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ABSTRACT

Full-surround panoramic imagery can provide a viewer with a
high-resolution visual impression of a pictured real or realistically
rendered environment, but it does not provide as high a level of
immersion as modeled 3D geometry can, when viewed with virtual
reality (VR) headsets or projection-based setups. In this paper, we
demonstrate that augmenting panorama images with geometrical
models can be done simply in VR itself and can significantly in-
crease the feeling of immersion a viewer experiences. We propose a
novel interactive modeling tool that allows users to model geometry
depicted in a surround-panoramic scene directly in VR, utilizing
projection mapping of the panorama on top of the evolving ge-
ometry. The user interface is intuitive and allows novice users to
produce geometry that approximates ground truth models suffi-
ciently to enhance a user’s VR viewing experience. We designed
a user study that compares users’ self-reported levels of immer-
sion, scene realism, and discomfort on a set of created models and
comparison cases. Our results indicate that our modeled scenes
produce a significantly higher sense of immersion than a basic
dome geometry for the panorama when viewed in VR with head
orientation and position tracking.
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Figure 1: Example modeling action while experiencing a
panorama in 6DoF-tracked VR. We see the user represented
as an avatar from the side, a view that is only used for
illustration purposes. The user is presented with a view
corresponding with the avatar’s head pose. The user has
just placed a simple ground plane and now observes the
panorama projected onto this plane. (a) User traces a wall
line on the reference plane; (b) User has extruded the wall.
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1 INTRODUCTION

Panoramic images are ubiquitous today. The desire to capture
and share visual experiences has led to the development of many
kinds of imaging techniques and devices for the acquisition of
visual realities, and surround-scene panoramic images in particular
capture the experience of being “present” in a scene much better
than just single points of view.

The capture of panoramas can either be done by taking multiple
images with a standard, hand-held camera and then stitching them
together with software techniques [DiVerdi et al. 2008; Szeliski
and Shum 1997; Xiong and Pulli 2010], or directly with specialized
panoramic cameras [Barber 2017; Gledhill et al. 2003; Gurrieri and
Dubois 2013; Nokia Ozo 2017; Weissig et al. 2012]. Furthermore,
many tools and interfaces have been developed to explore and
navigate image panoramas, such as QuickTime VR [Chen 1995],
YouTube Virtual Reality [YouTube VR 2017], Cardboard Camera
VR [Google Cardboard VR 2017], or Facebook 360 [Facebook 2017].
The sense of presence that panorama images provide along with the
abundance of capture and visualization tools for them has resulted
in a plethora of online repositories for panoramic images produced
by users all around the world.

Recently, there has also been a flurry of renewed interest on
immersive display technologies such as virtual reality (VR), thanks
to the introduction of mass-market systems such as the Oculus Rift,
HTC Vive, and Sony PlayStation VR. However, despite their full-
surround nature and sense of presence they provide, 2D panoramas
have serious limitations when experienced in VR. 2D panoramic
imagery simply lacks geometrical depth information necessary
for viewing with binocular disparity (for stereo rendering) or for
navigation of the scene freely in six degrees of freedom, orientation
and position (for motion parallax). When viewing a 2D panorama
using VR, the user gets the feeling they are trapped, unable to move
inside of a large “bubble” texture-mapped with the panorama.

This problem can obviously be addressed by augmenting the
panorama with geometrical data. The idea of augmenting images
with geometry to enable free viewing, or providing a sufficient
number of alternative viewpoints to enable light field perception,
goes back to the beginnings of image-based rendering [Debevec
et al. 1996; Gortler et al. 1996; Levoy and Hanrahan 1996] Later,
researchers also explored the specific problem of generating geom-
etry for panoramic images. For example, Oh et al. [Oh et al. 2001]
showed how image-based modeling for panoramic images would
result in an aesthetically pleasing mock-up of the environment.
Unfortunately, many of the methods for augmenting panoramas
with geometry usually need expensive or complicated setups at
acquisition time [Huang and Klette 2010; Peleg et al. 2001].

Other approaches require capturing panoramas at multiple lo-
cations in order to employ structure-from-motion techniques to
reconstruct the environment [Kwiatek and Tokarczyk 2015].There
are also ways to capture depth information by capturing multiple
images and using optical flow [Anderson et al. 2016; Peleg et al.
2001]. This often involves special-purpose and often expensive cam-
era rigs and setups and in the end the geometry produced is often
affected by noise. We are interested in the problem of generating
depth information, or, even better, full 3D geometry, for 2D panora-
mas that have already been captured with simpler imaging solutions.
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There have been some great automatic approaches to generate 3D
model information from a single image or a small set of images;
Some have been successful in generating a 3D context for a single
panorama using a well-trained Support Vector Machine [Zhang
et al. 2014]. This would suit specific kinds of environments but can
be unsuccessful with a broader range of scenarios as you need to
train the system using ground truth depth information and manual
object annotation.

Finally, it is possible to manually model the scene using tradi-
tional 3D modeling tools. However, these tools are usually complex
and require a skill set and deep understanding of 3D environments.
This makes it difficult for novice users to complete the modeling
task.

We observe that VR itself could be a better environment to create
3D models of 2D panoramas. After all, since VR is a natural medium
for viewing immersive scenes, we hypothesize that it would also be
the natural medium for creating immersive scene content. Therefore,
in this paper we designed and implemented a complete toolset for
modeling panorama geometry directly in VR. We use projection
mapping as way of tracing 3D geometry to make it easier for novice
users to create complex 3D environments.

We designed a user study to examine the effect of augmenting
panoramic images with geometrical models on a user’s sense of
immersion, realism and discomfort. We compared the geometry
created with our tool against other approaches, by exposing users
to panoramas rendered with various forms of underlying geometry
including: no geometry (infinitely-large sphere, which is what the
default panorama would be), a simple hemispherical dome, our
modeled scenes with the novel VR toolset, and the ground-truth
geometry available from rendered scenes and Matterport [Matter-
port 2017] captures. Our results show that in cases with man-made
environments, our modeled scenes had a significantly higher sense
of immersion and realism than basic geometries such as the dome.
They also tended to cause lower discomfort for the user in those
cases.

The study results demonstrate that viewing a 2D panorama (with
additional model geometry) using 6DoF (orientation and position)
head tracking, can significantly increase the feeling of immersion a
viewer experiences. Using our toolset, novice users can model, in as
little as 20 minutes, simple scene geometry that leads to a superior
6DoF viewing experience compared to projection onto a skydome
and about halfway as effective in terms of perceived immersion
and scene realism as ground truth geometry models.

Previous Work

Image based modeling. Debevec [Debevec et al. 1996] showed
how by using a sparse set of images and a calibrated camera some
basic geometries can be constructed to match the image and gener-
ate the shape of buildings. Horry [Horry et al. 1997] presented a
way to add depth to a single image based on indicating the vanish-
ing points. Criminisi [Criminisi et al. 1999] later showed how by
tracing parallel lines in an image, one can calculate the camera posi-
tion and reconstruct the 3D model of the image. Zhang et al. [Zhang
et al. 2002] demonstrated a way to generate the 3D model of the
scene from a single image, based on a sparse set of user-specified
constrains on the scene. Van den Hengel et al. [van den Hengel et al.
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Figure 2: This image shows how the projection mapping works in the shader.

2007] introduced a system to use images in a video as a reference
to create complex 3D geometry while tracking camera movement.
While these influential works all present methods to interactively
create 3D geometry from 2D imagery, none of these operate specif-
ically on surround-view panoramas, and none of these methods
utilize interactive VR technologies for modeling.

3D modeling in VR. There have been several early works regard-
ing 3D modeling in VR [Butterworth et al. 1992; Deering 1995; Liang
and Green 1994; Whyte et al. 2000] and two-handed interaction
in virtual environments [LaViola et al. 2017; Mapes and Moshell
1995]. More recently, Jackson [Jackson and Keefe 2016] generated a
creative toolset that lets the user trace curves from images to create
3D objects. There is also a number of recent commercially available
3D modeling tools for VR [Google Blocks 2017; Oculus Medium
2017]. However, to our knowledge no one has yet addressed the
problem of modeling geometry in existing 2D image panoramas
using VR tools.

Contributions

We posit that a 3D modeling interface in VR can be a very effective
option to manually augment 2D panoramas with depth information.
In order to create a useful toolset for novice users, we implemented
some novel interactions and features (such as our 3D texture snap-
ping, and some 3d interactions as parts of our bi-manual transfor-
mation interface). We also performed a user study and the analysis
of the results revealed valuable information regarding the effect
of depth information on a user’s sense of immersion, realism, and
discomfort.

2 SYSTEM OVERVIEW

In this project, we have developed a complete interactive system to
model panoramas in virtual reality. In the subsections that follow,
we shall describe the different components of our system.

2.1 Architecture

The system is implemented using the Unity game engine, selected
for its flexibility and general adoption. We have used SteamVR and
the “OpenCV for Unity” plugins to control the HTC Vive device and
use OpenCV functionality in the Unity environment. The program
has been implemented in C# based on the existing Unity classes
and data structures.

Data Structure. We used equirectangular Panorama image files
as the input. These files are being converted to OpenGL/ DirectX
cubemap textures in Unity. The geometry is also being handled
by Unity’s Mesh class which contains Vertex, Normal, UV and
Triangle arrays. In our rendering system UV and Normal arrays
are not being used.

Rendering. All the model geometries are rendered using a cube-
map projection shader. A Projector object sends the panorama’s
transformation matrix T R S to the shader. In the vertex stage
we multiply each vertex’s world position by the panorama matrix
to find the relative vertex position. In the fragment stage, we look
up each fragment’s color by sampling the cubemap using the nor-
malized relative fragment position (see Figure 2). Shading all the
geometries with existing panorama data causes images to duplicate
on the occluded surfaces (see Figure 3). This may cause confusion
for the user. In order to diminish this effect, we implemented a
shadow map algorithm that treats the projector as an omnidirec-
tional light source and avoids shading the occluded fragments. We
experimented with different ways of in-painting, i.e. replacing the
occluded pixels, and provided a MIP mapping level control, giving
the user an adjustment slider to choose a level that fits the scene.

User Interface. The user input is handled by a SteamVR plugin.
We used an HTC Vive with six-degree-of-freedom, room-scale
tracking. It consists of a head mounted display and two controllers.
A layer of user input handling was implemented on top of the raw
input from SteamVR. The aim of the UI design was to create a
3D modeling interface for novice users. We focused on avoiding
complexity in order to flatten the learning curve for the toolset.
We developed a dynamic Pie menu system (see Figure 4) to benefit
from the touch interface of the Vive controllers. We were able to
select from up to 10 radial menu items effectively. However, for our
final design, we limited the menu items to 5. Each menu item could
trigger an action or lead to a sub-menu. Users can explore the menu
system linearly (they can press the back button to return to the
parent menu). Using the HTC Vive tracking functionality, users can
move controllers and walk in the space. We also implemented basic
3D user interactions in the form of aiming and selecting, grabbing,
shaking, and bimanual interactions.

2.2 Modeling

In order to model a panorama that corresponds to the ground-truth
depth, first the transformation of the panoramic camera should
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