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Abstract: Reconstructing a three-dimensional (3D) environment is an indispensable technique to make augmented reality and augmented virtuality feasible. A Kinect device is an efficient tool for reconstructing 3D environments, and using multiple Kinect devices enables the enhancement of reconstruction density and expansion of virtual spaces. To employ multiple devices simultaneously, Kinect devices need to be calibrated with respect to each other. There are several schemes available that calibrate 3D images generated from multiple Kinect devices, including the marker detection method. In this study, we introduce a markerless calibration technique for Azure Kinect devices that avoids the drawbacks of marker detection, which directly affects calibration accuracy; it offers superior user-friendliness, efficiency, and accuracy. Further, we applied a joint tracking algorithm to approximate the calibration. Traditional methods require the information of multiple joints for calibration; however, Azure Kinect, the latest version of Kinect, requires the information of only one joint. The obtained result was further refined using the iterative closest point algorithm. We conducted several experimental tests that confirmed the enhanced efficiency and accuracy of the proposed method for multiple Kinect devices when compared to the conventional marker-based calibration.
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1  Introduction

Since Microsoft (MS) released Kinect and its software development kits (SDKs) in 2011 [1,2], it has attracted tremendous interest from scientists, engineers, robotics enthusiasts, and even game-hobbyists [3]. Unlike the traditional RGB camera, Kinect provides spatial depth information based on two-dimensional (2D) RGB images to create delicate spatial three-dimensional (3D) images or reconstruct 3D surrounding environments; this technique is crucial for the development of augmented reality or augmented virtuality [4–9]. Moreover, since Kinect offers an application programming interface that tracks human skeletons in real-time, it can be used as a means of human-computer interaction in a variety of ways [10–12]. In 2014, MS released the second version of Kinect, named Kinect v2, a real-time depth sensing device based on the time-of-flight (ToF) principle instead of the existing structured light approach [13]. Subsequently, in 2019, they released Azure Kinect [14–16], the latest version of Kinect that captures depth images based on the ToF principle as well. However, unlike previous Kinect versions, it supports multiple depth-sensing modes. The depth sensing precision performance of Azure Kinect is better than that of the previous versions of Kinect [17], and its skeleton tracking accuracy surpasses its predecessors [18].

Using multiple Kinects for precise 3D image reconstruction is considered more efficient and reliable; however, it requires several calibrations between the Kinects. Conventionally, a marker is used to set up the criterion for 3D images induced from each Kinect for calibration. However, calibrating with the marker induces some difficulties, including setting up the marker whenever a 3D image is generated from each Kinect for each calibration, and the dependence of calibration accuracy on marker detection performance.

To overcome these drawbacks, one of the authors recently developed a markerless calibration technique [19] for multiple Kinect devices; this technique introduced a joint tracking algorithm by combining it with iterative closest point (ICP) algorithms [20] to reconstruct a 3D environment by calibrating 3D images generated from multiple Kinects. Similarly, in [21–24], the first global registration method was proposed that uses body tracking for 3D images generated from Azure Kinect; next, the errors of global registration information are reduced using a refinement registration by applying local feature matching with geometrical information.

In this study, we propose a method for calibrating multi-Azure Kinects with two refinement-based steps and using the ICP algorithm to refine a rough calibration for the joint coordinates of human beings. The proposed scheme enables convenient, easy, fast, and accurate calibration for multi-Azure Kinects. We confirmed its convenience compared to that of traditional calibration methods that use a marker by conducting some experiments of 3D environment reconstruction that varied the positions and viewpoints of two Azure Kinects.

The remainder of this paper is organized as follows. Section 2 provides a brief review of traditional calibration methods and related algorithms. Section 3 introduces the two-step calibration method based on body tracking, and the ICP algorithm for 3D images generated from the Azure Kinect. Preliminary numerical results are presented in Section 4 that demonstrate the efficiency of the proposed technique. Finally, we summarize our results and discuss further possibilities in Section 5.

2  Related Work

In this section, we briefly explain the traditional method of calibrating multiple Kinects and body tracking techniques, and the ICP algorithm used in the proposed scheme.

2.1 Multi-Kinects Calibration Using Marker

Conventionally, calibrating multi-Kinects requires transformation between 3D images, which needs a common position in all 3D images. Marker is a popular traditional way of recognizing this common position. It is disposed at the common points of all 3D images, and is detected in RGB 3D images using the marker extraction algorithm. The process is as follows: First, all contours of the marker are determined. Next, based on the convexity of a contour, the number of vertices, and the area formed by the vertices, the remaining contours become the candidates of the marker. Subsequently, the marker is extracted by recognizing its inner patterns. The 3D image coordinates corresponding to the vertices of the extracted marker represent its position in the Kinects. Thereafter, the vertices of the extracted marker in 3D images are adjusted such that the marker position forms the origin. In addition, a transformation matrix is calculated using orthogonal Procrustes algorithms; the transformation matrix is an extrinsic parameter that contains information of 3D translation and 3D rotation which transform the position of Kinect to the coordinate of the marker. All the results generated from all Kinects are reconstructed to a 3D environment using the transformation matrix.

2.2 Azure Kinect Body Tracking

Azure Kinect body tracking can track multiple kinematic skeletons of human bodies simultaneously. It estimates 2D poses by inputting the IR image of the depth sensor, and then performs 3D model fitting. In terms of accuracy and precision, it surpasses its predecessors, Kinect v1 and Kinect v2 [18], by using a convolutional neural network-based solution for 2D pose estimation.

A kinematic skeleton for one human being includes 32 joints with a joint hierarchy that flows from the center of the body to the extremities, as displayed in Fig. 1a. Each joint, as displayed in Fig. 1b, consists of a 3D position, which is the distance between the depth camera and a 3D orientation expressed as a normalized quaternion, and is expressed in millimeters. The position and orientation of each joint form its own absolute joint coordinate system in the depth camera 3D coordinate system. Each joint has one of these confidence levels: “NONE,” “LOW,” “MEDIUM,” and “HIGH,” which respectively mean out of range (too far from the depth camera), not observed (likely due to occlusion), predicted joint pose, medium confidence in joint pose, and high confidence in joint pose. The current SDK only provides joints up to the medium confidence level; the high confidence level is a placeholder for future SDK.
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Figure 1: Definition of 32 joints from Azure Kinect: (a) joint hierarchy and (b) joint coordinates generated by two Azure Kinects

2.3 Iterative Closest Point Algorithm

ICP is an efficient algorithm for minimizing the distance between two groups of points; it finds the correlation using the closest point of each data, moves and rotates the current data accordingly, and adds it to the existing data set. It is used for reconstructing 2D or 3D environments by integrating 3D images induced from different cameras or scans, registering new scan data to the current map, or co-registering bone models.

Since ICP only depends on the distance between points, it may incur several errors if the initial alignment is not close to each other; however, this can be resolved by combining the alignment position with color images [25]. Commercial depth cameras, such as Kinect, produce pairs of depth and color images. Industrial 3D scanners are equipped with synchronized color cameras as well, and provide software that associates color information with 3D scans. Therefore, the color information along with the geometry directly affects point registration accuracy.

3  Proposed Method

In this section, we introduce the process of markerless two-step calibration technique. Fig. 2 illustrates its process flow.
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Figure 2: Overall flowchart for the proposed method

First, a rough calibration is executed using the joint coordinates of the human body, while each Azure Kinect generates 3D images and tracks the body. Next, using the ICP algorithm, the calculated extrinsic parameters are refined to accomplish the entire calibration. Once calibrated, the 3D images generated from each Kinect are combined to reconstruct one 3D environment. Finally, once the calibration is completed using the two steps mentioned above, the 3D environment is reconstructed by transforming the position of the 3D points using an extrinsic parameter such that 3D images from all Azure Kinects have the same coordinate system.

3.1 3D Image Generation

As depicted in Fig. 3, each Azure Kinect generates a 3D image by capturing the color image and depth image of the scene being viewed by the Kinects. In Fig. 3, one can see various contours which are reflected from the Kinect. At the same time, there are several missing values which are expressed as blurring with purple color, instead of being represented by explicit contours, the same as other objects’ contours. Actually, there are two reasons for the occurrence of the missing values-the first is from the occlusion. That is, since the Kinect measures a distance by time of flight (ToF), if there is a region where the laser from Kinect cannot approach, then it makes the missing values-such as under the desk in Fig. 3. The other reason is that if the Kinect is located parallel to the object, it is not easy to reflect the laser from the object. For example, the coffee machine (object behind the black monitor) in Fig. 3. However, the goal of this study is to provide an efficient technique to calibrate among several Kinects. Therefore, controlling missing values is out of current interest and can be a new interesting research topic in the future.
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Figure 3: Color (left) and depth images (middle) captured by two Azure Kinects, and 3D images (right) generated by two Azure Kinects

The generated 3D image in each Kinect is a colored point cloud composed of RGB colors and 3D point position, with its own Kinect depth sensor as the origin. Therefore, as displayed in Fig. 4, the 3D environment simply reconstructs 3D images generated by two different Azure Kinects without any calibration. As described above, since each 3D image generated by other Kinects has its own position coordinates before calibration, the two clouds fail to combine, and other objects in each Kinect appear superimposed in the same position.
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Figure 4: 3D environment reconstructed by two point clouds created from two uncalibrated Azure Kinects

3.2 Body Tracking

In this subsection, we explain the body tracking feature of Azure Kinect. For convenience, we assumed that only one person is being tracked at each time. Among the joints of the tracked body, joints that are out of range from being too far from the depth camera and those predicted but not observed due to occlusion were removed, and only joints with higher joint confidence levels, such as medium and high, were retained. Each joint had a right-handed coordinate system comprising a 3D position with a depth sensor in the Azure Kinect as the origin, and an orientation expressed as a normalized quaternion. In the subsequent process, the quaternion was converted into a rotation matrix to calculate the extrinsic parameter, using the following equation [26]:

R(q)=[2(q02+q12)−12(q1q2−q0q3)2(q1q3+q0q2)2(q1q2+q0q3)2(q02+q22)−12(q2q3−q0q1)2(q1q3−q0q2)2(q2q3+q0q1)2(q02+q32)−1],(1)

where quaternion q = (q0, q1, q2, q3) is composed of one scalar q0 and three 3-element unit vector values q1, q2, and q3; q0 represents the angle of rotation and the 3-element vector values correspond to an axis of rotation about which the angle of rotation is being performed. Fig. 5 displays the state for visualizing the axis of the joint coordinates induced from the tracked body by each Azure Kinect in a color image.
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Figure 5: Visualization of joint coordinates of tracked bodies to a color image

3.3 Rough Calibration Using Joint Coordinates

Since each joint has its own independent coordinate system, calibration between two Azure Kinects is possible even though only one joint is being tracked simultaneously by different Azure Kinects for the same person. We assumed that there were two Azure Kinects; the first one setup the master Kinect m, and the other one setup the sub Kinects s. m and s simultaneously tracked the same joint for the same person, which represented as jm and js, respectively. The extrinsic parameter Es2m can be defined as folllows:

Es2m=Ej2m∗(Ej2s)−1,(2)

where Ej2m=[RjmTjm01] and Ej2s=[RjsTjs01]. It should be noted that the extrinsic parameter represents the transformation of one point of s, Xs=(Xs,Ys,Zs,1)T, to the corresponding point, Xm=(Xm,Ym,Zm,1)T, which is the point of m in homogeneous coordinate space. Herein, Rjm and Rjs represent the corresponding rotation matrices for jm and js, respectively. In addition, Tjm and Tjs represent translation vectors for each position of jm and js, respectively. As per Fig. 6, the axis of the coordinate system of m was visualized as a color image of s using the extrinsic parameter obtained solely from the neck information among several joints of the human. Therefore, the axis was somewhat distant from the actual position of m; this is due to the error in the joint coordinates coming out from the body tracking process of the Azure Kinect.
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Figure 6: Visualization of axis of coordinate system of Azure Kinects captured in the color image of one Azure Kinect using rough extrinsic parameters of the two Azure Kinects calculated by rough calibration

3.4 Refinements Using ICP Algorithm

ICP algorithm was employed to improve the accuracy of the extrinsic parameters calculated from rough calibration. It was performed by inputting the point cloud generated from m and the one transformed from all points of the point cloud created from s using Es2m. The extrinsic parameter was refined by aligning the two point clouds repeatedly, and calculated after the alignment represented the final calibration result. Fig. 7 displays the misaligned parts of the two point clouds roughly aligned in the first step that were precisely aligned by the ICP algorithm. Fig. 8 demonstrates the visualization of the axis of the coordinate system of m with the color image of s using the extrinsic parameter resulting from the final calibration; the axis was visualized more accurately at the actual position of m, when compared to Fig. 6.
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Figure 7: Two point clouds (left) roughly aligned by rough extrinsic parameters, and corrected alignment (right) after running ICP algorithm on the point clouds
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Figure 8: Visualization of axis of coordinate system of Azure Kinects captured in the color image of one Azure Kinect using final extrinsic parameters of the two Azure Kinects after refinements

4  Experiments

In this section, we describe the test method and corresponding results of the proposed calibration method with two Azure Kinects. Owing to a lack of supply, we employed only two Azure Kinects: one master and one sub-Azure Kinect. To redeem the lack of sufficient sub-Azure Kinect supply, we conducted the test five times by varying the angles of the sub-Azure Kinects. More details are provided in the following subsections.

4.1 Initial Setting

Two Azure Kinects were installed in a furnished workspace with the approximate dimension of 6 m × 3.2 m × 2.7 m. The first Azure Kinect was set up as the master, and the other was set up as the sub-Azure Kinect. As displayed in Fig. 9, the position of the master was fixed, whereas the position of the sub-Azure Kinect changed by varying its viewpoint. All results from the individual viewpoints of sub-Azure Kinects were integrated to reconstruct the 3D environment. Fig. 10 displays the color images captured from the master and each view of the sub-Azure Kinect.
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Figure 9: Layout of master Azure Kinect and sub-Azure Kinect for each test
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Figure 10: Color images captured from master Azure Kinect and sub-Azure Kinect for each test

4.2 Implementations

A 3D point cloud was generated by capturing a color image and a depth image obtained from the two Azure Kinects installed on a single machine using the sensor SDK of the Azure Kinect developer kit [14–16]. Body tracking was independently performed on both Azure Kinects using the body tracking SDK to create coordinate pairs with joints of medium or high confidence levels in both devices. It should be noted that we directly implemented the transformation of quaternion in (1) into a rotation matrix. In addition, a rough calibration was performed by averaging the extrinsic parameters calculated for each coordinate pair. We used the colored ICP algorithm of Open3D [27], which is an open-source library that supports rapid development of software dealing with 3D data, for refinement. For point cloud visualization, we used OpenCV [28], which is an open-source library of programming functions primarily aimed at real-time computer vision, and Point Cloud Library [29], which is an open-source library of algorithms for point cloud processing tasks and 3D geometry processing. Each version of the implementation is presented in Table 1.

[image: images]

4.3 Results

The 3D environment was reconstructed using the proposed calibration technique for each test; the results are displayed in Fig. 11.
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Figure 11: 3D environment reconstruction of each test performed using two Azure Kinects

As per Fig. 11, test #1, which had parallel viewpoints of two Azure Kinects, and tests #2 and #5, which had orthogonal viewpoints of two Kinects, exhibited good refinement after rough calibration, thereby leading to a wider 3D environment reconstruction. In contrast, tests #3 and #4, wherein the Kinects were positioned in opposite directions, failed the ICP algorithm, thereby leading to less accurate reconstruction of 3D environment where extrinsic parameters were calculated solely from rough calibration; this was due to the lack of overlapping space between the 3D point clouds. This experiment was shown that overlapping parts need to use multiple Kinects, and it is a feature of the ICP algorithm that requires overlapping regions. To hurdle this drawback, therefore, more Azure Kinects are required to create a point cloud that overlaps with the existing point clouds. Once the sub-Azure Kinects in tests #4 and #5 in Fig. 11 were set up as sub#1 and sub#2, respectively, we obtained two extrinsic parameters: (1) the extrinsic parameter calculated by performing calibration between sub#1 and sub#2, and (2) the calculated extrinsic parameter between sub#2 and master Azure Kinect. Thereafter, we calculated the extrinsic parameters of master and sub#1, facing each other, by multiplying the two extrinsic parameters. Fig. 12 displays various viewpoints of the 3D environment reconstructed by applying this calibration technique, assuming that six Azure Kinects were simultaneously installed at the locations marked in Fig. 9. In the present experiment, since only two Azure Kinects were available, 3D images from each Azure Kinect were first saved and then recalled offline to perform the final calibration.

[image: images]

Figure 12: Reconstructed 3D environment using six Azure Kinects

To investigate the accuracy of the calibration, we used a checkboard consisting of 40 squares (5 × 8). As displayed in Fig. 13, 28 inner corner points of the checkerboard were detected in the color image, and each corner point was converted into 3D coordinates using the depth image. After performing these on two calibrated Azure Kinects, the average error of the corresponding corner points between the two Azure Kinects was measured in centimeters (cm).
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Figure 13: Inner corner points of checkboard detected from color image of two Azure Kinect for measuring accuracy of calibration

We compared the calibration error of the proposed method with the most recent study, Lee et al. [21], which is similar to our method in that it does not require a marker for calibration. For the five test sets defined in Fig. 9, the calibration error of each method was measured in centimeters. The results are presented in Table 2, and the result of the marker-based technique is also presented. As shown in Table 2, both with or without refinement, the proposed method showed higher calibration accuracy than Lee et al. [21]. In particular, the refinement of the proposed method was much more effective, which can be seen from the result that the rough calibration showed a slight difference of 3.7% to 12.4%, whereas the difference increased from 31.3% to 65.3% after performing refinement.
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Meanwhile, the calibration accuracy of the proposed method in all test sets was lower than that of the marker-based technique before refinement was performed. This is because rough calibration depends entirely on the performance of body tracking. However, the results generated with refinement using the ICP algorithm were more accurate; the calibration error was reduced by up to 43% compared to the marker-based method. We note that tests #3 and #4, with no overlapping region, could not produce any results as they failed the refinement in both the proposed method and Lee et al. [21].

To demonstrate the improved calibration accuracy using refinement, a sphere was centered on one of the corner points detected in the two Azure Kinects of test #1, as shown in Fig. 14.
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Figure 14: Visual comparison of calibration accuracy: (left) without refinement, (right) with refinement

5  Conclusion

We introduced a two-step calibration technique to reconstruct a 3D environment by generating 3D images obtained from multiple Azure Kinects, wherein each Azure Kinect tracked the human body in its own generated 3D image, and a rough calibration was executed for each Kinect by using the joint coordinates of the human body. Thereafter, the calculated extrinsic parameters were refined to accomplish the calibration using the ICP algorithm, thereby reconstructing the desired 3D environment.

Several numerical results revealed that the proposed technique achieved higher accuracy and efficiency than the conventional calibration technique using a marker. In addition, the proposed scheme was convenient since it did not require a maker, and enabled highly accurate calibrations using the ICP algorithm. Moreover, utilizing only one human joint led to an efficient calibration of Azure Kinects from multiple viewpoints. Owing to a lack of sufficient Kinect supply, we used only two Azure Kinects. For further research, we plan to conduct various techniques that calibrate a large number of Azure Kinects simultaneously.
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Table 1: SDK and library version for implementation

SDK/Library Version
Azure Kinect sensor SDK 1.4.1
Azure Kinect body tracking SDK 1.10
Open3D 0.13.0
OpenCV 4.5.3

Point cloud library 1.12.0
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Table 2: Comparison of calibration error measured in centimeters

Test set Method
Marker-based  Lee et al. [21] Proposed Lee et al. [21] Proposed
(rough) (rough) (refinement) (refinement)

1 4.48 6.87 6.62 4.2 2.54

2 4.98 7.49 7.4 4.54 3.12

3 7.8 10.77 10.21 - -

4 8.11 12.5 11.69 - -

5 4.77 8.02 7.13 3.98 3.03
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