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Abstract

:

As highly immersive virtual reality (VR) content, 360° video allows users to observe all viewpoints within the desired direction from the position where the video is recorded. In 360° video content, virtual objects are inserted into recorded real scenes to provide a higher sense of immersion. These techniques are called 3D composition. For a realistic 3D composition in a 360° video, it is important to obtain the internal (focal length) and external (position and rotation) parameters from a 360° camera. Traditional methods estimate the trajectory of a camera by extracting the feature point from the recorded video. However, incorrect results may occur owing to stitching errors from a 360° camera attached to several high-resolution cameras for the stitching process, and a large amount of time is spent on feature tracking owing to the high-resolution of the video. We propose a new method for pre-visualization and 3D composition that overcomes the limitations of existing methods. This system achieves real-time position tracking of the attached camera using a ZED camera and a stereo-vision sensor, and real-time stabilization using a Kalman filter. The proposed system shows high time efficiency and accurate 3D composition.
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1. Introduction


Three-hundred-and-sixty-degree video is receiving attention as highly immersive virtual reality (VR) content, where users can observe all viewpoints in their desired direction from the fixed position where the video is recorded, through the intentions of the videographer (who dictates environment position and height). Such video has been used to create highly realistic virtual environments not only in the media industry, including the capture of live performances, movies, and broadcasting, but also in education and games. It can provide a higher sense of immersion to users through the insertion of a computer-graphics-based virtual object, and subsequent user interaction with this inserted virtual object. These techniques have become essential elements for VR content. Typical examples include synthesizing virtual characters or objects in VR movies or displaying information markers in a 3D virtual space. This technique of inserting virtual objects into 360° video is called 3D composition.



In general, 360° video is viewed by wearing a head-mounted display (HMD). Many people experience physical discomfort and symptoms such as headaches, disorientation, and nausea when they wear an HMD [1]. This is VR motion sickness. One of the reasons this occurs is due to the user receiving insufficient updates regarding sensory information from the vestibular system [2]. When 360° video content includes fast camera movement, visual information keeps changing but the user’s actual body position is fixed, which causes motion sickness. For this reason, most 360° video clips are taken from a fixed position. Synthesizing a virtual object into a fixed 360° video clip does not require a long processing time. The clip can be inserted at the desired position from the center of the camera. There have recently been various types of VR content used in film, education, and tourism which include stable movements filmed using special drones or cars. In the case of a 360° video clip including camera motion, a process of synchronizing the motion of the Red-Green-Blue (RGB) camera (actual camera) and a virtual camera is applied for the 3D composition. This process works by extracting internal (focal length) and external (position and rotation) parameters from the RGB camera used to capture a real scene [3,4]. From these parameters, we can retrieve the motion of the RGB camera, and this is called camera tracking [5]. The traditional 3D composition method estimates the trajectory of the camera by analyzing the feature points of each frame from the captured images. This method has a disadvantage in that the video resolution and camera-tracking processing times are proportional, and the composition results can only be confirmed after several processes (e.g., recording and camera tracking).



In this paper, we propose a novel method using stereo vision that can extract a depth map in real-time for 3D composition, rather than the traditional method using captured images.




2. Background Theory and Related Studies


2.1. 3D Composition


For a realistic 3D composition, it is mandatory that the RGB camera in the real space and the virtual camera in the virtual space have the same viewpoint. In the traditional method, the internal and external parameters can be estimated by searching the feature points from bright spots and dark spots and analyzing the feature point correspondence between each frame. Typical examples of this include simultaneous localization and mapping (SLAM) [6,7,8] and structure-from-motion (SfM) [9,10]. The external parameters extracted by these algorithms can be linked with virtual cameras in various 3D programs such as 3D Max and Maya, as applied in video production, and the Unity 3D and Unreal engines for game production. Figure 1 shows a traditional 3D composition method.



In general, the 3D composition method tends to depend on the camera-tracking result. Therefore, if the camera-tracking process fails the video must be reshot, which wastes time and money. In previous studies, we reported that various factors may lead to the failure of camera tracking, including an occlusion by a person or object, and motion blur caused by fast camera movement [11]. However, this is more likely to occur in a 2D video shot with relatively numerous camera movements. For a 360° video clip there is a low possibility of camera tracking failures from such factors because stable camera movements are applied to prevent user motion sickness when wearing an HMD. Nevertheless, there is a factor that has not yet been mentioned, caused by a difference in the production processes between 2D and 360° video. In 360° video more than two cameras are used for capturing each different camera view, and after recording in real-time a 360° panoramic view is created through a matching process called “stitching”, which overlaps parts from each video clip [12]. During this stitching process errors can occur as a result of inaccurate matching due to lens distortion. These errors interfere with the tracking of the feature points in a 360° video clip containing camera movement. As a result, accurate 3D composition is hindered, and human resources are wasted. Figure 2 shows such stitching errors.



There have been various studies undertaken with the aim of solving this problem. Most of them use a method of applying camera tracking to perspective views of a 360° video clip before the stitching process. One such method proposed by Michiels et al. uses a perspective view from one of the 360° camera rigs to obtain an undistorted image for eliminating the stitching errors [13]. In addition, Huang et al. proposed a method for obtaining stable tracking results, which uses an image correction by overlapping the point where the distortion occurs with the position difference between frames [14]. Furthermore, tracking algorithms for spherical images such as spherical scale invariant feature transform (SSIFT) [15] and spherical oriented fast and rotated brief (SPHORB) have been developed [16]. These methods can reduce the stitching errors caused by a misplaced feature point, but basically, it is progressed from the recorded video. In addition, most 360° video clips have a high resolution of more than 4K, which means a significant amount of time is consumed in camera tracking.




2.2. Stereo Vision


Representative algorithms for estimating the location of a device in real space and generating a map of the surrounding environment are simultaneous localization and mapping (SLAM) [4,5,6] and visual inertial odometry (VIO) [17,18]. SLAM and VIO can be applied to different types of sensors such as stereo vision, time-of-flight (ToF), and lidar, depending on the environment. Among them, stereo vision uses two cameras to extract the depth map and calculate the three-dimensional position of the feature point to calculate the relative motion. It has the advantage of being relatively inexpensive when compared with lidar and it can measure a wider distance than ToF [19].



In this paper, we used a ZED, which was developed by Stereo Lab [20]. A ZED is a stereo-vision device which uses the SLAM algorithm to provide various software tools, a software development kit (SDK) to generate 3D environment mapping and point clouds from real scenes for estimating position tracking in real-time. Various studies have been conducted on the accuracy of ZED. Ibragimov et al. investigated various Robot Operating System (ROS)-based visual SLAM methods and analyzed their feasibility for a mobile robot application in a homogeneous indoor environment. It was verified that the odometry errors of the ZED are as low as those of lidar [21]. In addition, Alapetite et al. compared the ZED with OptiTrack to analyze its accuracy [22].



In this study, we used the real-time positional tracking value of the ZED as the external parameter value of a mounted 360° camera. In addition, we converted the extracted data into a script suitable for a 3D program (e.g., 3D Max, Maya, Unity) to create a virtual camera.




2.3. Related Studies


There have been various studies relating to the 3D composition of virtual objects in 360° video clips. These studies are based on VR, augmented reality, and mixed reality (MR). Focusing on research on 360° video, Rhee et al. implemented a real-time lighting and material expression of virtual objects, according to the positional change reconstructing the camera trajectory from the captured 360° video [23]. Furthermore, the proposed MR360 is used to synthesize virtual objects with real background images. However, it is based on a fixed 360° video, and thus it differs from our proposed method, which contains camera movement [24].



Similarly, Tarko et al. implemented real-time 3D composition using the Unity game engine through a stabilization process after camera tracking [25]. However, camera tracking was based on the captured image. Here, real-time indicates a real-time composition in a 3D program after the tracking process, not during the recording step. Our proposed method is a real-time composition performed at the same time as the video recording.



We recently proposed a novel system that uses Microsoft HoloLens to track positions precisely for match-moving techniques [11] and studied a virtual camera for making motion-graphics using transformed data from the ZED [26]. In this paper, we propose a stabilized 3D composition system and a pre-visualization system using the ZED based on these previous studies.





3. Proposed System and Experiment


In this paper, we propose a novel system that uses ZED stereo vision to track the trajectory precisely for 3D composition in a 360° video. The proposed system also includes a pre-visualization system that can be confirmed to result from a 3D composition while recording the 360° video. Figure 3 shows the complete workflow of the proposed system.



3.1. Real-Time 3D Composition Using Stereo Vision


In our proposed system, we use a 360° camera “Z1”, developed by Ricoh-theta [27]. Z1 can record in 4K (3840 × 2160). It can also use real-time video streaming with stitching to 3D programs such as Unity and Unreal. This 360° camera system and the ZED mounted on a rig are connected to a PC through a USB 3.0 port. In addition, the ZED is configured such that it faces the same direction as the front of the 360° camera. The 360° camera is used to record the images of the real scene, and at the same time, the ZED extracts the external parameter by generating a depth map in real-time. The ZED generates the initial value of position data (0,0,0) when the program starts, so the difference in the physical distance between the ZED and Z1 is not considered. Figure 4 shows the rig-mounted 360° camera and the ZED.



The extraction and saving of external stereo-vision parameters are applied within Unity 3D, which is used for simultaneous processing with a pre-visualization system to confirm the composition result. For our method, we propose a stabilization process for external parameters in order to obtain better performance from the noise that generally contains stereo vision. The external parameters extracted from the ZED are saved as new data through a linear Kalman filter in real-time.



The Kalman filter is an algorithm that was developed by Kalman during the early 1960s [28,29]. It is used to track the optimal value by removing the noise included in the measured value using the prior and prediction states. It consists of a prediction step and an update step. In the prediction step, an expected value is calculated when the input value is received, according to the prior estimated value. In the update step, an accurate value is calculated based on the prior predicted value and the actual measured value. In other words, a correct value is derived by repeatedly applying the prediction and update steps. It is suitable for real-time processing because it makes predictions based on the immediately preceding data, rather than all previous data [30,31,32].



The trajectory data stabilized through the Kalman filter can be saved in various formats for application to 3D programs during post-production. In this paper, we saved the data using the 3ds Max file scripting language (.ms) to create a virtual camera in 3ds Max. Figure 5a shows the 3ds Max script file and Figure 5b shows the 3D composition in the 3ds Max program.



To measure the accuracy of the camera trajectory with a Kalman filter, the traditional tracking method using an RGB camera was set to the ground truth, in order to compare the applied Kalman filter and raw data of the camera trajectory. The use of the traditional tracking method as a ground truth—even if it is not the best—allows us to show that the proposed method has the same camera trajectory accuracy as the traditional method.




3.2. Pre-Visualization


The purpose of the pre-visualization system is to confirm the composition result while recording the 360° video. For this purpose, we connect the 360° camera and stereo-vision ZED to a PC through a USB 3.0 port to send a video signal and trajectory data within the 3D program. In this study, we used the Unity game engine, which synchronizes the external parameters using the virtual camera from the ZED and generates a 360° virtual space for streaming the 360° camera video feed of the texture of a spherical object in real-time. The spherical object is set to 2.5 m in radius so as not to interfere with the placement of the virtual object. It also follows the virtual camera. It streams the video feed at 4K resolution at 60 fps, with a delay of 0.212 s. If the frame rate and time code do not match, the 3D composition will fail. To avoid this, the update function in Unity is set to 60 updates per second using FixedUpdate which has a static update rate, and a 0.212 s delay is given to the ZED data to match the time code.



The pre-visualization system uses simple 3D objects such as a box, cylinder, and a human-shaped figure. The real-time lighting and texture composition mentioned in various studies can be applied to our proposed method, although the purpose of our system is to confirm the possibility of such composition, and not perfect its application. Therefore, our system does not consider real-time lighting and texture composition techniques. Figure 6 shows the pre-visualization system and a simple 3D object.





4. Experimental Results


In our proposed system, in order to measure the camera trajectory and verify the composition of the pre-visualization system, we recorded two different 360° video clips, indoors and outdoors. The scenes were captured for duration of 26 s and 19 s at rate of 60 fps. Figure 7 shows the 360° images recorded.



4.1. Camera Trajectory


The camera trajectory experiment was undertaken to show the efficiency of the proposed system through comparison with the traditional method of extracting camera trajectory, and additionally to show the improved accuracy of camera trajectory using the Kalman filter. Therefore, the proposed system and an RGB camera were used simultaneously for extracting each camera trajectory. The camera trajectory of the traditional method was set as the ground truth. For various camera movements, we used only hands without special equipment such as a stabilizer. Figure 8a,c shows the camera trajectory extracted from the ZED in comparison with the ground truth, which was recorded using the RGB camera. Figure 8b,d shows the camera trajectory extracted from the ZED with a Kalman filter in comparison with the ground truth. The deviations in percentage error calculated for both raw trajectory data and trajectory data with a Kalman filter, in comparison with the ground truth, are shown in Table 1. From Figure 8 and Table 1, it can be seen that the camera trajectory extracted from the ZED with a Kalman filter is mostly aligned with the ground truth, with a percentage error of less than 3.1%. In addition, the raw camera trajectory data extracted from the ZED is also mostly aligned with the ground truth. However, position X indoors shows a percentage error of 11.8%. By contrast, the Kalman filter shows a percentage error of 2.6%, which is less than that of the raw data.



As a result, it can be seen that the data extracted from the ground truth using the traditional method and the stereo-vision approach do not show a significant difference. This indicates that the proposed method achieved significant results for real-time composition. However, as can be seen in Table 1, the trajectory data following application of the Kalman filter show a lower difference from the ground truth when compared to the traditional method for all data. This indicates that applying the Kalman filter is more effective in preventing noise in the stereo-vision sensor and obtaining stable data.




4.2. 3D Composition Using Pre-Visualization System


At the same time as the recording, a 360° video clip and the external parameters of the stereo vision were transmitted to the Unity 3D game engine to create a virtual camera for pre-visualization. Figure 9 shows the results of the pre-visualization of the indoor and outdoor scenes while recording the 360° video. The result displayed through the pre-visualization system was used to confirm the composition result. For the final video, further composition processes such as lighting, shadowing, and texturing in 3D software are needed.



The final composition was conducted in 3ds Max 2018. When the recording was finished, the 3ds Max script, which included the trajectory information of the stereo vision, was immediately generated. It was used to create a virtual camera in the 3ds Max virtual space. Figure 10 shows the rendered images and the final 3D composition images. No difference can be seen in the camera trajectory because it uses the same trajectory data saved from a real-time pre-visualization system. As a result, it does not need an extra process for extracting the camera-tracking data, and thus our proposed system is more time efficient than the traditional method.





5. Conclusions


In this paper we proposed a real-time 3D composition method for 360° video production. The proposed system consists of two subsystems. Firstly, a stereo-vision ZED is used to obtain the parameters of the external cameras, which are mounted together to estimate the camera trajectory in real-time. Secondly, an efficient pre-visualization system is implemented to preview the results of the 3D composition during the recording.



In this study, we exploited a system that overcomes the limitations of the traditional method, which uses camera tracking after video recording. Our experimental results show that the 3D composition results of the proposed system are not significantly different than the results obtained using the traditional method. In addition, we implemented a stable trajectory by applying a Kalman filter to the raw data obtained from the ZED. The Kalman filter achieved better trajectory results than the raw data. Our system has an advantage over the traditional method because it does not need to extract feature points from the captured images. It can save the data of the external parameters during the recording process, and this was also verified in the composition results. However, as a limitation of the proposed system, it works using a USB port and not a network. In the future, the authors plan to implement a network communication system by installing a network device that will be able to send video and transformed data to a PC for further processing.



It can be predicted that, with the advancement of the virtual reality industry, interest in the 3D composition of 360° video will also increase, and therefore a more efficient system will be required. We expect that the system presented herein will be applicable for the effective 360° video production of 3D composition in low-budget production companies.
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Figure 1. The traditional process using camera-tracking software (Boujou, After Effects) for creating a 3D composition by extracting feature points and estimating camera trajectory from video frames. The blue box shows the recording step (production) and the black boxes show the post-recording steps (post-production). 
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Figure 2. Errors of stitching in a 360° video. 
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Figure 3. The proposed system workflow using stereo vision for extracting the external parameters of the 360° cameras, which were mounted together. The blue boxes show the recording step (production) and the black boxes show the post-recording steps (post-production). 
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Figure 4. 360° camera and stereo-vision ZED camera. 
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Figure 5. 3D composition process in 3ds Max: (a) Max script and (b) 3ds Max scene. 
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Figure 6. Pre-visualization system: (a) pre-visualization Unity scene and (b) simple 3D object. 
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Figure 7. Experimental space for recording of 360° video: (a) indoor and (b) outdoor. 
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Figure 8. Accuracy evaluation of the camera trajectory extracted from (a,c) the ZED and (b,d) the applied Kalman filter against the ground truth (Boujou). 
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Figure 9. Results of pre-visualization: (a) indoor and (b) outdoor. 
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Figure 10. Rendered images and final 3D compositing images: (a,b) indoor and (c,d) outdoor. 
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Table 1. Standard deviation in the comparison of the ground truth, raw trajectory data, and trajectory with the Kalman filter.






Table 1. Standard deviation in the comparison of the ground truth, raw trajectory data, and trajectory with the Kalman filter.





	

	
Position X (%)

	
Position Y (%)

	
Position Z (%)






	
Indoor

	
Ground truth–raw trajectory

	
11.81081

	
1.875021

	
0.547256




	
Ground truth–trajectory with Kalman filter

	
2.6780439

	
0.432794

	
0.112748




	
Outdoor

	
Ground truth–raw trajectory

	
1.740435

	
3.604414

	
0.147483




	
Ground truth–trajectory with Kalman filter

	
1.537084

	
3.093616

	
0.077608
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