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Real-time Surface Reconstruction and

Interaction for Mixed Reality

Eduardo Munoz Martinez
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Supervisor: Carol O’Sullivan

We proposed a method to reconstruct dynamic surfaces from the real world using a
fixed Kinect depth camera. By acquiring a color image video and depth data from
the device, the application reconstructs a dynamic point cloud and computes vertex
normals to describe the real world scene. Matching the real-time color image with
the reconstructed dynamic surfaces enables interaction between real and virtual objects.
Considering the virtual objects as rigid bodies, collisions against the dynamic surface are
computed by a physics module. Occlusions are generated by manipulating the opacity
of virtual object’s pixels and comparing depth information between its position and
the depth data of the scene. We described techniques to boost real-time performance:
pre-processing the background by computing depth segmentation to retrieve bounding

boxes for each region and separate collision detection into low-cost phases.

The method and techniques proposed enable the user to interact in a real-time environ-

ment with virtual objects, allowing collisions and occlusions.
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Chapter 1

Introduction

1.1 Motivation

Digital entertainment, especially videogames aims for a more immersive user experience.
Di erent technigues have been implemented in the last couple of years trying to improve
this sensation, such as motion controls, stereoscopic cameras, depth cameras, computer
vision, among other combination of themselves.

In 2006, Nintendo showed a motion control technology when they released the Nintendo
Wii console. The product received generally positive reviews, it brought a new era of
gaming control, but still, the player had to hold the motion control at all time in a
certain position to be detected by the infrared sensor. In 2010, Microsoft released to the
market a depth camera device called Kinect, which tracks the movements of the player's
body and use them as signal inputs in Microsoft games without holding any gadget.
Kinect provided an augmented virtuality experience, where the movements of the user
were imported to the virtual environment of the game.

Augmented reality (AR) in the entertainment eld gained a lot of attention in 2016
thanks to Pokemon Go, a smartphone application which uses the built-in camera and
computer vision to reproduce characters animation within the video captured. The game
was a major success becoming one of the most downloaded smartphones applications of
all times, however the game presents some technical issues when recognizing surfaces,
which causes the characters to be rendered in wrong surfaces or non-logic sizes.

The same year, Microsoft released the HoloLens, a pair of glasses with the Kinect tech-
nology integrated, which is capable to show holograms projected in the lenses to create
a Mixed Reality. HoloLens is capable of spatial mapping, gesture recognition and speech
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recognition. Although the Augmented Reality provided by the glasses is high techno-
logy, there is still development required for the interaction between the player and the
virtual objects.

Before AR technology was introduced into the videogames Industry, the immersion of
the player was denoted by the physics of the game, how real was the interaction with
the character and its environment; the arti cial intelligence, how real was the behaviour

of the characters and enemies; the consistency in the graphics, the plot of the story, the
quality of the gaming controls, among the most important. The intention of this project

is to improve the immersion of the virtual objects augmented on real world scenes by
taking one of this strategies mentioned before: physics interaction. To achieve our goal
we need to construct an environment where virtual and real objects co-exist and interact.



Chapter 2

State-of-the-art

In this chapter we are going to discuss the Augmented and Mixed Reality technology
so far, as well as some concepts and methods we are going to use in our application
development.

Before going further into the technology advancements in this eld it is important that
we de ne what Augmented and Mixed Reality are. For this task we are going to use
the taxonomy provided by Paul Milgram [1], where he de nes a virtuality continuum
that goes from a real world environment to a virtual world environment, and where
we can nd the augmented reality and augmented virtuality in between, as shown in
Figure 2.1. Augmented reality is de ned by a real environment where virtual objects
are augmented on it; on the other hand Augmented virtuality is a virtual environment
where real objects are augmented on it. The virtual environment or virtual reality, is
an environment where the observer is immersed in a completely synthetic world, either
existing or ctional. Mixed reality can be anywhere between the virtuality continuum,
in other words is the technology merging the real and the virtual worlds to produce an
environment where real and virtual objects coexist and interact.

Figure 2.1: Virtuality Continuum (VC) going from Real Environment, through Aug-
mented Reality (VR), Augmented Virtuality (AV), to Virtual Environment (VR).
Mixed Reality (MR) is the area between the two extremes.
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For a long time there has been an interest to merge the virtual and the real world for
a variety of applications, not only in the entertainment area. In 2001, R. Azuma et
al. provide an article [2] talking about the technological advancements on Augmented
reality at that time. From medical applications with the purpose to \tracking and
displaying techniques to support laparoscopy surgery" [2], to engineering applications
where augmented 3D models of pipelines are created to match factory oor plans [3], R.
Azuma presents a vastly quantity of examples where merging both worlds has enabled
the development of technology in several areas.

Figure 2.2: Left: 3D pipeline model augmented in top of industrial planes. Right:
Medical AR application.

In 1996, David E. Breen et al. [4] presented two methods to make augmented objects
interact via collisions and occlusions with real objects in augmented reality: the Model-
based and the Depth-based method. Their hardware system consist in a video camera
recording the real world environment, a six degrees-of-freedom (6DOF) tracker which
provides the position and orientation of the video camera, a workstation that produces
the graphical image and a high resolution monitor for display.

The model-based method consists in superposing virtual 3D model on their counterpart
real world objects, in other words, if there is a table in the image captured by the video
camera, the User must look in a catalog of 3D models, the model of a table similar in
geometry to the real one and then by clicking on a number of key points in the image,
the virtual table would be aligned or register to the real world image and its perspective
transformation will be computed towards the camera view in that moment in time, so
if the camera moves, the workstation would receive the new position and orientation of
the camera and the virtual table would be transformed to match the position of the real
one.
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Figure 2.3: a) Virtual table being placed by the User selecting the corners of the real
table on the image. b) Augmented chairs being occluded by the table.

After the User completes the alignment between the 3D models and the real objects,
the augmented objects are able to collide and be occluded by \the real world objects".
By this method, the occlusion and collision happen between virtual objects in a real
world environment after a pre-processing stage, but due to registration of models, the
image displayed would give the illusion that augmented objects are interacting with real

objects.

The depth-based method consists in using depth maps of the real world scene to be
compared with the augmented object position. If the pixel from a virtual object has a
position further than the z value of the depth map, the pixel won't be drawn. In terms
of collision, a virtual camera must be registered to work as the real camera in the virtual
framework to reproduce a view-dependant depth map of the real world scene. If one
virtual object position get close enough to the depth map view from the virtual camera
a collision is made. Then the virtual object just stop moving and it can be manipulated
again. The method only checks a bounding box around the virtual object. During the
simulations, they made an implementation with computed gravity to test the collisions
of virtual object falling on a real table as shown in Figure 2.4, where the objects moves
from an arbitrary gravity vector computed, checking in every frame the bounding box
against the depth map until a collision is detected. If a collision is detected, a torque
calculation is made to perform a rotation around the collision point until the bounding
box is aligned with the real table.



State-of-the-art

Figure 2.4: Simulation of augmented objects falling into a real table.

It is notorious that depth-based method has advantages over the model-based one, as
the scene can be more complex and no 3D models are needed for the simulation, but at
that time generating depth maps in real-time was a complicated task. The depth map
used were arti cially generated by 3D models of the views of the real world. Figure 2.5
shows a virtual object and the image of itsz values to make a depth map of that scene.
Having static depth map means that the real camera should be xed into the same scene
and that the scene can not be altered. Both methods got very good results for their
time, but none of them were capable to introduce a moving object or a person to interact
with the virtual objects into the scene.

Figure 2.5: Left: 3D model of a cube.Right: Depth map generated from 3D model.

Depth maps were considered to produce augmented reality applications even back then
when generating a depth map from a device was not that common as nowadays. With
the release of the Kinect from Microsoft in 2010, depth cameras became more accessible
to all and new possibilities arrived. Shahram Izadi et al. presented a method of surface
reconstruction and interaction in real-time using a moving depth camera, the project
was called KinectFusion [5]. The method reconstructs a surface of a real world scene by
creating a mesh from the depth map. A single depth map will reconstruct a mesh of
the front face of the real object from the camera perspective at that moment in time.
The method proposed to move the camera around the real object or a scene to capture
the depth map from di erent perspective views and merged them by applying a 6DOF
computational tracker [6]. By moving the camera around the scene in a 360loop, the
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application gets all the faces from the scene and a dense surface mesh is generated as
shown in Figure 2.6.

Figure 2.6: Moving depth camera looping around a scene to generate a surface mesh.

Figure 2.6(a) shows a poor mesh surface in contrast to Figure 2.6(c) where the loop
around the scene has been completed. After the scene is captured, a texture over the
surface mesh is applied with the colors picked by the RGB camera of the Kinect. Ren-
dering all together we will have a 3D model of the real scene get from the color and
depth camera of the Kinect. In some way this method is very similar to the model-
based one from D. Breen but instead of inserting the 3D models into the scene, the
3D model scene is generated by depth maps. Before the scene is rendered, normals are
computed for every point of the mesh. Once the scene is completed, virtual objects can
be imported into the scene to interact with the environment. Again, we have augmented
objects interacting with virtual objects based on real objects. Figure 2.7 shows a 3D
reconstructed scene interacting with augmented patrticles in real-time.

Figure 2.7: Augmented particles colliding and being occluded by the surfaces recon-
structed of a real world scene using KinectFusion.
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This method assumes static scenes to reconstruct while tracking. When there are moving
objects into the scene, the model would try to reconstruct the surface with di erent
perspectives from every face resulting in a wrong reconstruction of the real world as
shown in Figure 2.8.

Figure 2.8: A person moves freely into the scene and the surface are partially gener-
ated due to motion.

The solution implemented by the researchers was to lock the tracking when a User is
interacting into the scene, separating the User as a foreground from the static scene
and only computing the his front face in the real-time interactions. While this solution
avoids creating wrong surfaces, the surface reconstructed would depend of a single depth
map as Figure 2.7(a) and thus it might contain holes occasionally, losing the immersion
experience from time to time.

There is no doubt that depth cameras opened many new opportunities for mixed reality
applications to improve the methods proposed in the past or to implement them for the
rst time, when the methods were only conceptual ideas due to the lack of technology
back then.



Chapter 3
Design

The overall goal of the project is to produce a real-time application where the User
can interact with the virtual objects in Mixed Reality. To achieve our objective we
must follow a complex pipeline and for that same reason every step must be approached
computationally inexpensive in order to preserve the real-time experience.

For the implementation of the project a Kinect 2.0 from Microsoft will be used. The
hardware is capable to capture depth into a scene of 512 x 424, at 30Hz, FOV: 70 x 60,
between 0.5 and 4.5 meters; it is also capable of capturing 1080p color video at 30Hz.
Libfreenect2 library will be used to get the raw data from the Kinect 2.0 [7].

Figure 3.1: Kinect 2.0 camera from Microsoft.
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A general ow diagram of the application architecture is shown in Figure 3.2. The
program is going to get the RGB and depth image from the Kinect for every frame. Using
the depth information, a cloud point would be generated to reconstruct the surfaces of
the real world scene. Virtual objects would be imported to the scene and their dynamics
will be computed by a physics module to then be rendered on the screen. Virtual objects
are going to interact with the reconstructed surfaces from the real world in real-time.

Unlike the methods of D. Breen et al. [4] and S. Izadi et al. [5] which were focused on
a model-based approach, where [5] renders the real world texture in top of the recon-
structed mesh models, we are going to work with the real world color image provided
by the Kinect and matching it with the surface constructed. The interactions are going
to be computed according to the surfaces generated.

Figure 3.2: General process ow design.

The method proposed can be followed by using any device that provides a RGB and
depth image of the same scene, even if it is not a Kinect 2.0 camera. OpenGL library is
going to be used to render the scene and the virtual objects; while OpenCYV library is
going to be used for computer vision purposes.

3.1 Calibration

Before we continue to the implementation of the application, we are going to review an
important part of the process when using cameras: Calibration.

Geometric camera calibration estimates the parameters (intrinsic, extrinsic and distor-
tion coe cients) of the lens and image sensor of a camera. These parameters help to
restore an image from lens distortion or to determine the location of the camera in the
scene. From the intrinsic parameters we are interested in the Focal length, which is the
distance between the center of the lens and the image plane; and the Principal point,
which is the perspective center projected into the image plane. The intrinsic parameters
are going to work to transform the pixels to world coordinates later on.
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Figure 3.3: Camera model showing the focal length and the principal point.

When having more than one camera and a relationship between them is required, the
extrinsic parameters should be computed. In our case, we are going to get two images:
the RGB and the depth image, from two di erent points of view, even when they are in
the same device. It would be like having two di erent camera very close to each other
capturing the world. The images of the two cameras are going to be slightly di erent
because their point of view are not the same. To look for one point captured in both
images, we would need one of the images to be transformed into the other camera's
location to obtain its point of view. For this transformation we are going to need the
extrinsic parameters: translation T and rotation R. The extrinsic parameters are going
to work to match the RGB and the depth image later on.

Figure 3.4: Stereo camera calibration showing the displacemenf and rotation R
from the Left camera to the Right.

If the intrinsic parameters of the camera are not available from the manufacturer,
Lomonosov Moscow State University released a calibration toolbox [8] that uses the

11
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