DPC frame and bits per point.
The bits per 4DPC frame can be leveraged to compare the performance of different 4DPC
compression methods. In this study, we respectively recorded and saved 4DPC data in the format of
the bin, las, pcd, ply, and our proposed video. The bits per frame and bits per point of each format
are listed in Table 1.



Table 1. Compression efficiency of various data formats.

Group Data format Bits per frame (KB) Bits per point (KB)
Common format .bin 175.6 0.0176
las 331.6 0.0333
.ped 341.2 0.0342
.ply 341.3 0.0342
Ours .avi 275 0.00276

Encoding 4DPC data into a video file is the most effective method for storing it with 27.5 KB per
frame and 0.00276KB per point, about 1:0.08 compression ratio to common point cloud formats
such as .ply and .pcd. Therefore, the proposed 4DPC compression method can achieve a high
efficiency compared with other data encoders.

To assess the performance of 4DPC reconstruction, we conducted a qualitative analysis by
decoding the 4DPC data compressed in a video to a point cloud sequence and visualizing that in the
same platform. The front and side views of the reconstructed 4DPC compared with the original
4DPC are illustrated in Figure 5.

(a) Original 4DPC {0.15) (b) Original 4DPCofHs)

(c) Reconstructed 4DPC (0.1s) (d) Reconstructed 4DRC (1s)

Figure 5. Front and side views of original and reconstructed 4DPC.

As shown in Figure 5, the 4DPC data is frame-by-frame decoded and details of the original
4DPC are successfully reconstructed. It is worth mentioning that the change in intensity value
cannot be directly found in Figure 5 because its difference is not evident in the process of 4DPC
encoding and decoding. Therefore, the float type of intensity information for each point in a 4DPC
frame can be simply encoded in a channel of RGB range image. However, there is still some
distortion between the reconstructed 4DPC and the original one. This is because we calculated the
average pixel value and directly used this value to represent the geometric and attribute information
of each point located on this pixel. Therefore, the decoded 4DPC is relatively distorted compared to
the original 4DPC.

In addition to a qualitative analysis of the reconstruction process, we quantitatively assess the
Precision, Recall, and F1-score values at 1 cm, 2 cm, and 5 cm tolerance thresholds between the
reconstructed 4DPC and the original one as listed in Table 2.

Table 2. Precision, Recall, and F1-score values at 1 cm, 2 cm, and 5 cm tolerance thresholds

Tolerance Precision (%) Recall (%) F1-score (%)
1 cm 87.07 99.08 92.69
2 cm 98.70 99.19 98.95
5cm 99.78 99.20 99.49

Except for the extreme tolerance condition of 1 ¢cm, the precision rate of the reconstruction process
of our proposed 4DPC compression method exceeds 90 percent. It is noteworthy that the recall rate



approaches 100 percent across all tolerance thresholds. Furthermore, the F1-score demonstrates an
upward trend and is increasingly near 100 percent as the tolerance threshold increases, indicating
that the proposed method achieves a well-balanced performance, given an appropriately set
tolerance threshold.

5 Discussion and Conclusion

In the construction management field, the application of 4DPC data is important such as surveillance
streaming for monitoring construction activities. However, the large volume of 4DPC data
challenges the surveillance video storage and transmission, thereby compressing it is needed to be
explored.

In this paper, a novel and efficient compression method for 4DPC data, which is suitable for
encoding and storing data with large volumes in construction project management, has been
proposed. The proposed method adapts the advantages of image and video compression algorithms
to record 4DPC data as a format of video. Experimental results showed that the 4DPC data
sequences can be frame-by-frame compressed in a compact format of video with about 1:0.08
compression ratio. Additionally, significant geometric and attribute information is recorded when
encoding and reconstructed with a high F1-score (99.49%) at a 5-cm tolerance threshold during the
decoding process.

Therefore, based on the proposed method, 4DPC data can be encoded into a video file that
contains rich information on 4DPC data that can be easily stored locally or transmitted with a high
speed and a low bandwidth between various construction departments. It will increase the efficiency
of the construction project using 4DPC data and create a better surveillance video for construction
contractors and stakeholders to conduct management and make important decisions immediately.
This kind of surveillance video can also provide construction managers with a novel digital
management method that the efficiency of production processes can be evidently improved.

However, there are still some limitations in this study that need more cases for feasibility
verification and the algorithm needs to be improved to adapt to more different scenarios. Further
study will focus on the improvement of encoding efficiency and reconstruction quality of the
proposed method to produce a better 3D surveillance video, thereby creating convenience for
construction management. In addition, the proposed method will be further verified with more data
formats and other compression algorithms.
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