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Abstract: In today's world, the need for autonomous robots is increasing at an exponential rate and the implementation of
Simultaneous Localisation And Mapping (SLAM) is gaining more and more attention. One of the major component of SLAM is
3D Mapping of the environment which enables autonomous robots to perceive the environment like a human does for which
many Depth cameras or RGB-D cameras prove useful. This paper proposes a continuous real-time 3D mapping system that
tackles the long existing problem of point cloud distortion induced by dynamic objects in the frame. Our method uses the
Microsoft Kinect V1 as the RGB-D camera and the packages in the Robotic Operating System (ROS) like the Real Time
Appearance Based Mapping (RTAB-map) for 3D reconstruction. A ROS based method is used to implement dynamic object
elimination in real-time. For the purpose of dynamic objects detection in the frame, two algorithms - Deep Learning based tiny
YOLO-v3 and a Machine Learning based Haar Cascade classifier are used. The results from the two are compared in terms of
accuracy, execution time and mean Average Precision (mAP) and it was inferred that although Haar Cascade model is
comparatively less accurate when detecting objects, it is two times faster than YOLO which makes the system more real-time. The
real-time implementation was given more preference while selecting the model.

Keywords: Simultaneous Localization and Mapping(SLAM), 3D mapping, Robot Operating System (ROS), Deep learning,
Stereo Vision, Object Detection, Point Cloud, Scale invariant feature transform (SIFT)

I. INTRODUCTION
In today's world where the need of autonomous robots is ever increasing, the implementation of Simultaneous Localisation And
Mapping (SLAM) is gaining more and more attention. Robotic cleaners and inventory management robots are autonomous and have
the same functionality in both the cases, that is, to navigate and find their way through an unknown environment. In order to do so,
they need to have a frame of reference and perceive the nearby environment (through computer vision or through Lidar sensors) to
sketch a map of its surroundings and traverse its path. 3D reconstruction involves using computer vision to perceive the external
surroundings an building a depth based 3D point cloud. Hence, the underlying principle is a common intersection point between 3D
reconstruction and autonomous navigation. Autonomous robot navigation is a step ahead of 3D reconstruction. The rise in demand
for 3D solutions calls for a holistic solution that can perceive the surroundings around and create a 3D map of the same.
The usage of computer vision for robotic automation and programming robots or creating 3D layouts has been quite prevalent. The
SLAM (simultaneous localization and mapping) problem has persisted for a long time and a lot of research done portrays new ways
and methodologies to tackle the problem for mapping. Robot navigation has long been an important and active area of research.
Existing innovations in this field utilize expensive cameras for creating depth and disparity maps which tend to be accurate, but the
overall cost of the product increases. Other techniques include using stereo vision cameras to calculate the depth which can further
be used to create 3D point clouds. This method of reconstruction is fairly cheaper but accuracy is compensated. The existing
systems work very well for reconstruction of static frames but when dynamic objects enter the frame the output is not very accurate.
Our system proposes a method for detecting and removing the dynamic objects from the frame in order to create an accurate 3D
reconstruction of a scene.

The pipeline for the 3D reconstruction consists of 4 major steps:

1) Preparing the camera system used for retrieving image and depth data

2) Creation of depth and disparity maps

3) Generating and aligning point clouds

4) Refining and processing the point clouds

Active research has been done in all the domains. The methods for 3D reconstruction and point cloud generation using stereo vision
or depth estimation using Lidars have been implemented. Novel methods for depth estimation using Convolutional Neural networks
have been previously performed. A work we referred, describes a unique depth sensing approach using convolutional neural
networks (CNN)[1]. This falls under monocular SLAM vision which uses only a single camera, maybe coupled with other sensors
for depth estimation. Although this eliminates the need of RGB-D cameras the process gives high errors.
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Another traditional method is Depth Estimation using Stereo Vision which works on the principal of triangulation [2,3]. Since the
images are obtained from 2 different cameras in a stereo system, feature matching algorithms are needed in order to synchronize the
two cameras in the stereo system [4]. Instead of using a stereo vision based camera system an RGB-D camera can also be used. This
takes away the effort in aligning and synchronizing the two cameras in the system [5].

The framework for implementing the 3D reconstruction or the SLAM algorithm, is much more viable and is less prone to errors in
accuracy [6]. One such RGB-D camera system is the Microsoft Kinect. The library - Kinect Fusion or KinFu is compatible with
many RGB-D camera systems and helps in processing of the point cloud. [7,8,9]. KinFu is an open source library containing many
functions to use for 3D reconstruction[10,11].

In order to align multiple point clouds for a complete 3D reconstruction, feature matching algorithms like SIFT are used [12]. The
process of stitching multiple point clouds same time during the 3D reconstruction of a particular frame can be computationally
expensive and thus may not give real time performance. Dimensionality reduction methods like SVD for point cloud can be used.
Another work we referred, proposes a method of 2d feature matching and hash index lookup for embedding the new point cloud
onto another for faster computation[13]. ROS (Robotic operating system) provides with a few packages to visualise the developed
map. This makes it easy to integrate and use the RGB-D camera for robotic applications. The usage of the ROS platform and
leveraging its packages for simulation and visualization streamlines the process of 3D reconstruction [14]. A package very widely
used for generating 3D point clouds of the environment for navigation is the RTAB-Map [15]. In order to make things
computationally less expensive the fast Sampling Plane Filtering (FSPF) can be used to reduce the volume of the 3D point cloud by
sampling points from the depth image [16]. Denoising methods can be used to improve the accuracy of the 3D reconstruction but
that improves the accuracy only to a certain extent. Another method is to filter out the samples of dynamic objects from the input
data. The image data from the kinect sensor is scanned and the dynamic objects can be filtered out. This can be done using deep
learning models in order to detect the dynamic objects [17,18,19].

All the research work based on mapping and 3D reconstruction are very extensive and constructive and provide accurate results
when static objects present in the frame are reconstructed. However, when dynamic objects are present in the frame, the qualitative
results of the 3D reconstruction are affected. The presence of dynamic objects in the frame during the process of reconstruction
makes the reconstruction noisy. In this research work we have proposed a solution to detect and eliminate dynamic objects (like
people) from the frame and thus prevent them from being reconstructed in the 3D point cloud. This makes the 3D map generated
immune to the distortion caused by dynamic objects in the environment.

Il. METHODOLOGY

Our proposed solution is an RGB-D sensor based medium to long range 3D reconstruction system that dynamically detects and
removes objects present in the frame in order to produce an accurate 3D reconstruction. The RGB-D camera we have used is a
Microsoft Kinect v1 camera, it estimates the depth using an IR sensor and the output obtained consists of the image data (the RGB
values) and the depth data (distance from the of the object from the camera). The depth data obtained from the camera was validated
by generating the depth map. This shows the relative distance between the aobjects in the frame and the camera. The image data,
that's obtained from the camera flows to the object detection node which detects the dynamic objects present in the frame. The
frames in which dynamic objects are detected are discarded and the remaining frames are moved forward for the final 3D
reconstruction. Our system prevents the loss of loss of data and the noisiness that is induced when an aobject enters the frame at a
point and leaves at another point.
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Fig. 1 System Block Diagram
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111.RGB-D SENSOR & 3D RECONSTRUCTION
The Microsoft Kinect camera has 4 intrinsic parameters: two parameters related to focal length are denoted as fx_d and fy_d. The
remaining two color-related parameters are represented as cx_d and cy d. These parameters are vital in converting the raw
coordinates into the real world coordinates. The Kinect V1 can measure the raw depth in the range of 0 to 2047. To calculate raw
depth into meters, the following formula [20] is employed.
depth = 1/ ((raw depth value) x (—0.003 + 3.330))

Similarly, to convert the x and y coordinates of a pixel in a frame into real world coordinates, following values of intrinsic
parameters are utilized [20]
fx_d=1/(5.94e + 02)
fy d=1/(5.91e +02)
cx_d=3.3% + 02
cy_d=242e +02

The real world x and y coordinates are as follows-

X = ((x —cx_d) x depth x fx_d)

y = ((y - cy_d) x depth x fy d)

z = depth

The RTAB-Map uses a global loop closure detection technique for generating 3D point clouds. SIFT algorithm was used for feature
matching. The SIFT algorithm works in four steps - Scale Space construction, localisation of key points, Orientation Assignment,
and Key point Descriptor. The following steps and formulas are involved in the corresponding steps [21]. In the first step, Gaussian
blur function is used to blur images of various scales.

L(x,y, 0) = G(x, ¥, 0) X (X, y)
Where G(x,y,0) is the Gaussian filter convolved over the image I(x,y) to obtain the output as L(x,y,c) Following this, the original
image is subtracted with their next blurred image as a feature enhancement step.
Final output of this step would be:

D(x,y, 0) =I(x,y) = G(x,y, o) * I(x, y)

The formula/difference of Gaussian can be generalised for any consecutive blurred images as:

G(x, ¥, k) = G(x,y, 0) * (X, y)
This step is followed by computing local maxima or local minima of the images. The pixels so selected are the potential key points
that are scale invariant. By using SIFT for correspondence matching, we come to know the number of matching key points between
the two consecutive or non-consecutive frames. RTAB-Map has features to visualise and match these key points. If the number of
key points matched are above a certain set threshold, the entity is regarded as the same

IV.ROS IMPLEMENTATION
The robot operating system or ROS comprises of various nodes through which communication takes place. Each sensor or
component in the system which generates or utilizes data will be assigned a node. The communication between these nodes (and
thus among the sensors) happens over a topic.
For information to be passed between the two nodes, they should be connected to the same topic. A node can act as a publisher
which publishes or sends the data onto the topic or as a subscriber which receives the data from the topic. The user, however, can
leverage the autonomy of creating custom nodes to publish or subscribe to a topic. This is what allows the processes in autonomous
robots to co-ordinate with each other.
In our system, the two nodes used as standard nodes are the Kinect camera and the RTAB-Map. Kinect publishes the data on some
topics which is received by the RTAB-Map by subscribing to those topics. The Kinect camera publishes three information - RGB
image, depth information, and camera information. The RTAB-Map receives this data, generates the map data and further publishes
it to rtabmapviz for final visualisation. This is illustrated in Figure [2].

For point cloud generation, the color image frame obtained from the Kinect has an RGB-A format and depth of each pixel is needed
to map it on the point cloud. To compute the depth value for a given pixel (x,y), an index is calculated with the formula:
index = x + (width x y)
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This index value in the depth array is the depth value of the pixel (x,y). Finally, the byte-valued (0-255) RGB-A format is converted
into a float-valued (0.0-1.0) RGB format.
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Fig. 2. ROS node architecture for 3D Reconstruction

The proposed solution aims to tackle the problem of the projection of dynamic objects on the RTAB-Map. These dynamic moving
objects tend to hinder the accurate reconstruction of the surrounding. For the same reason, it is imperative to build a solution that
counters this problem. Therefore, the solution introduces a custom node between the Kinect camera and the RTAB-Map. Our node
named Object Elimination acts as a middle substitution between the Kinect Node and the RTAB-Map Node. So now the data
published by the Kinect is first fetched by out node. Then the object detection algorithm is used to detect a person in the RGB frame
only. Figure [3] shows the new architecture with our node included. If a person is detected, that particular RGB frame and the
corresponding depth frame is skipped or discarded. In this way, the reconstructed scene will purely be of static objects. Figure [4]
depicts this algorithm.
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Fig. 3. Custom node architecture

In terms of ROS, the nodes that previously published the image data to RTAB-Map will now be published to the object detector
node. But, the format that ROS uses to transfer images to the custom node is different from the standard PNG or JPEG format. The
sensor_msgs/Image message format, therefore, has to be converted in a format that can be processed by libraries like OpenCV. For
this, the cvbridge() function is used to convert the format of the image into the format compatible with ROS. The object detection
algorithm is then applied on this JPEG image.

Mext frame Mext frame
Data from the Kinect|[¢———

¥

k. J

Object detection

model over the rgb
frame

y

Skip that particular Pass the frame to
frame rtabmap

Fig. 4. Flowchart for 3D Mapping with Dynamic Environment
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V. OBJECT ELIMINATION ALGORITHM
Classifying objects as dynamic is a subjective dilemma and depends on the problem involved. For indoor applications, humans can
be considered as dynamic objects. For a self-driving car, humans, cars, and other vehicles can be considered as dynamic objects,
Therefore, the model employed should be trained on the basis of the application involved.

A. Deep Learning Based Approach

A Convolutional Neural Network (CNN) based Deep Learning model, tiny YOLOV3[22] is used for dynamic object. The technique
involves object classification and localization. If the probability of the presence of dynamic class is above a certain threshold, a
bounding box is drawn around the object. The probability score is usually assigned by the Softmax function or kernel SVM (Support
vector machine). In our case, dynamic object is the person.

But, if the model has to detect the dynamic objects it hasn’t been trained on, either a custom object detector can be made, or a
technique called transfer learning can be used. However, the model that we used which is tiny YOLOv3 for people detection proved
to be slow. By the time YOLO was computing object detection algorithm on a single frame, other incoming frames were published
to the RTAB-Map.

B. Haar Cascade Based Approach

As the deep learning based solution was too slow in computation to be used real-time, a simpler Haar Cascade based model [23] was
used. Although the model is not as accurate as the CNN based object detector, it is cheaper in terms of computation power and
hence can be deployed real-time. Haar Cascade is a simple Haar feature based cascade classifier. The process involves convolving
the input image with multiple filters. Initial filters detects contours and edges in all directions. Other filters are applied to extract
features for detecting a specific class. Another advantage of this algorithm is that it is trained specifically for detecting body parts
and face and hence only specific weight files can be used to detect corresponding class. This ensures lesser computation as
compared to YOLO which is trained to detect 80 different classes. Also to fasten the overall process, the proposed solution skips the
frames based on the detection of human faces.

Once the image is processed, it has to be further transmitted to the forward node. For this, the OpenCV image has to be again
converted in a ROS image message format. The CV format and ROS image message must always have the same number of
channels and pixel depths. The custom node passes the processed image information in a custom generated topic. To this topic, the
RTAB-Map must be subscribed for the reconstruction of the surrounding.

VI.RESULTS AND ANALYSIS
The 3D reconstruction is done using Kinect drivers and RTAB-Map on ROS. To verify that our system is working we considered 3
main point clouds of the same scene (environment). Figure [5] shows the normal point cloud of the room when our custom Object
Elimination node is inactive and also there are no dynamic objects in the room.

Fig. 5. 3D Reconstruction of a room using a Microsoft Kinect camera
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The other two point clouds are recorded when there is a dynamic object (person) present in the frame. Figure [6] shows the point
cloud where our Object detection node is inactive and a dynamic object is present in the frame. It can be seen that the point cloud is
being distorted as the person is in front of the camera as the depth and RGB data of the person is also recorded in the point cloud.

Fig.6. 3D Reconstruction with Object Elimination node inactive
Figure [7] shows the point cloud registered when our Object Elimination Node was active and there was a dynamic object in the

frame. As it can be seen, the point cloud is not distorted because our node has discarded the frame in which a person’s face was
detected.

Fig. 7. 3D Reconstruction with Object Elimination node active
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Further the point clouds of Figure [5] and Figure [6] were compared in Matlab to find the similar features and the difference
between them. Figure [8] shows the output of this comparison. The green part is the extra part in the point cloud where our Node
was inactive. It is evident that the green part is caused due to the dynamic object (person).

Difference Between Two Point Clouds

Y(m)
Fig. 8. Difference between the Point Clouds

Table |
Comparison of model parameters for two different models
Object Detection Model Accuracy | Run time mAP

Tiny YOLO v3 (CNN 87% 200 msec | 63%
Based)
Haar Cascade 65% 84 msec | 49%

Table 1 demonstrates the performance of two classification models used - YOLOv3 and Haar Cascade. There is tradeoff between
the accuracy and the run time of the models. For efficient reconstruction to take place, it was crucial for the model to have minimum
time complexity. For the same reason, the proposed solution incorporates Haar Cascade based classifier for detecting dynamic
objects like humans. Table 2 shows the comparison of the number of points in both the point clouds. It can be inferred that when the
object elimination algorithm is implemented the number of points reduce, that is, the dynamic objects are not being reconstructed.
This verifies the working of our methodology to remove dynamic objects from the reconstruction of a particular frame.

Table 11
Number Of Points In Point Cloud Analysis
With Object elimination algo Without object elimination algo
14219 14865

VII. CONCLUSION

This paper demonstrates a methodology to improve the qualitative accuracy of the point cloud formed in a dynamic environment by
detecting and eliminating the dynamic objects, specifically human beings. It compares two object detection algorithms, tiny
YOLOvV3 model and Haar Cascade model, in terms of accuracy and computational complexity. Although YOLO gives accurate
results, it’s accuracy is affected to a great extent while deploying real-time on our 4GB GPU based system. The Haar Cascade
model is computationally less expensive and provides more faster real-time results. The average execution time of YOLO is 200ms
per frame as compared to the 84ms of Haar Cascade. The scope of this paper can be extended by performing image segmentation.
Instead of discarding the frames that contain the dynamic objects, the images can be segmented before constructing the point cloud.
This will improve the accuracy of the final 3D reconstruction.
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