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Abstract. This paper introduces a computer-based system that is designed to record
a surgical procedure with multiple depth cameras and reconstruct in three dimensions the dynamic geometry of the actions and events that occur during the procedure. The resulting 3D-plus-time data takes the form of dynamic, textured geometry and can be immersively examined at a later time; equipped with a Virtual Reality headset such as Oculus Rift DK2, a user can walk around the reconstruction of
the procedure room while controlling playback of the recorded surgical procedure
with simple VCR-like controls (play, pause, rewind, fast forward). The reconstruction can be annotated in space and time to provide more information of the scene
to users. We expect such a system to be useful in applications such as training of
medical students and nurses.
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1. Introduction
In this paper, we propose a system for 3D-plus-time recording of activities, such as surgical procedures, through 3D capture and reconstruction methods. We introduce that pro-
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Figure 1. System Pipeline: (a) Recording: Multiple-view RGB-depth image sequences are captured during
the procedure. (b) 3D reconstruction: The 3D scene is reconstructed using the sequences. (c) Annotation: The
reconstruction is annotated with 3D text for playback. (d) Immersive Experience: A user walks around the
reconstruction using a head-mounted display.
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Figure 2. Recording configuration. (a): reconstructed 3D procedure room using depth images from a single
moving hand-held camera. (b) and (c): fixed wall-mounted Kinect depth cameras that capture moving objects
during the procedure.

vides an application immersive environments for medical training. In our initial prototype shown here, we captured a prostate biopsy procedure at a UNC Urology clinic (Fig.
1). Our system performs dynamic reconstruction for all persons present: patient, physician, nurse assistant, and an observer. The small procedure room was instrumented with
three Kinect color+depth cameras in three of its corners. Because of the setup’s limited
coverage, and frequent occlusion events caused by the participants, this first reconstruction contains spatial gaps and other inaccuracies.
Yet despite its shortcomings, compared with being physically present at the procedure, the virtual presence provided by our prototype system has several advantages: a
student experiencing the immersive reconstruction can freely move to any desired viewing location, including locations that might have interfered with the procedure as it was
being executed; the reconstruction can be annotated in space and time with information
that facilitates insight and accumulation of knowledge–annotations can be added postreconstruction by the physician who performed the procedure, or by other competent personnel; finally, the student may pause, rewind, or temporally scan through the procedure
at variable speed forward or backward in time, or even ”single-step” through it.
The remainder of this paper is organized as follows. After reviewing relevant previous work in Section 2, the proposed framework is detailed in Section 3, which includes
descriptions of the dynamic scene reconstruction, annotation, playback, and visualization based on a head-mounted display (HMD). The experimental results are discussed in
Section 4. We conclude and summarize possible improvements in Section 5.

2. Background
The modern medical simulator systems [1,2,3] investigate animatable simulators on immersive virtual environments to provide better understanding to users using 3D visualizations than fixed 2D video streams. Limited perspectives are provided to users for
immersive visualization. Recent studies [4,5,6] investigate walk-around VR systems using HMD, though these approaches still use predefined meshes or manually reconstruct
virtual scenes using 3D graphics tools for real world scenarios.
The immersive environments can be generated directly from recorded images using
3D reconstruction methods for more realistic visualization. In controlled setting, [7] proposes the 3D reconstruction of environments from images with HMD visualization. [8]
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Figure 3. Dynamic scene generation. (a): 3D surface meshes from three Kinects at time t. (b): pre-scanned 3D
surface mesh of procedure room. (c): segmented surface mesh from (a). (d): combined mesh consisting of (b)
and (c).

shows reconstruction of objects combined with predefined environments using real-time
stereo matching. In our new system, the entire immersive environment is fully reconstructed from captured images.
The immersive 3D virtual reality (VR) system we introduce here is similar to previously described telepresence systems [9] and enables users to experience immersive
3D environments through a combination of 3D scanning and immersive display. The
3D scanning methods for dynamic scenes reconstruct a sequence of surfaces by updating changes in the scene over time [10]. Geometric change detection methods [11,12]
estimate the changed areas in the scene by modeling static backgrounds. The dynamic
3D scene is updated by re-scanning the changing regions while leaving other regions
untouched.

3. Methods
In this section, we detail the proposed approach for generating the immersive learning
environments. The system pipeline is illustrated in Fig. 1. First, synchronized multipleviewpoint RGB-depth image sequences are captured during the procedure, using Microsoft Kinect depth cameras. Second, the entire procedure is reconstructed as a sequence
of 3D surface meshes over time, using previously described methods [10]. Third, the
sequence of 3D surfaces can be manually annotated by adding timed 3D text in appropriate locations to describe and explain the activities. After this processing, a user wearing a tracked HMD can examine the reconstructed, annotated immersive environment at
leisure and repeatedly, as described above. By updating the eye positions provided by the
HMD tracker in real-time, the visualization subsystem presents a walkable immersive
environment from the user’s perspective. The user controls the playback of the reconstruction with a remote hand-held controller such as a wireless mouse. In the following
subsections, we elaborate on each step.
3.1. Capture and Dynamic Scene Reconstruction
This subsection describes how surgical procedure scenes are reconstructed as a sequence
of surface meshes: M = {M1 , ..., MT }. To capture dynamically changing indoor environments over time, we capture the static background (e.g., the room where the procedure
takes place) in advance, and acquire dynamically changing objects separately, to handle
changes in the surface mesh [10].
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Figure 4. Segmentation of dynamic elements. (a) and (b) are a pair of color and depth images of the empty
procedure room. (c) and (d) show the RGB-depth image at time t. From (b) and (d), changed parts (green)
are segmented from background (purple) using superpixel based foreground detection in (e). (f) shows the
separated segments in (e).

The static background, denoted as M0 , is pre-scanned with a single moving camera
(Fig. 2a). We utilized an extended version of KinectFusion [13] for room-sized scene
reconstruction that incorporates plane matching to improve reconstructions of features
in walls, ceiling, and floor [14].
The moving objects (typically, people and instruments) are captured over time by
fixed depth cameras mounted in the corners of the room (Fig. 2). The depth cameras are
pre-calibrated to a global coordinate system [10]; One of the cameras, C1 , is located at
the origin [I3×3 |03×1 ] of the global coordinate system, and other cameras, Ci , are at their
respective poses [Ri3×3 |Ti3×1 ] relative to C1 . Let Vt = Vt1 ∪ ... ∪ VtN be a set of colored 3D
vertices extracted from RGB-depth images of the N calibrated and synchronized cameras
at time t.
The pre-scan M0 of the static background (Fig. 3b) is also aligned to the global
coordinates of the camera cluster. To achieve that, we initially use pose estimation based
on SIFT feature matching; then we refine the alignment through ICP registration between
M0 and the initially (at time step 0) acquired live geometry set V0 [10].
At each subsequent time step, the acquired live geometry set Vt as shown in Fig. 3a
is segmented to detect foreground (i.e. non-background) data Ft ≡ {v|v ∈ Vt and v ∈
/ M0 }
(Fig. 3c) by comparing Vt (Fig. 3a) with M0 (Fig. 3b). The reconstructed surface mesh
at frame t is defined as Mt ≡ Ft ∪ M0 (Fig. 3d).
The foreground vertices Fti at each camera i are estimated from Vti via superpixel based background subtraction. Fig. 4 shows an example of such foreground segmentation. The static background model Bi0 at each camera i is estimated from a set
of depth images captured just before the procedure (Fig. 4b). The Vti is labeled as
l(v ∈ Vt ) ∈ {0 = background, 1 = f oreground} by subtracting Bi0 from the depth image
Dti . The color image Iti is segmented as a set of superpixels S using SLIC [15] by merging local pixels based on the color similarity. (Fig. 4e). The superpixel Si ∈ S includes a
set of vertices vs ∈ Si , and is labeled as l(Si ) by voting l(vs ). Superpixel-level connected
components are extracted based on the similarity of depth values between adjacent superpixels (Fig. 4e-f). The foreground vertices Fti = {v|v ∈ Vti , v ∈ Si and l(Si ) = 1}.
The Ft = Ft1 ∪ ... ∪ FtN represent the colored 3D points that differ from the static
background mesh M0 . The Ft are meshed using the marching cubes algorithm [16]
followed by a volumetric fusion pass [17]. This forms the dynamic surface at time t
as shown in Fig. 3c. The complete 3D surface mesh becomes Mt = Ft ∪ M0 shown in
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Figure 5. Interacting with the immersive reconstruction. (a): The user examines the reconstruction through a
head-mounted display. The user controls the playback of the scene with a wireless hand-held controller. (b) and
(c): user’s views at two different times. The VCR controls are shown at the bottom. Annotations are visible as
yellow text on the wall.

Fig. 3d. At visualization time, we render the sequence of dynamic 3D surface meshes
M = {M1 , ..., MT } to the user’s HMD in real-time.
3.2. Scene Annotation and Playback control
In addition to the sequence of dynamic 3D surface meshes M, the user is able to view
additional descriptions about the scene and to control the playback of the sequence as
mentioned.
To insert the annotations, a subset of the frames Ms ≡ {Mt1 , ..., Mt2 } where t1 < t2
are manually enhanced with 3D text placed in specific locations in Ms . An example of
such annotation is shown in Fig. 5. The text in this example is positioned on the wall in
3D space and provides information about the surgery step occurring during this period.
During playback, the user can quickly move to a specific time period in the recording using the virtual playback controller and a wireless mouse (Figs. 5b and 5c). The
controller includes play, pause, stop, fast forward, and rewind buttons.
3.3. Head-mounted Display Visualization
Fig. 6 shows a user walking through the reconstructed procedure room. Using the 3D
positions of the user’s eyes and the HMD viewing direction supplied by the HMD tracker,
the immersive, annotated environment is rendered stereoscopically, distortion-corrected
and displayed in the user’s HMD.
To enable the user to walk along the floor in the reconstructed procedure room as
he or she walks in the real world, the coordinates between the reconstructed scene and
of the HMD tracker must be aligned. To accomplish this, we manually transform the
reconstructed mesh to align the floor plane (y = 0) in the mesh with the floor plane
(y = α) in the user’s room.
The mesh is manually transformed in advance so that the floor in the mesh is located
at y = 0 in the coordinate. The x − z plane of the HMD tracker is aligned with the ground
regardless of camera orientation. The floor planes in the reconstruction and in the real
world are aligned by manually adjusting the y coordinate of the mesh.
4. Results
In the recording, four people were present during the procedure shown: a patient, a physician, a nurse assistant, and an observer. To record the scene, four calibrated Microsoft
Kinect depth cameras were used; one mobile unit for the pre-scan of the static back-
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Figure 6. Reconstructed immersive environment. (a): top view with sample user locations (red). (b-d): corresponding views inside HMD. (These are “screen shots” provided by the Oculus SDK, approximations to the
images sent to the Oculus screen.)

ground, and three fixed wall-mounted units for dynamic procedure capture [10]. Our
multiple Kinect recording setup provided approximately 25 color and depth images per
second at 640 × 480 resolution. The three fixed depth cameras were synchronized manually. The reconstruction and visualization systems used Intel Xeon E5-2630V3 Octa-core
2.4GHz with 64GB memory.
The pre-scanned room shown in Fig. 2a was reconstructed from 401 RGB-depth images captured by a single hand-held Kinect depth camera. The dimensions of the room
are approximately 2.5m × 4.5m × 3m (width, length, and height). In this first experiment
1,841 consecutive multiple-view RGB-depth images were sampled, equivalent to a playback running time of approximately 1.5 minutes. At viewing time, an Oculus Rift DK2
HMD was used and the scene is rendered using the Unity 5 Integration provided by
Oculus VR.
Fig. 6 demonstrates the walkaround capability within the reconstructed immersive
environment. Fig. 6a shows the reconstructed room (including dynamic objects such as
people and instruments), which the user can observe from his own, freely selectable position. Three sample views are depicted in Figs. 6b-d and show the distortion-compensated
imagery presented within the Oculus HMD. The user is able to direct his/her gaze at and
approach any spatial regions of the scene he/she is interested in, without restrictions.
Fig. 5 illustrates the playback functions while walking around the reconstruction.
The user holds a wireless mouse and can click the buttons on the virtual playback controller. This feature makes it easy to find and replay the interesting time snippets.

5. Conclusion and Future Work
In this work, we introduced an immersive learning environment for surgical procedures,
created by applying 3D capture and dynamic reconstruction methods to such procedures.
The resulting dynamic geometry can be annotated post-reconstruction to enhance educational utility. We hope that such immersively experienced, annotated procedures will be
useful for beginning medical students and nurses especially, as it can supplement preparation for their initial patient treatment encounters. For the longer term, we hope that
ubiquitous deployment and continuous operation of such acquisition and reconstruction
technology will make it possible to re-experience even difficult or unusual cases, helping
medical personnel develop skills for interventions that occur infrequently.
In the future, we plan to deploy a larger number of cameras, including higher resolution cameras in order to reduce artifacts caused by occlusion or reconstruction failures. To improve the surface quality of the dynamic scene elements, non-rigid registration methods [18,19,20] can be utilized to continually track and integrate the surfaces
of moving objects. We also plan to combine color based multi-view segmentation to improve the surface quality in dynamic scene reconstruction [21]. Finally, we also intend to
integrate contributions from cameras and/or depth scanners worn by the attending personnel, which will help improve the most important parts of the reconstructed geometry,
since they represent the focus of attention of the medical personnel at the time of the
procedure.
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