Real-Time Omnidirectional Stereo Rendering:
Generating 360° Surround-View Panoramic Images for Comfortable Immersive Viewing
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Fig. 1. Surround-view panoramic rendering of a LiDAR data set with over 5 million points using an equirectangular projection.

Abstract— Surround-view panoramic images and videos have become a popular form of media for interactive viewing on mobile
devices and virtual reality headsets. Viewing such media provides a sense of immersion by allowing users to control their view direction
and experience an entire environment. When using a virtual reality headset, the level of immersion can be improved by leveraging
stereoscopic capabilities. Stereoscopic images are generated in pairs, one for the left eye and one for the right eye, and result in
providing an important depth cue for the human visual system. For computer generated imagery, rendering proper stereo pairs is
well known for a fixed view. However, it is much more difficult to create omnidirectional stereo pairs for a surround-view projection
that work well when looking in any direction. One major drawback of traditional omnidirectional stereo images is that they suffer from
binocular misalignment in the peripheral vision as a user’s view direction approaches the zenith / nadir (north / south pole) of the
projection sphere. This paper presents a real-time geometry-based approach for omnidirectional stereo rendering that fits into the
standard rendering pipeline. Our approach includes tunable parameters that enable pole merging — a reduction in the stereo effect
near the poles that can minimize binocular misalignment. Results from a user study indicate that pole merging reduces visual fatigue

and discomfort associated with binocular misalignment without inhibiting depth perception.

Index Terms—Omnidirectional stereo, 360° panorama, pole merging, real-time rendering, virtual reality.

1 INTRODUCTION

Head Mounted Displays (HMDs) enable users to fully immerse them-
selves in a virtual environment. A user can change their view by simply
moving or rotating their head. While traditional virtual reality (VR) ap-
plications allow users 6 degrees of freedom (DoF) to fully explore their
environment, they require real-time view-dependent rendering. 360°
surround-view panoramas, on the other hand, are view-independent — a
singular image captures all possible viewing angles. This enables users
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to be immersed in content that has been generated without relying on
user-specific view information. While 360° surround-view panoramas
are limited to only 3 DoF (with the location being fixed), they still
provide immersive and enriching experiences for users [7].

HMDs contain separate displays for the left and right eyes enabling
VR content to provide stereo depth cues. Since stereoscopic three-
dimensional (S3D) visualizations have been shown to help with tasks
such as depth estimation and mental rotations of three-dimensional
objects [10], it becomes important to incorporate stereoscopy into 360°
surround-view panoramas. For fixed view directions with standard
planar projections, rendering stereo pairs is well known [12]. However,
for an equirectangular projection (spherical projection used for 360°
surround-view panoramas), challenges remain on how to best create
an omnidirectional stereo (ODS) image — a 360° image that maintains
proper stereo regardless of a user’s view direction.

The main challenge with creating ODS images stems from the fact
that stereo depth comes from fusing two slightly different views of
a scene — one from each eye. Since 360° surround-view panoramas



Fig. 2. Anaglyph S3D rendering that shows the binocular misalignment
that occurs when viewing an ODS image near its north or south pole.
Note, for proper view-dependent anaglyph stereo, cyan should be on the
left and red on the right for dark objects.

capture all possible viewing angles, the locations of the left and right
eyes in an ODS image are not fixed. In order to generate omnidirec-
tional stereo pairs, each item is rendered by assuming the user is facing
it (i.e. rotating the virtual cameras for the left and right eyes to face
that item). While this accomplishes decent stereo in most situations,
it is not perfect. When a user views such an image in VR, the stereo
is only correct at the center of the image. Imperfections will occur
in the peripheral vision since those items were rendered assuming the
user was directly facing them. Such imperfections are negligible when
looking horizontally (along the equator of the image), but become
more pronounced as the user’s view approaches looking straight up
or straight down (near the north or south pole of the image) [11]. In
fact, this results in binocular misalignment near the poles, where a user
cannot fuse the images presented to the left and right eyes into a single
object, and can lead to high levels of visual discomfort [9]. Fig. 2 is a
snapshot of an ODS image rendered in anaglyph stereo that highlights
the issues that occur when looking nearly straight up or straight down.

One approach to reduce binocular misalignment in ODS images is
pole merging — a reduction in the interocular distance near the poles —
which has been implemented in commercial rendering software such as
Blender [4] and V-Ray [8]. Pole merging results in a gradual reduction
in the stereo effect near poles. Utilizing pole merging therefore has a
trade-off between perceived 3D-ness of objects in the focal region and
binocular misalignment in the peripheral vision. Maintaining correct
stereo in the focal region leads to large binocular misalignment in the
peripheral vision near the poles, while reducing binocular misalignment
in the peripheral vision leads to a loss of stereo depth in the focal region
near the poles.

In this paper we present a real-time geometry-based approach for
generating 360° surround-view panoramas (such as the one shown in
Fig. 1) that fits into the standard rendering pipeline. Our approach
includes dynamic tessellation to ensure sufficiently dense meshes,
equirectangular projection of mesh vertices, and handling cases when
there is a discontinuity in the projection (e.g. when a triangle crosses
the back of the projection sphere and therefore wraps from the left
to the right of the final image). We then detail how our algorithm is
extended for creating ODS images with tunable parameters that control

pole merging. Finally, we present performance results of our dynamic
tessellation algorithm and results from a user study on depth perception
and visual comfort to gain insight on the effects of pole merging.

2 RELATED WORK

In order to develop a real-time technique for rendering comfortable
ODS images, we investigated prior work primarily from two fields of
research — real-time rendering with non-planar projections and stereo-
scopic depth perception. Finally, we discuss how our work differs from
prior work done on ODS images.

2.1 Real-time Non-planar Projections

Traditionally, non-planar projections (such as those for cylindrical or
spherical panoramas) have used an image-based approach [21]. In
this type of approach, a standard cubemap of the scene is dynamically
rendered in a first pass. A second pass is then used to perform the non-
planar projection by sampling the cubemap at the appropriate location
for each projected pixel. While image-based techniques typically work
well, there are two situations where artifacts occur. First, in regions
that become magnified / stretched in the final non-planar projection,
the resolution is insufficient in the cubemap. Therefore, these loca-
tions can look pixelated or blurry. This occurs near the poles in the
equirectangular projection used for surround-view panoramas. Second,
artifacts can occur at the seams of the cubemap when attempting to
render ODS images. This occurs since the two virtual cameras must be
rotated to face each side of the cubemap, resulting in gaps or overlaps
in the rendered geometry.

Due to the artifacts that can occur using image-based projections,
Trapp et al. investigated a geometry-based approach for directly per-
forming non-planar projections on model vertices [19]. The main issue
with directly projecting vertices is that straight edges may need to be
rendered as curves when using non-planar projections. Since an edge
between two vertices is straight, the authors used dynamic mesh refine-
ment, as proposed by Lorenz and Déllner [15], to iteratively break a
single triangle into many smaller triangles using geometry shaders with
transform feedback. This enables what used to be a single straight edge
to approximate the correct curve in the final projection. The authors
show that not only can this technique lead to higher fidelity images, but
it also outperforms the image-based technique since the rendering is
done in a single pass. However, this paper does not mention how they
handle discontinuities in the final projection.

While the work by Trapp et al. used geometry shaders with transform
feedback for iterative tessellation, Petkov et al. leverage the tessellation
shader available on newer versions of graphics libraries to sufficiently
refine meshes for non-planar projections [16]. However, this work
also ignores discontinuities — explicitly stating that triangles that span
a discontinuity are simply not rendered. Ardouin et al. also utilize
tessellation shaders for geometry-based non-planar projections, but
do propose a technique for handling discontinuities [1]. They use the
tessellation shader to sufficiently refine a mesh, and then use a geometry
shader to manually subdivide refined triangles at the discontinuity
location (slightly shifting vertex locations to ensure new triangles no
longer cross a discontinuity).

The three approaches mentioned above all appear to result in negligi-
ble artifacts by sufficiently refining meshes so that no projected triangle
edge is too long. However, it was difficult to fully reproduce any of the
three techniques, since the exact parameters for tessellation were not
presented. We therefore detail our dynamic tessellation algorithm and
present performance results comparing it to various static tessellation
levels.

2.2 Stereoscopy

It is well known that stereoscopic vision enhances performance in
depth perception tasks [6]. While a number of depth cues are captured
in monoscopic photos, binocular disparity in stereo photography can
provide an important additional depth cue. Lee et al. even demonstrate
that stereoscopy improves depth perception with non-photorealistic
visualization [14]. Therefore, S3D can become a valuable affordance
for computer generated imagery regardless of its degree of realism.



However, there can be some negative side-effects when viewing
S3D content. When left / right stereo pairs are not perfectly aligned,
binoculuar misalignment will occur. Tyler et al. [20] show that vertical
and torsional misalignment can result in visual discomfort and an
inability to fuse the two images together. Horizontal misalignment, on
the other hand, can easily be compensated for with a slight increase or
decrease in eye convergence while looking at the scene, and therefore
was not found to cause any discomfort. Since ODS images do not create
perfectly accurate stereo, noticeable vertical and torsional misalignment
can occur in the peripheral vision.

Binocular misalignment in ODS images is most pronounced near
the zenith / nadir (north / south pole) of the projection sphere. While
pole merging can be used to reduce the misalignment between the two
images, it does so by gradually reducing the interocular distance to
0 near the poles. In theory, this would negatively affect the stereo
depth perception of a user viewing such an image. However Rosenberg
[17] conducted a study on depth perception as it relates to interocular
distance in S3D images and found no decrease in depth estimation, even
when the interocular distance was reduced just below half its actual
value. Therefore, pole merging should not degrade the stereo depth for
the vast majority of the ODS image, including much of the transitional
region where the interocular distance is being reduced.

2.3 Omnidirectional Stereo

While there is a significant amount of prior work on image alignment for
ODS photography [5, 13], the work that focuses on rendering computer
generated ODS images is more limited in scope. Simon and Beckhaus
developed a method for rendering cylindrical ODS images in real-time
by discretizing the projection cylinder into a faceted one [18]. A scene
could be rendered with the two virtual cameras pointing towards each
face of the faceted cylinder. Stitching together the renderings of each
face results in the final cylindrical ODS image. With this approach,
some artifacts occur since the projection cylinder has been approxi-
mated — the more facets that are used, the better the approximation, but
more computationally intense it becomes to render.

In order to capture a full 360° surround-view panorama, the tech-
niques already described in Sect. 2.1 can be deployed for spherical ODS
as well. When projecting each vertex of the refined mesh, the virtual
camera can be translated left / right with respect to the direction to that
vertex. Doing so will result in creating a traditional ODS image, with
negligible stereo artifacts near the equator, but potentially significant
stereo artifacts near the poles.

If real-time rendering is not necessary, the use of commercial ray
tracing software is commonplace. In order to create 360° surround-
view panoramas using ray tracing, renderers can simply map each pixel
to its location on the projection sphere, then cast a ray from the virtual
camera through that point and into the scene [11]. For ODS images, the
virtual camera can be translated left / right with respect to the direction
to each pixel. This method alone will also result in a traditional ODS
image. In order to address the visual discomfort that is associated with
the stereo artifacts near the poles, many of the commercial ray tracing
packages enable pole merging [4, 8]. Pole merging is accomplished
by gradually reducing the interocular distance near the poles. For
ray tracing renderers, this simply means using a different interocular
distance per row of pixels in the final projected image.

Our work is the first to our knowledge that not only proposes an
implementation of pole merging for real-time ODS rendering, but also
evaluates the effects of pole merging on visual comfort and depth
perception of authentic VR users.

3 GEOMETRY-BASED EQUIRECTANGULAR PROJECTION

360° surround-view panoramas are created using an equirectangular
projection that has a 2:1 aspect ratio. This is performed by directly
mapping longitude and latitude from the surface of the projection
sphere to x and y coordinates of the final image. For geometry-based
projections, mesh vertices are projected onto a unit sphere. Equation 1
is used to determine the direction from the camera to vertex v. This is
in turn used in Equation 2 and Equation 3 to calculate the longitude
and latitude of the projected vertex respectively. The result will have a

longitude value in the range [—180°,180°] and a latitude value in the
range [—90°,90°].

Vdir = Vpos — Camerdpog (D

—90° Vdir, = 0 and Vdir, >0

longitude = { 90° Vair, =0 and vg;r, <0 (2)
— arctan2 (Vdirvadirz) Vdir, > 0
Vs
latitude = arcsin ( diry ) (3)
[Vairl

After calculating a vertex’s longitude and latitude coordinates on
the projection sphere, the resulting point (with x = longitude, y =
latitude, and z = —||vy;||) can be multiplied by a standard orthographic
projection matrix (with left = —180°, right = 180°, bottom = —90°,
and top = 90°) to transform the vertex into the canonical view volume.
The near and far values for the orthographic projection matrix can be
modified to meet the needs of each application.

3.1 Dynamic Tessellation

While performing an equirectangular projection directly on input mesh
vertices is fairly straightforward, it often results in an image that con-
tains many artifacts. This is due to the fact that straight edges in the
mesh may need to be represented with curves in the 360° surround-
view panorama. If mesh edges are sufficiently short in the projected
image, the resulting artifacts become negligible. Therefore, using tes-
sellation to refine a course mesh will reduce artifacts and can lead to a
high-quality 360° surround-view panorama.

Since the length of an edge in the projected image depends not only
on its physical size but also on its distance away from the camera,
tessellation cannot occur a priori. Therefore, run-time tessellation
approaches must be used to ensure sufficient mesh refinement given
the location of the mesh with respect to the virtual camera.

We have implemented dynamic run-time tessellation of triangular
meshes in OpenGL 4.1, with the use of the tessellation control shader
(TCS) and tessellation evaluation shader (TES). The TCS is used to
determine outer tessellation levels (how many segments each edge of

Algorithm 1 Dynamic tessellation levels for equirectangular projection
Input: v,,[3]
Output: tess_levelyyer[3], tess_levelipper

1: fori< 0to3do

2 projected|i] = equirectangular(v s[i])

3: opp-midpoint = (Vpos[(i + 1) %3] 4 vpos[(i+2)%3]) /2

4: mid_projected|i] = equirectangular(opp_mid point)

5: fori < Oto3do

6: oppa = (i+1)%3

7: oppp = (i+2)%3

8: Alon = lonDist(pro jected[opp,).lon, projected|oppp).lon)
9: Alat = max(

abs(projected|opp,).lat — projected|oppp).lat),
abs(projected[oppg).lat — mid_projected|i].lat),
abs(projected|oppp|.lat — mid_pro jected]i].lat)

10: max_lat = max(
abs(projected[oppg).lat),
abs(projected|oppp).lat),
abs(mid_pro jected]i].lat)

)
11: edge = vec2(Alon,0.5 - Alar)
12: d = max(0.125 x||edge|| , 1.0)
13: pole_multiplier = max((2.8284/90.0) - max_lat,1.0)
14: tess_leveloyer[i] = min(pole_multiplier - d,64.0)
15: max_tess = max(tess-levelpyer)
16: tess_levelippe, = max(max_tess — 2.0, min(max_tess,3.0))
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Fig. 3. Geometry-based equirectangular projection of a geodesic sphere from the inside-out (i.e. camera is at the center of the sphere) to highlight
the effects of tessellation. With no tessellation, the mesh is not sufficiently dense to avoid noticeable artifacts from a non-planar projection. Note too
that even though all triangles in the geodesic sphere are the same size, they project to a larger area near the poles (top and bottom of the image).
Using static tessellation where each edge of a triangle has 4 inner and outer subdivision levels, the mesh is sufficiently dense near the equator but
not near the poles. Using static tessellation where each edge of a triangle has 16 inner and outer subdivision levels, the mesh is sufficiently dense
near the poles but unnecessarily over-dense near the equator. With our dynamic tessellation algorithm, the mesh has become sufficiently dense

near the poles without becoming over-dense near the equator.

a mesh triangle should be divided into), as well as the inner tessella-
tion level (how many interior rings to add). The TES is used to set
the positions and other attributes for all newly created vertices. Al-
gorithm 1 outlines our approach in the TCS for calculating outer and
inner tessellation levels to result in negligible artifacts when using an
equirectangular projection. Vertex positions and other attributes can
directly be calculated using the barycentric coordinates provided by the
TES since the goal is simply to shorten projected triangle edge lengths,
not to modify the geometry in any other way.

The goal of our algorithm is to refine the input geometry and reduce
artifacts from performing a non-planar projection to a negligible level.
In an equirectangular projection, a straight edge may need to be ren-
dered as a curve if there is a change in longitude between the endpoints.
The greater the longitudinal distance' between the two endpoints, the
more segments the edge will likely need to approximate the curve.
While changes in latitude will not introduce curves in an equirectangu-
lar projected image, it will cause issues with attributes such as normals
and texture coordinates since the projection is non-linear. Therefore,
changes in latitude are still taken into consideration, but with half the
weight of changes in longitude. Due to the potential curvature of a
projected edge, a central point may be located at a higher or lower
latitude than either endpoint. We therefore also check the latitude of the
midpoint of an edge when calculating the change in latitude. While not
perfect, this method provides a decent approximation while remaining
computationally efficient.

Also worth noting is that the non-linear effects of both changes in
longitude and latitude are magnified the further away from the equator
the edge is. Therefore, we introduce a pole multiplier to increase
the tessellation levels as the edge gets near to the north or south pole
regions. Fig. 3 shows an equirectangular projection of a geodesic sphere
mesh with the camera at its center. Note that our dynamic tessellation
algorithm successfully results in high tessellation near the pole regions
without over tessellating the majority of the mesh.

The number of inner tessellation levels is set based on the maximum
outer tessellation level for any triangle edge. Equation 4 shows the
piecewise function used to calculate the inner tessellation level. If any

Change in longitude between two points, taking into account that —180°
and 180° are the same location. Example: lonDist(—170°,165°) = 25°.

edge requires significant tessellation (more than 5 segments), then the
inner tessellation will be set to the maximum tessellation level minus
2. If all edges can remain a single segment or only need to be split
up into two segments, then the inner tessellation will be set to equal
the maximum tessellation level. If neither cases are true, the inner
tessellation level is capped at 3 to ensure sufficient inner tessellation
when an edge requires a medium number of segments (between 3 and
5).

max_tess —2 max_tess > 5
3 < max_tess <5 4)
max_tess < 3

tess_levelipper = < 3
max_tess

3.2 Discontinuities

There are two situations where simply projecting the vertices of a
triangle using Equations 1-3, will cause issues. The first is when the
projected triangle crosses the back of the projection sphere. The second
is when the projected triangle overlaps the north or south pole. Issues
will occur in either case because the triangle overlaps a discontinuity
in the projection — a continuous area in three-dimensional world space
that projects to more than one non-continuous area in two-dimensional
image space. Take, for example, a triangle whose vertices project to
(—170°,45°), (—170°,35°), and (165°,40°). In this situation, half of
the triangle should be drawn on the left of the image and the other
half on the right, but if the triangle is rendered by simply connecting
the projected locations of the vertices, it will instead result in a single
triangle that covers nearly the whole width of the image.

Since multiple triangles may need to be drawn on the projected
image in order to represent a single input triangle from the refined
mesh, we have implemented the equirectangular projection and discon-
tinuity handling using geometry shaders in OpenGL 4.1. Geometry
shaders have the ability to take an input primitive and output O or more
primitives in its place. Our real-time 360° surround-view panorama
geometry shader takes refined triangles from the tessellation shaders in
three-dimensional world space as input and outputs between 1 and 10
triangles in two-dimensional image space.



Fig. 4. Discontinuity handling with the left part of each panel depicting
the three-dimensional geometry with the projection sphere, and the
right part of the panel depicting the two-dimensional equirectangular
image. Panel A shows a projected triangle that crosses the back of
the projection sphere, and our solution for properly handling this type
discontinuity. Panel B shows a projected triangle that covers the north
pole of the projection sphere, and our solution for properly handling this
type of discontinuity. Both panels also show the incorrect result (red
triangle) if discontinuities are not handled and projected vertices are
simply connected.

3.2.1

The longitudinal distance between two projected points cannot be
greater than 180°. Therefore, if the difference between the minimum
projected longitude and maximum projected longitude for the three
vertices of a triangle is greater than 180°, then the triangle must cross
the back of the projection sphere (where —180° is the same as 180°).
In such cases, part of the triangle should be rendered on the left side of
the image and the other part of the triangle should be rendered on the
right side. Rather than calculating where the discontinuity intersects
the triangle, as done by Ardouin et al. [1], we propose to simply draw
the whole triangle twice (once on the left side and once on the right
side), letting hardware perform its standard clipping to remove unnec-
essary geometry. To first render the triangle on the left side, we subtract
360° from any vertex’s longitude who current value is greater than 0,
thus moving it outside the left edge of the image. Then, to render the
triangle on the right side, we add 360° to the longitude of all vertices,
thus moving vertices moved for the first triangle back to their original
location and moving the rest outside the right edge of the image. Fig. 4
Panel A illustrates this process.

Discontinuity at Back of Projection Sphere

3.2.2 Discontinuity at North and South Pole

A discontinuity exists at the poles (where latitude = —90° or 90°)
since all possible longitude values correspond to the same point on the
projection sphere, but different locations in the equirectangular image.
In order to determine whether or not a triangle covers the north or south
pole region, barycentric coordinates are calculated for the origin with
the two-dimensional triangle created by using only the xz components
of each vertex’s position in relation to the virtual camera position. If
all barycentric weights are greater than or equal to 0, then the triangle
does cover one of the two poles. There are three distinct ways that a
triangle could be covering a pole: 1) the pole could align exactly with
one of the triangle’s vertices, 2) the pole could fall exactly on an edge
between two of the triangle’s vertices, or 3) the pole could fall in the
middle of all the three of the triangle’s vertices.

In case 1, where the pole aligns exactly with one vertex, the first
step is to determine the two vertices that do not project onto a pole
(vertices with barycentric weights greater than 0) — call these vertices a
and b. A triangle strip with points (a;,,,90°), (ajon,adiat)s (bron,90°),
(Bronsbiar) 1s used to create two triangles connecting a and b straight up

to the top of the image (or down to the bottom with pole latitude —90°).
Note that attributes, such as normals and texture coordinates, from the
vertex that projects to the pole should be used for both vertices at the
top/bottom of the image.

In case 2, where the pole falls exactly on an edge, the first step is to
calculate the position and all other vertex attributes for the pole inter-
section location, which can be done by using the barycentric weights
with traditional three-dimensional linear interpolation. The next step
is to determine the the vertex opposite of the edge that projects onto
a pole (vertex with barycentric weight equal to 0) — call this vertex
opp, and the other two a and b. A triangle strip with points (a;,,,90°),
(alonvalat)v (Opp](,n,g()o), (Opplonaopplut)s (blonagoo)’ (blon:blat) is
used to create four triangles connecting a, opp, and b straight up to the
top of the image (or down to the bottom with pole latitude —90°).

In case 3, where the pole falls in the middle of the triangle, again
the first step is to calculate the position and all other vertex attributes
for the pole intersection location using the barycentric weights with
traditional three-dimensional linear interpolation. The next step is to
order the triangle vertices such that they are in ascending longitudinal
order (using longitudes in the range [—360°,0°]) — call these sorted
vertices a, b, and ¢ respectively. A triangle strip with points (a;,,,90°),
(alonvalat)s (blonvgoo)’ (blomblat)7 (C]on,900), (Clomclat) is used to
create four triangles connecting a, b, and ¢ straight up to the top of the
image (or down to the bottom with pole latitude —90°).

Note, in all three cases the triangle may also cross the back of the
projection sphere. In this situation, both fixes are applied. For case
3, it is guaranteed to cross the back of the projection sphere since the
triangle covers all longitude values. Therefore, there should be one
long triangle strip with 10 triangles, rather than separate strips on each
side of the image. Fig. 4 Panel B illustrates this process for case 3 (only
8 triangles shown since the final two get completely clipped).

4 OMNIDIRECTIONAL STEREO

ODS images are made from two 360° surround-view panoramas, rep-
resenting the views from each eye. For traditional S3D rendering, the
virtual camera is simply moved left/right half the desired interocular
distance and uses an off-axis view frustum. However, since left and
right are not fixed directions in a 360° surround-view panorama, this
approach does not work. Instead, left and right directions can uniquely
be determined for each vertex in the scene’s meshes. The assumption is
made that the view direction is exactly facing the vertex and the positive
y-axis is up. Using these two assumptions, the view right direction for
a particular vertex can be calculated using Equation 5.

forward = vertex — camera
up = vec3(0,1,0)
right = normalize(forward x up) (5)

The right vector can then be scaled by (—0.5 - interocular_distance)
to get the camera offset for the left eye, or (0.5 - interocular_distance)
to get the camera offset for the right eye. This camera offset is used to
translate the camera’s location prior to performing the equirectangular
projection. Using our approach, this process takes place in the geometry
shader for each tessellated vertex.
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As previously stated, creating traditional ODS images will result in
non-perfect stereo for the peripheral vision. When looking nearly
straight up or straight down, these imperfections can cause noticeable
binocular misalignment resulting in visual discomfort. Therefore we
have implemented pole merging to gradually reduce the interocular
distance near the pole regions. Our pole merging technique contains a
number of tunable parameters to control the angle of inclination where
the interocular distance begins to reduce and how quickly it will go to
0. While pole merging will reduce the stereo depth cues available to
viewers in part of the ODS image, we argue that it does not negatively
affect the overall S3D experience since the stereo is also imperfect
without pole merging.

Pole Merging



Fig. 5. Diagram of the ODS projection sphere, highlighting the region
where pole merging gradually takes place. Panel A shows pole merging
that starts 15°away from each pole and ends at the pole. Panel B shows
pole merging that starts 45° away from each pole and ends at the pole.

There are three parameters to control the severity of the pole merging:
1) start angle, 2) end angle, 3) interpolation exponent. The start and end
angles specify the region in relation to the poles where the interocular
distance is gradually reduces to 0. The interpolation exponent controls
how quickly the interocular distance will reduce within the merging
region. Fig. 5 illustrates basic pole merging regions starting at 15°
away from each pole in Panel A, and 45° away from each pole in Panel
B. The region of the projection sphere that is between the equator and
the start angle will maintain regular interocular distance. The region
of the projection sphere that is between the end angle and the pole
will have an interocular distance of 0. All three parameters can be set
independently for each pole. Equation 6 shows the formula used to
calculate the adjusted interocular distance based on a vertex’s projected
latitude.

inclination = abs (latitude)
mergegary = 90° — start _angle

mergeg,qg = 90° — end_angle

inclination — mergessqrt
a=|1—clamp

mergeenq — mergeseart

exp
70,1)>

ad justed_dist = a - interocular_dist 6)

One notable limitation of ODS images is that the interpupillary
distance (IPD) must be determined at render time, and therefore cannot
be customized for individual users. However, non-anatomically correct
IPD has been shown to not affect depth perception or visual fatigue
when using the adult mean value of 6.3cm [3].

5 PERFORMANCE EVALUATION

In order to evaluate our work and showcase its ability to handle dif-
fering rendering techniques, we developed two sample scenes. The
first uses data from a LiDAR scan to render over 5 million points as
imposter spheres (camera-facing rectangles shaded to look like spheres)
with two point light sources. The second includes a number of three-
dimensional OBJ models with textures made from a total of more than
620 thousand triangles, as well as a skybox for the background. This
scene is illuminated by 18 point lights and 3 spot lights. Both scenes
use Phong shading to calculate illumination per pixel.

To evaluate the performance of our dynamic tessellation algorithm,
we compared its frame rate against using no tessellation and static
tessellation with 4 and 16 segments for all triangles. All tests were
run on a Linux workstation with an NVIDIA GeForce RTX 2080 GPU.
Results are summarized in Table 1.

Table 1. Frames per second for rendering a 3840 x 1920 360 ° surround-
view panorama for the LiDAR scene and the OBJ model scene.

No Tess. | Static (4) | Static (16) | Dynamic
LiDAR 32.5 fps 2.7 fps 0.2 fps 25.5 fps
OBJ Models | 154.0fps | 38.2 fps 4.7 fps 145.0 fps

Our dynamic tessellation algorithm resulted in a nominal decrease
in frame rate as compared to not performing any tessellation whatso-
ever. The dynamic tessellation also significantly outperformed static
tessellation using either 4 or 16 segments. Since our dynamic tessella-
tion algorithm is based on projected edge length, only those triangles
that cover a significant portion of the image will require tessellation.
Therefore, many triangles (especially those far away from the camera)
are likely to require little or no tessellation. However, we cannot skip
the tessellation stage altogether, since there are other triangles that may
cover a significant portion of the projected image which would result
in noticeable artifacts without tessellation.

Also worth noting is that both scenes were able to achieve real-time
frame rates (> 25 fps). Therefore our technique for generating 360°
surround-view panoramas is well suited for integration into real-time
rendering applications.

6 USER STUuDY

We designed and conducted a user study to evaluate the effects of pole
merging on visual comfort and stereo depth perception when viewing
ODS images in a VR headset. We developed a WebXR application
using Babylon.js [2] to view ODS images so that it would run on
any HMD with a compatible browser. Although the three parameters
that control pole merging exist in a continuous domain, we selected
a discrete set for users to compare. Images were generated with the
pole merge start angle varying from 0° to 90° (where 0° equates to no
pole merging, and 90° begins the pole merging at the equator) in 15°
increments. For each start angle, images were generated using linear
and cubic interpolation for the adjusted interocular distance (exponent
equal to 1 and 3 respectively). The pole merge end angle was held at
0° (at the pole) for all images.

Image sets were created for both the LiDAR point cloud and the
OBJ model scenes. Participants viewed a total of 13 images for each
scene. When the pole merge start angle was 0°, no pole merging took
place. Therefore, this resulted in a traditional ODS image without pole
merging for both the linear and cubic interpolation image sets. There
were six other pole merge start angles tested (15°, 30°, 45°, 60°, 75°,
and 90°) for each of the two interpolation exponents.

Our study was designed to qualitatively evaluate both visual comfort
and stereo depth perception. The user study was broken into two parts.
For part 1, participants compared each ODS image to the monoscopic

Fig. 6. Immersive study application for viewing ODS images. Participants
switched between images using the virtual user interface (figure depicts
interface used during part 1 of the study).



Fig. 7. Equirectangular projection of a nighttime scene in a town square with a car driving by. Green and red spheres were added as targets to direct
participant view when evaluating visual comfort and stereo depth perception.

360° panorama individually. Participants were asked to rate their visual
comfort and improvement in depth perception when viewing each ODS
image. For part 2, participants were able to dynamically switch between
all versions of the ODS image. They were then asked to select the image
that was most comfortable while still maintaining quality stereo depth
for both the linear and cubic sets. Fig. 6 shows a view from inside a
VR headset, depicting how participants would view an ODS image and
interact with a user interface to partake in the study. For both part 1
and part 2, bright colored spheres were added to each scene as targets
to direct a participant’s view to certain regions of interest.

In order to evaluate visual comfort when viewing areas near the
poles, participants were instructed to center a particular target in the
center of the HMD screen (blue sphere with a latitude of -73.5° for
the LiDAR point cloud scene, and the moon on the skybox of the OBJ
model scene which had a latitude of +74.0°). Participants were then
directed to focus on other nearby targets (bright green spheres with
similar latitudes but different longitudes) by moving only their eyes
so as to keep the original target centered on the HMD screen. When
focusing these green spheres located near the north or south pole that
were displayed in the periphery of the HMD screen, participants were
asked to rank their level of visual comfort on a 5-point scale (1: very
uncomfortable, 2: uncomfortable, 3: neutral, 4: comfortable, 5: very
comfortable).

In order to evaluate stereo depth perception, three red targets were
placed in each scene near specific areas where stereo depth cues were
particularly helpful for understanding the space (e.g. power lines that
run in front of a tree in the LiDAR point cloud scene, and a nearby
movie poster in the OBJ model scene). Participants were asked to
dynamically toggle between the ODS and monoscopic versions of
the 360° panorama and qualitatively rate their improvement in depth
perception when viewing objects in the ODS image located near the red
targets on a 4-point scale (1: no improvement, 2: slight improvement,
3: moderate improvement, 4: great improvement). Fig. 7 shows the
OBJ model scene with the targets used for the study.

Twelve participants were recruited for the user study — 8 males and
4 females, with ages ranging from 23 - 65 (average age of 43.7). The
study was conducted remotely, with each participant using their own
HMD. Therefore VR hardware was not standardized for this study. 9
participants used an Oculus Quest, 1 used an HTC Vive Pro, 1 used an
HP Windows Mixed Reality Headset, and 1 used a Google Daydream.

6.1 Visual Comfort Results

For each image that a participant viewed during part 1 of the study,
they were asked to rate their level of visual fatigue / discomfort on
a scale of 1-5 (with 1 being very uncomfortable and 5 being very
comfortable). Results are illustrated in Fig. 8 and show a substantial
improvement in participant visual comfort as the pole merge start angle
increases using either linear or cubic interpolation for the adjusted
interocular distance. We also note that there appears to be a point where
user comfort plateaus, indicating that after some threshold there is no
benefit from starting the pole merging further from the poles.

In the LiDAR point cloud scene, cubic interpolation of the adjusted
interocular distance resulted in a more comfortable viewing experience
than using linear interpolation. The plateau for cubic interpolation is
reached at a value of approximately 4.5 (between comfortable and very
comfortable), whereas the platuea for the linear interpolation is reached
at a value of approximately 3.5 (between neutral and comfortable).
Also the plateau using cubic interpolation was reached at a smaller
pole merge start angle than the plateau when using linear interpolation.
Both, however are vast improvements over the traditional ODS image,
which had an average user comfort level of 1.7 (between uncomfortable
and very uncomfortable).

In the OBJ model scene, cubic and linear interpolation of the adjusted
interocular distance resulted in much more similar levels of visual
comfort. Both plateaued at approximately 4.0 (comfortable), though
the images using cubic interpolation reached that plateau at a lower
pole merge start angle. Again, ODS images using both pole merge
interpolation schemes resulted in improved visual comfort levels as
compared to the traditional ODS image, which had an average value of
2.6 (between neutral and uncomfortable).

For each scene, we performed a single factor ANOVA test to compare
the seven images that used linear interpolation to gradually reduce
the interocular distance, and a second single factor ANOVA test to
compare the seven images that used cubic interpolation to to gradually
reduce the interocular distance. When viewing the LiDAR point cloud
scene, there was a significant effect of pole merge start angle with
linear interpolation on a participant’s visual comfort at the p < 0.05
level for the seven conditions [F(6,77) = 11.87, p = 2.18 x 107°].
There was also a significant effect of pole merge start angle with cubic
interpolation on a participant’s visual comfort at the p < 0.05 level for
the seven conditions [F(6,77) = 19.43, p=1.16 x 10~ 13].
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Fig. 8. User study results for visual comfort with various severities of pole
merging. The use of pole merging showed a substantial improvement
in visual comfort when viewing objects in the peripheral vision near the
poles for both image sets.

Similarly, when viewing the scene with OBJ models, there was a
significant effect of pole merge start angle with linear interpolation
on a participant’s visual comfort at the p < 0.05 level for the seven
conditions [F(6,77) = 5.34, p = 1.19 x 10~#]. There was also a sig-
nificant effect of pole merge start angle with cubic interpolation on a
participant’s visual comfort at the p < 0.05 level for the seven condi-
tions [F(6,76) =7.70, p = 1.76 x 10~%]. Note that one participant did
not provide a visual comfort level response for the image using cubic
interpolation with a pole merge start angle of 15°.

These results show that the use of pole merging can significantly
improve a user’s visual comfort levels when viewing ODS images in
a VR headset. Comfortable viewing tended to occur with pole merge
start angles beginning in the [30°,60°] range.

6.2 Stereo Depth Perception Results

For each image that a participant viewed during part 1 of the study, they
were also asked to rate their improvement in depth perception when
toggling between the ODS image and a monoscopic 360° panorama of
the scene on a scale of 1-4 (with 1 being no improvement and 4 being
great improvement). Results are illustrated in Fig. 9 and show similar
levels of improved depth perception in all but the most extreme pole
merge start angles.

In the LiDAR point cloud scene, improvement in stereo depth per-
ception with linear interpolation of the adjusted interocular distance
consistently scored and average value near 3.0 (moderate improvement).
For pole merge start angles [0°,15°] the average ratings were slightly
above 3.0, and for pole merge start angles [30°,90°] the average ratings
were slightly below 3.0. When using cubic interpolation of the adjusted
interocular distance, improvement in stereo depth perception fluctuated
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Fig. 9. User study results for stereo depth perception with various severi-
ties of pole merging. In all but the most extreme cases, the use of pole
merging did not show a substantial decrease in stereo depth perception
for both image sets.

slightly as it also hovered around a value of 3.0 for pole merge start an-
gles [0°,75°]. At the most severe pole merge start angle (90°) however,
the stereo depth improvement dropped to an average value of 2.2 (just
above slight improvement).

In the OBJ model scene, improvement in stereo depth perception
with linear interpolation of the adjusted interocular distance consis-
tently scored an average value near 2.5 (between slight and moderate
improvement). Only minor fluctuations existed between all pole merge
start angles. When using cubic interpolation of the adjusted interocu-
lar distance, improvement in stereo depth perception hovered slightly
lower — around a value of 2.3 for pole merge start angles [0°,75°].
Again, a drop-off in stereo depth improvement was reported at the most
severe pole merge start angle, where the stereo depth improvement
scored an average value of 1.6 (between no improvement and slight
improvement) when the start angle was 90°.

For each scene, we performed a single factor ANOVA test to com-
pare the seven images that used linear interpolation to gradually reduce
the interocular distance, and a second single factor ANOVA test to
compare the seven images that used cubic interpolation to to gradu-
ally reduce the interocular distance. When viewing the LiDAR point
cloud scene, there was no significant effect of pole merge start an-
gle with linear interpolation on the improvement of a participant’s
stereo depth perception at the p < 0.05 level for the seven conditions
[F(6,77) = 0.74, p = 0.62]. There was however a significant effect
of pole merge start angle with cubic interpolation on the improvement
of a participant’s stereo depth perception at the p < 0.05 level for the
seven conditions [F(6,77) = 2.23, p = 0.049]. We therefore followed
up by performing a two-tailed t-test to determine the largest pole merge
start angle using cubic interpolation that did not show a significant
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Fig. 10. User study results for favorite image (most comfortable while still
maintaining quality stereo depth) with various severities of pole merging.

difference in improved stereo depth perception when compared against
the traditional ODS image (pole merge start angle = 0°). We found that
a pole merge start angle of 75° resulted in no significant difference at
the p < 0.05 level [p = 0.13].

Similarly, when viewing the scene with OBJ models, there was no
significant effect of pole merge start angle with linear interpolation
on the improvement of a participant’s stereo depth perception at the
p < 0.05 level for the seven conditions [F(6,77) = 0.22, p = 0.97].
There was also no significant effect of pole merge start angle with
cubic interpolation on the improvement of a participant’s stereo depth
perception at the p < 0.05 level for the seven conditions [F(6,77) =
1.46, p = 0.20]. This was slightly surprising since there is a noticeably
lower average when the pole merge start angle was 90°. A larger
sample size would help determine whether this decrease in stereo depth
perception actually is significant.

These results show that, in all but the most extreme cases, the use
of pole merging does not negatively impact a user’s stereo depth per-
ception when viewing ODS images in a VR headset. The improvement
in depth perception offered by the ODS image compared to the mono-
scopic 360° panorama remained fairly constant except when the pole
merge start angle began at the equator (90° from the poles) and cubic
interpolation of the adjusted interocular distance was used.

6.3 Dynamic Image Comparison Results

For part 2 of the study, users were able to dynamically switch between
the ODS images with each pole merge start angle (0° to 90°) for each
interpolation exponent (linear and cubic). Users were asked to select
the most comfortable image that still maintained quality stereo depth
and mark it as their favorite for each interpolation exponent. Results are
illustrated in Fig. 10 and mostly align with results of the visual comfort

and stereo depth perception tasks. The only somewhat surprising result
was the number of participants who selected 90°, even though some
fall-off in stereo depth perception seems to occur based on the results
of rating each image separately.

Participants were then asked to choose which of their two favorite
images was the most comfortable while still maintaining quality stereo
depth (linear, cubic, or no difference). For the LiDAR point cloud
scene, 4 participants selected linear, 7 selected cubic, and 1 selected no
difference. For the OBJ model scene, 4 participants selected linear, 3
selected cubic, and 4 selected no difference, and 1 did not respond. In
total, there did not seem to be a strong preference for one interpolation
exponent vs. the other. However, we do note that using cubic interpola-
tion seems to result in comfortable viewing at lower pole merge start
angles, meaning that a larger portion of the ODS image maintained
proper interocular distance.

7 CONCLUSION

We have presented a technique for rendering omnidirectional stereo
images for interactive viewing in virtual reality environments. Our
technique expands upon previous geometry-based approaches for cre-
ating 360° surround-view images, as we provide solutions for dynam-
ically tessellating input meshes and handling cases when triangles
cross a discontinuity in the equirectangular projection. We also pro-
vide a method for generating omnidirectional stereo image pairs that
can leverage tunable pole merging parameters to reduce the binoc-
ular misalignment that can become pronounced in the peripheral
vision when looking nearly straight up or straight down. An im-
plementation of our technique using GLSL shaders is available at
https://github.com/tmarrinan/omnistereo.

Performance results of two fairly complex sample scenes demon-
strate that our dynamic tessellation algorithm has minimal computa-
tional overhead while ensuring that all triangles project to a sufficiently
small area to reduce visual artifacts to a negligible level. Thus, our
technique is well suited for real-time rendering applications. We envi-
sion our real-time ODS rendering being useful for applications such as
recording video game play that can later be watched while viewing in
any direction, or in situ large-scale scientific visualization where high-
performance computing resources can quickly render ODS images,
leaving the majority of compute cycles available for the simulation.

We also conducted a user study to gain insight on the impact pole
merging has on visual comfort and stereo depth perception when view-
ing ODS images in a HMD. Our results show that pole merging can
greatly reduce the visual discomfort associated with binocular misalign-
ment in the north and south pole regions of the image. Our results also
show that pole merging does not significantly reduce the improvement
in depth perception that viewing an ODS image provides as compared
to a monoscopic 360° panorama, except in the most extreme cases
(when the interocular distance begins to reduce near the equator).

While fairly generalizable, there are a couple of limitations with our
work. First, our real-time geometry-based equirectangular projection
technique relies on the use of tessellation and geometry shaders. There-
fore OpenGL 4.0/ Direct3D 11 or higher is required. Additionally, if an
application already uses the tessellation or geometry shaders for another
purpose, it may be more difficult to integrate ODS rendering. We also
would like to point out that results from our user study are limited in
scope as well. Only a discrete set of pole merge start angles using two
interocular distance interpolation exponents were tested. Additionally,
stereo depth perception was only qualitatively measured.

In the future we would like to leverage our ODS rendering technique
for real-time streaming, allowing many users to view a live stream in
VR with each user able to control their own view. We also think it
would be valuable to conduct a follow-up user study where users can
control all the pole merge parameters dynamically, and depth estimation
of targets is measured quantitatively in addition to visual comfort.
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