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Abstract

Virtual Reality (VR) demands high-performance stereoscopic rendering to main-
tain immersion, yet current techniques for Non-Photorealistic Rendering (NPR) of-
ten struggle with stereo-consistency. Despite line drawings, specifically apparent
ridges, being a powerful tool for conveying shape and depth with minimal visual
clutter, their view-dependent nature present a significant challenge in stereoscopic
settings. As the viewpoint changes, view-dependent lines can have discrepancies
between left and right viewpoints, triggering binocular rivalry and undermining the
user’s depth perception.

This thesis proposes a framework for synthesizing stereo-consistent lines through
a gradient-based geodesic search in world-space. Rather than attempting to match
existing view-dependent lines in stereo-viewpoints, we introduce a three view cor-
respondence algorithm. Using the midpoint of the stereo viewpoints as an anchor,
we use an iterative pathfinding algorithm that performs geodesic walks along the
surface gradient of the curvature field. This process traces the transition of appar-
ent ridges, a view-dependent line, from the center reference point to the stereo
viewpoints, identifying consistent surface regions across the mesh.

To enhance depth and shape perception for the user, we extend this algorithm
to apply hatching lines on the marked surface regions. By rendering curvature-
aligned hatching lines along the geodesic paths, we provide additional surface
cues that apparent ridges cannot convey. This method ensures that both eyes are
presented with the same lines and information, eliminating most cases of binocular
rivalry.

The efficacy of this approach is measured using a user study conducted in VR,
alongside a performance analysis to ensure the algorithm meets the 90 FPS re-
quirement of VR. Our results demonstrate that there is a statistically significant
improvement in 3D shape and depth perception for users, while maintaining the
visual comfort that apparent ridges provide.
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Introduction

Virtual Reality (VR) technology has gained much traction in recent years, especially in fields like enter-
tainment, education, medical training, architectural visualisation, and industrial design. At its core, VR
aims to create an immersive experience for users in synthetic 3D environments. Unlike traditional dis-
plays, VR systems present stereoscopic images directly to each eye through head-mounted displays,
generating the perception of depth within virtual spaces. This immersive quality of VR makes it valuable
for applications where spatial understanding is crucial, or an immersive experience is wanted.

However, presenting convincing immersion in VR has shown to be technically difficult. The human
visual system, while great at seeing depth and shape, is sensitive when it comes to inconsistencies
between the images of two eyes, making VR applications more demanding of systems in ways that tra-
ditional graphics applications are not. To maintain an immersive experience for users, VR applications
should render high-quality images at consistent frame rates exceeding 90 frames per second, with min-
imal latency between movement and display [27]. These performance requirements are aggravated by
the need to render each frame twice, once for each eye, doubling the rendering computation. Further-
more, visual discrepancies between the images presented to each eye can trigger binocular rivalry, a
phenomenon where the brain is unable to fuse the two images presented into a 3D percept. Binocular
rivalry often manifests as double vision, where the images are rapidly alternating creating a flickering
effect. This leads to visual discomfort, breaking immersion and potentially causing eye strain, nausea,
or headaches. Thus, the combination of high performance demands and perceptual constraints makes
graphics algorithms for VR a challenging problem.

While much of graphics research has been focused on photorealistic rendering that simulates physical
behaviour, Non-Photorealistic Rendering (NPR) attempts an alternative visual style that does not follow
that exact realistic behaviour. Among NPR techniques, line drawings have proven to be a powerful tool
for shape and depth cues, whilst offering a minimal way of conveying complex geometry.

Numerous algorithms have been developed to extract meaningful lines from 3D geometry. Lines such
as silhouettes mark the boundaries where objects occlude the background, while creases highlight
sharp geometric features such as an edge of a cube. Over time, more sophisticated techniques like
suggestive contours and apparent ridges extend these concepts to create meaningful lines that en-
hance depth and shape perception even when they do not correspond to geometric discontinuities.
The usage of line drawing in 3D visualizations offer several advantages to photorealisitic rendering:
it reduces visual clutter, emphasizes important geometric features, and can run efficiently since line
rendering requires fewer computational resources than physically correct photorealistic rendering.

For VR applications, line drawings present an interesting opportunity. The reduced complexity of line
drawing techniques could help meet the required performance needed for an immersive VR experience,
whilst still conveying depth and shape information. Certain line styles can also enhance VR experience
in certain fields, where visual clarity is preferred over realism.

Despite the potential of line drawings in a stereoscopic environment, new challenges arise that do not
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exist in single-view rendering. While many line drawing techniques are view-independent, meaning the
position of the lines on the surface are fixed, most sophisticated lines, such as apparent ridges, are
view-dependent, where the position of the lines on the surface change depending on the observer’s
viewpoint. In a stereoscopic environment, the offset between left and right viewpoints can cause these
lines to appear at different locations on the surface of the object for each eye. This lack of stereo
consistency between views results in lines that convey misleading depth cues and can trigger binocular
rivalry. Furthermore, even view-independent lines can exhibit inconsistencies. Despite the fixed loci of
lines for view-independent lines, different occlusion for left and right viewpoints, where a line is visible
in one eye but occluded in the other, can still produce inconsistent imagery between eyes.

Existing approaches to stereo-consistent line drawing focus on matching view-dependent lines that
have already been computed independently for each eye. These methods operate in either screen-
space or use proximity-based world space matching to identify which line in one view corresponds to
which line in the other view, then filter inconsistent matches. However, these matching techniques have
fundamental limitations. When view-dependent features shift substantially across the surface between
viewpoints, establishing reliable correspondence becomes difficult, and the resulting matched lines
may appear fragmented or inconsistent between eyes.

1.1. Research Questions

Based on the challenges identified regarding stereo-consistency and visual comfort in Virtual Reality,
this thesis aims to answer the following research question:

How can the synthesis of stereo-consistent lines inspired by line drawing techniques enhance the 3D
depth and shape perception of users in Virtual Reality?

To address this research question, we first create a matching algorithm capable of matching one such
line drawing technique, apparent ridges, from stereo views. From this algorithm, we derive stylized
hatching lines that provide additional shape and depth cues. We further optimize the algorithm to
be efficient and suitable for VR. Then we determine the performance of these new hatching lines by
conducting a user study in a VR environment. To structure the progress of this thesis, we further divide
the main research question into the following sub-questions:

1. How can hatching lines be created from matched apparent ridges in a stereo context?

2. What methods can be used to ensure stereo-consistency within the performance constraints of
Virtual reality?

3. To what extent do these new hatching lines improve a user’s ability to perceive depth and shape
in Virtual Reality?

To answer these questions, we propose a new line drawing technique that is naturally stereo-consistent,
originating from apparent ridges. Instead of calculating and rendering view-dependent lines indepen-
dently for each eye, we propose a center-view synthesis approach. By using the midpoint of stereo
viewpoints, we establish a non-biased reference set of apparent ridges. To ensure these new lines
remain stable and consistent across both eyes, we introduce an iterative pathfinding algorithm in world-
space. This algorithm matches apparent ridges from the central reference apparent ridges to the stereo-
viewpoints, tracing continuous paths on the surface between them. We then render hatching lines along
these paths, ensuring that both eyes are presented with lines that correspond to the same 3D location
on the surface. This approach effectively makes the hatching lines view-independent and less prone
to binocular rivalry.

Furthermore, we utilize hatching lines to render along the path of our pathfinding algorithm. Hatching
lines have the benefit of providing directional information of the surface orientation, further enhancing
the shape and depth cues in line drawings. By drawing hatching lines along the path found in the
pathfinding algorithm, we provide additional depth and shape cues over surface geometry that can be
used in a stereoscopic setting. Unlike traditional apparent ridges, which are often thin and inconsis-
tent in stereo environments, these synthesized hatching lines are naturally stereo-consistent, provide
additional depth and shape clarity in VR.
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1.2. Contributions
The primary contributions of this work are:
» A mathematical formulation for finding the closest apparent ridge on any point of an object.

» A three view correspondence algorithm in world-space, capable of iteratively matching view-
dependent lines using a gradient guided geodesic walk and extending the path beyond them.

* A novel application of hatching lines as a visualization tool for surface paths generated from
our three view pathfinding algorithm, that integrate apparent ridge differences between stereo
viewpoints.

» A user study evaluating the efficacy of these lines against traditional apparent ridges.



Background and Related Work

This chapter establishes the theoretical and technical foundations required to perform gradient based
geodesic walks on the surface manifold and synthesize stereo-consistent hatching lines in immersive
stereo environments. To bridge the gap between abstract 3D geometry and the human visual system,
we first examine the mathematical definitions of curvature and epipolar geometry. We then explore the
evolution of Non-Photorealistic Rendering, categorizing feature lines by view-dependency and their
method of conveying shape. Finally, we analyse the perceptual constraints of the human visual sys-
tem and the performance requirements of Virtual Reality, providing critical context for why traditional
line-drawing techniques often fail to maintain the stereo coherence for a comfortable immersive user
experience.

2.1. Basic background

2.11. Curvature

Curvature is a fundamental concept in differential geometry that quantifies how much a surface bends
in space. Curvature quantifies the rate at which the unit tangent vector changes as you move along
the curve, with larger or higher curvature meaning a sharper bend. At any point p € R? on a surface 5,
we define the tangent plane 7,5 and a unit surface normal n(p). Surface curvature is characterized by
how the normal n(p) changes as we move in a specific direction « on the tangent plane. To compute
curvature, we use two quadratic forms that describe local geometry: the First Fundamental Form and
the Second Fundamental Form [34]. The First Fundamental Form | represents the inner product on
the tangent space. For two tangent vectors u, v € T,,S:

l(u,u) =u-v (2.1)

It measures the distances and angles on the surface. When u = v, the form I(u, u) = ||u||? provides the
squared length of the vector. The Second Fundamental form || measures the shape or curvature of the
surface. The Second Fundamental Form Il measures how the surface curves away from its tangent
plane by quantifying the rate of change of the normal vector. For a tangent direction u, we measure
how the normal n changes as we move along the surface in that direction. Mathematically:

Nu,u) =——-u (2.2)

where fl—z represents the directional derivative of the unit normal vector n in direction u. If the normal
changes rapidly as we move in direction u, the Second Fundamental Form, and thus the curvature, is
large. The normal curvature «,,(u) is the curvature on a point p on the surface with tangent vector w.
It is defined as the ratio of the Second Fundamental Form to the First Fundamental Form. For a unit
tangent vector u (i.e. ||u|| = 1), it is defined as
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As we rotate the direction « on the tangent plane, «,,(u) changes. The maximum and minimum values of
this function are called the principal curvatures, noted as 1 (p) and k2(p). The direction in which these
extrema occur are the principal directions, e;(p) and e2(p). These directions are always orthogonal to
each other in the tangent plane.

The principal curvatures provide information on the local shape of the surface. Gaussian curvature, the
product of the two principal curvatures K (p) = 1 (p)k2(p) can indicate a saddle like surface when K (p)
is negative, or an elliptic point when K (p) is positive. An illustration detailing a saddle surface can be
found in Figure 2.1.

planes normal
of principal vector
curvatures

tangent
plane

Figure 2.1: An example saddle surface, showing the surface normal, tangent plane and principal direction planes. Source:
Wikimedia, by: Eric Gaba, License: CC-BY-SA 3.0.

2.2. Line drawing

Line drawing in the context of Non-Photorealistic Rendering (NPR) aims to simplify complex scenes
into sparse, meaningful geometric representations. By using feature lines, line drawings can communi-
cate shape, depth, volume, and spatial relationships more efficiently in certain applications [34, 9, 10].
Feature lines in this domain are generally classified in two categories, based on their relation with the
observer: view independent lines and view dependent lines.

2.2.1. View independent lines

View independent lines are static regardless of the viewing position of the user and viewing direction.
This results in the same lines being drawn when viewed from different angles. Some examples of view
independent lines are the following:

Creases

Creases are surface lines that occur where the surface normal changes discontinuously or where the
change in normal is abrupt [8, 34]. These lines represent sharp edges or folds on a surface, represent-
ing features such as edges or sharp bends on smooth surfaces.

Ridges and Valleys
Ridges and valleys are feature lines that are defined based on the surface’s principal curvatures and
their directions. A ridge occurs along the points where the principal curvature contains a local maximum
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along its corresponding principal direction, whereas a valley occurs where the principal curvature has
a local minimum [16, 34, 28]:

* Ridges: Points where the largest principal curvature x; has a local maximum along its direction.
+ Valleys: Points where the smallest principal curvature x5 has a local minimum along its direction.

2.2.2. View dependent lines

View dependent lines are lines that exist and change dependent on the viewing position and direction,
unlike view-independent lines. This results in different lines being drawn when an object is viewed from
different angles. Some view dependent lines are explained below:

Silhouettes

Silhouettes, or specifically exterior silhouettes, are the lines on the boundary of the projected object
shape and the background. Additionally, occluding contours, or interior silhouettes, are the lines where
any depth discontinuities are present, not only against the background, [34, 16]. These lines can
mathematically be defined as points where the view direction v is perpendicular to the normal of the
surface n. Thus, where n - v = 0. An example of both exterior and interior silhouettes can be found in
Figure 2.2.

Figure 2.2: Example of occluding contours and silhouettes.

Suggestive Contours

Suggestive contours are informally known as ‘almost’ contours. These are points where a contour
could be found in nearby viewpoints, providing more information on the shape of the object. There are
three definitions of suggestive contours: contours in nearby viewpoints, minima of n - v, and zeros of
radial curvature [13, 11]. Suggestive contours have also been used to generate other families of lines
such as suggest highlights and principal highlights, complementing suggestive contours [12].

Apparent Ridges

Apparent ridges are view-dependent lines that emphasize regions where the surface normal n changes
most rapidly from the perspective of the viewer. Unlike traditional ridges, apparent ridges take into
account the viewer’s position v, making them more consistent with visual perception of shape.

To understand apparent ridges, we first need to consider how surface curvature appears from specific
viewpoints. At any point p on the surface, we can measure how fast the surface normal n(p) changes
as we move across the surface. However, for apparent ridges, we do not consider the 3D normal, but
instead project the 3D normal onto the viewing plane to get a 2D view-dependent normal. The rate of
change of this projected normal as move along the surface gives us view-dependent curvature.

Formally, this is captured by a view-dependent second fundamental form A,, which generalizes the
second fundamental form (Equation 2.2, Section 2.1.1) to account for the position of the viewer. While
the classical second fundamental form measures how the 3D normal changes in tangent directions,
the view-dependent second fundamental form measures the change in projected normal as we move
along the surface in different tangent directions. Just as the classical second fundamental form has
principal curvatures and directions, A, has principal view-dependent curvatures ¢;(p) and ¢2(p) (with
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q1(p) > g2(p)) and corresponding principal directions ¢, (p) and ¢, (p) that form an orthonormal basis in
the tangent space 7,,.

This thesis follows the mathematical definition of apparent ridges by Judd, Durand, and Adelson [21].
Thus, apparent ridges are defined as the loci of points where the maximum view-dependent curvature
¢1(p) achieves a local maximum along its corresponding principal direction ¢, (p). Mathematically, this
occurs for a point p when the directional derivative of ¢; (p) in the direction ¢, (p) is zero:

Dy, qi(p) =0 (2.3)

where Dy, ¢1(p) denotes the directional derivative of the view-dependent curvature field ¢, along the
tangent direction ¢, (p) on the surface. While ¢ (p) is derived from the projected screen-space normal,
it is important to note that the calculation of the directional derivative D, ¢; (p) is performed in the tangent
space of the 3D surface.

2.2.3. Hatching Lines

Hatching lines are a dense set of curves used to convey surface shape, orientation, and texture through
varying line density and direction. Hatching lines in NPR have been used to help artists, or non-artists,
generate imagerey in different styles [31]. Hatching lines have been used as both view-dependent
and view-independent lines. In early real-time methods, hatching lines have been built upon other
lines, such as contours [29], suggestive contours [38], or are generated view-independently where
cross-hatching lines, a method of hatching, are generated from the surface normal and light direction.
Hatching lines have often been aligned with principal curvature directions (x; and k3), ensuring that
the strokes follow the underlying geometric structure of the surface regardless of viewpoint [31, 19].

2.2.4. Epipolar geometry

Stereo vision relies on the fact that our two eyes observe the world from slightly different perspectives.
Epipolar geometry provides the mathematical framework for describing the relationship between these
two views and shared 3D points, thus stereoscopic 3D [41, 3, 5, 14].

Consider a setup of two cameras or eyes, O and Og, separated by a horizontal distance known as the
baseline. In a standard VR configuration, these cameras are oriented parallel to one another, looking
straight ahead. This is distinct from other toe-in configurations, where the two cameras are angled
inward. When both cameras observe a single 3D point P, that point projects onto specific locations
on each image plane (p. and pr). The horizontal difference between two points is known as disparity,
which is dependent on the distance between the cameras and the distance to point P. An example of
this can be found in Figure 2.3, where the cameras are located at O, and Ogr. The line between the
cameras is the baseline. The epipolar plane is the triangle plane formed between the two cameras and
the point P and the intersection between the epipolar plane and the two image planes is the epipolar
line .

Epipolar line . . Dr

O. Baseline Or

Figure 2.3: Basic setup of epipolar geometry.
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2.3. Stereoscopy

Stereoscopy is a technique which creates depth in images, using two different camera views repre-
senting each eye. By using the slight differences in each image, more commonly known as binocular
disparity, the human brain can infer depth. However, this is not the only way the brain infers depth, oc-
clusion, perspective, and relative size, are examples of monocular cues, where only one eye is needed
for depth estimation [3, 30].

2.3.1. Random Dot Stereograms

The most significant evidence for binocular disparity is the Random Dot Stereogram (RDS), introduced
by Béla Julesz around 1960. An RDS consists of a pair of images containing identical random noise,
where a region of dots in one image is shifted horizontally [22]. When viewed stereoscopically, the brain
recognizes the shifted noise patterns and is able to form a 3D shape that 'floats’ above all other noise.
On the other hand, this test is capable of testing a persons ability to perceive depth through binocular
disparity. This inability of perceiving depth through binocular disparity is known as stereo-blindness
and a partial inability is known as stereo-deficiency [32, 30]. Estimates suggest that roughly 7% of the
population under 60 years old is stereo-deficient or stereo-blind [7]. In the context of stereo imagery,
this demographic cannot see the effects of the RDS test, or depth and shape cues from binocular
disparity alone. This is why we test our subjects using an RDS test as a measure to ensure that all
participants possess a sufficient level of stereopsis. Since this research evaluates the efficacy of line
drawing techniques based on their ability to convey depth and minimize binocular rivalry, it is critical to
confirm that participants are capable of perceiving the binocular cues provided.

2.3.2. Monocular depth cues

Monocular cues are essential for depth perception, especially at medium and long distances, where
binocular cues are less effective. They are especially helpful for gauging relative depth, providing vital
information within ones view. Key monocular cues include:

* Occlusion: When one object partially blocks the view of another, the brain interprets the blocking
object as being closer.

* Linear perspective: Parallel lines appear to converge as they extend toward the horizon, meeting
at a vanishing point, thereby creating a sense of depth.

+ Size: Objects appear smaller as they recede into the distance. The brain uses its knowledge of
the average size of familiar objects to estimate their relative depth.

» Texture gradient: Fine details and textures on a surface are more distinguishable at close range,
becoming less apparent as the object moves further away, reinforcing depth perception.

» Motion parallax: When in motion, closer objects appear to move faster than distant ones, a cue
that helps gauge their relative distances.

These monocular cues provide the brain with sufficient information to infer depth in a scene, even when
viewed with one eye or at distances where binocular cues are less reliable. However, while monocular
cues are powerful, they often work best in combination with binocular cues to achieve more accurate
and immersive depth perception.

2.3.3. Binocular depth cues

Binocular cues rely on the brain’s ability to combine and infer depth from both our eyes. They provide
vital information for accurately estimating depth, as well as enhancing our ability to estimate depth in
complex scenes [3, 30]. Mainly two binocular cues are used for estimating depth:

* Binocular disparity: Each eye perceives the world at a slightly different angle and position, our
brain uses the two views to combine and gauge the depths of objects in our view.

» Vergence: The degree that our eyes need to turn to view an object. Closer objects require more
convergence, and further objects require little or almost no convergence.

The combination of monocular and binocular depth cues is vital to how the human visual system in-
fers depth in the world. Monocular cues provide context to our scene, while binocular cues ensures
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precision. The integration of both allows for a robust and comprehensive perception of depth, allow-
ing us to understand complex scenes with accuracy. Together, these depth cues compensate for the
weaknesses and limitations of the other, creating an immersive visual experience.

Binocular rivalry

Binocular rivalry is a natural phenomenon that occurs when the brain is presented with two different
images, one for each eye, at the same time. Instead of fusing the two images into a single three
dimensional view (stereopsis), the brain is unable to merge the conflicting images and instead enters a
state of competition where each image suppresses the other to be perceived. Binocular rivalry causes
the human visual system to randomly alternate between the two images, resulting in viewing discomfort
and an impairment of depth perception [2, 40] This failure of fusion is often caused by the violation of
the epipolar constraint. Human stereo-matching often assumes that corresponding features lie along
the horizontal epipolar lines [17]. By restricting the search space to these lines, the brain can more
efficiently calculate disparity. While the visual system is capable of handling a small degree of vertical
disparity up to 45 arcmin, discrepancies beyond this threshold or other significant differences can still
trigger binocular rivalry [39].

2.4. Stereo-consistency and stereo-coherence

Stereo-consistency refers to the geometric constraint that a feature drawn in one eye must have
a corresponding feature in the other eye that lies on the same epipolar line, this effectively constrains
each feature drawn to be the same 3D point in space [17]. Stereo-coherence refers to the consistency
of visual features perceived in stereoscopic 3D imagery when viewed by both eyes. Stereo coherence
ensures that visual artifacts such as lines, contours, and other geometric features appear seamless
and aligned when projected onto the left and right eye views. Without coherence, features can cause
discomfort or distortions and creates an inconsistent visual experience [23]. It is important to note that
stereo-consistency is not the same as stereo-coherence. For example, a line might be mathematically
consistent, but become incoherent if it is occluded in only one of the eyes. Conversely, a lack of
stereo-consistency almost always results in a lack of stereo-coherence. Thus, binocular rivalry, stereo-
consistency, and stereo coherence go hand in hand. Stereo coherence is particularly important for
applications requiring stereoscopic displays, where binocular rivalry can lead to visual discomfort, depth
misinterpretation, or disorientation.

Achieving stereo coherence in line drawing, where silhouettes, contours, or shading lines must align
correctly in 3D space across both views, has been seen as challenging by many. As line drawings are
sparse images for conveying the shape of objects, even small discrepancies between the two views
can cause misinterpretations of the depth and shape.

2.5. Temporal consistency and temporal coherence

Temporal coherence is the relation and similarity between adjacent frames in rendering. As noted by
Akenine-Moller, Haines, and Hoffman [1], in most rendering scenarios the camera and objects move
incrementally between time steps. This results in data redundancy, which can be exploited to compute
new frames from previous frames [35].

While temporal coherence describes the similarity in data, temporal consistency describes the stability
of visual output over frames. Temporal consistency is achieved when an algorithm produces smooth,
continuous transformation of features between frames [26]. In the absence of temporal consistency,
frequent changes between frames can cause flickering and lead to temporal aliasing.

2.6. Stereo-consistent line drawing

Several authors have researched how view-dependent lines can be rendered in a stereo-consistent
manner. Naive approaches to line drawings in stereoscopic 3D often lack accuracy or are not stereo
coherent. As described by Kim et al. [23] two naive approaches fail when considering stereo coherent
suggestive contours. First, the each-eye approach, in which the lines are drawn separately for each
eye. This approach causes binocular rivalry to occur due to the view-dependent nature of suggestive
contours. Naturally, this is not wanted when considering an immersive VR experience. Alternatively,
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the center-eye approach, lacks accuracy, as it draws view-dependent lines from the center of both eyes,
rather than considering the view from both eyes. Whilst this method is stereo-consistent and attempts
to minimize binocular rivalry as the lines are now stable across viewpoints, rivalry can still occur in
similar situations as view-independent lines such as occlusion for one eye [15]. In general, the same
issues arise when considering these two naive approaches to other, view independent types of lines.

Kim et al. [23] proposed a novel algorithm for stereo-consistent rendering of suggestive contours, utiliz-
ing the epipolar plane and samples of nearby viewpoints to discard stereo-inconsistent lines. By sliding
along the epipolar directions in image space, they ensure stereo consistency. However, this method
is unsuitable for real-time rendering, as their unoptimized system had only achieved 3 FPS due to the
computational overhead of epipolar search and viewpoint sampling.

Another method created by Bukenberger, Schwarz, and Lensch [6] uses an object-space approach
for stereo-consistency. They use a precomputed multi-view window and nearest-neighbors for match-
ing occluding contours. By working in object-space, their method maintains topological continuity that
screen-space methods lose. Despite this, they only achieved 24 FPS and the reliance on the precom-
puted multi-view window makes it not a viable solution for VR systems where users can move freely
in space. Furthermore, their approach is optimized for boundary features rather than interior surface
features like apparent ridges which can appear and disappear.

Lastly, the most recent solution for view-dependent line drawing was developed by He, Wang, and
Bao [18]. They built upon the method described by Kim et al. [23] and extend it to not require sam-
pling of nearby viewpoints, but instead use the geometry of the surface to check for stereo-consistency.
Because apparent ridges shift geometric position with viewpoint changes, their screen-space projec-
tions may violate epipolar assumptions. Additionally, screen-space methods run into problems with
occlusion, where features are partially matched when only partially visible in one view.

While prior work has addressed stereo-consistent rendering of suggestive contours and occluding con-
tours, other view-dependent lines such as apparent ridges have not been explicitly studied in the context
of stereoscopic rendering. Apparent ridges present unique challenges: they are interior surface fea-
tures that shift position and are more sensitive to viewpoint changes than suggestive contours, making
both screen-space epipolar matching and contour-based world-space matching unsuitable.

Additionally, none of the existing methods extend beyond line matching to address broader perceptual
challenges in stereo line drawing, such as using hatching or shading methods to enhance depth and
shape perception. Our work addresses both gaps: we develop a world-space correspondence method
specifically designed for view-dependent interior surface features like apparent ridges, and extend it
with hatching to provide stronger stereo depth cues.

2.7. Virtual Reality

Virtual reality (VR) is a simulated experience that places users in immersive, computer-generated en-
vironments. By providing an interactive, three-dimensional space, VR enables users to engage with
digital worlds as if they were physically present [4]. This technology combines hardware and software
components to deliver realistic visual, auditory, and sometimes haptic feedback, making it suitable for
entertainment, training, education, and scientific visualization. In this paper, we only consider fully
immersive VR: Systems that rely on head-mounted displays (HMDs) and motion tracking to create a
complete sense of immersion.

2.7.1. Real time rendering in VR

In the context of real-time rendering, Virtual Reality presents unique challenges. Stereo-coherency
between views to avoid visual discomfort, maintaining performance with multiple render passes due
to the two cameras, and ensuring proper visual cues for accurate depth estimation. One of the most
critical metrics in VR is motion-to-photon (MTP) latency, the delay between a user’s physical movement
and the update to the display. Higher latencies can lead to disconnect between the visual system and
the physical body, resulting in simulator sickness [27, 25]. For a comfortable experience, this latency
should be kept under 20ms [27, 20]. Additionally, according to LaValle [27] VR applications should
render at consistent frame rates exceeding 90 frames per second for an immersive experience. These
requirement places an upper bound on the computational budget of any line-drawing algorithm for VR.
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2.7.2. Stereo-coherency in VR

Achieving stereo-coherency within any stereo environments have proven to be challenge, but is even
harder to achieve with the additional computational budget. Any discrepancies between the stereo
views, such as naive approaches described by Kim et al. [23] with view-dependent lines appearing at
different orientations, results in binocular rivalry. Furthermore, even view-independent lines can cause
binocular rivalry due to different occlusions in stereo views [15]. Thus, any real-time line drawing
approach for VR must simultaneously satisfy both constraints: ensuring stereo-coherency to prevent
binocular rivalry, while remaining with the tight computational budget imposed by VR latency require-
ments.



Methodology

In this chapter we describe the techniques and methodology of creating stereo-consistent apparent
ridge hatching lines, as well as the motivation of the decisions made during the design. Results on
how well this new method, stereo-consistent apparent hatching, performs will be described in chapter
4. The main contributions described are the following:

* A novel gradient-based search direction that, for any surface point, indicates the direction of
steepest increase toward an apparent ridge.

 Aniterative path-finding algorithm that traces and marks surfaces geodesically using the proposed
derivative.

* A three view correspondence method in world-space for matching view-dependent lines across
multiple viewpoints, enabling stereo-consistent line placement and increased depth perception.

* A hatching-based shading technique that generates stereo-consistent hatching lines from the
path of marked surfaces.

» Acontrolled VR perceptual experiment evaluating the effectiveness of the proposed stereo-consistent
hatching technique compared to standard AR renderings.

3.1. Stereo-consistent correspondence via gradient-based geodesic

search

Matching view-dependent features across stereo viewpoints presents a major challenge: features that
appear at different geometric locations depending on viewing angle can not be matched reliably using
traditional epipolar geometry. We propose a gradient-based geodesic search algorithm that establishes
correspondences by walking along the surface gradient field of any view-dependent scalar function.
While the method can be applied to other feature lines, in this thesis we apply it specifically to apparent
ridges, whose view-dependent curvature scalars are used to construct the gradient field.

3.1.1. Algorithm overview

Our algorithm establishes stereo correspondences for view-dependent features using a three-view
sweeping approach. The core idea is to identify all faces on the mesh that contain a feature as the
viewpoint transitions from center to stereo views. Rather than sampling intermediate viewpoints (which
is computationally prohibitive), we efficiently approximate this sweep by performing gradient-guided
geodesic walks on the mesh surface. Given a center viewpoint and left/right stereo views, we:

1. Compute feature locations for all three views by evaluating a view-dependent scalar field f,(p)
at each face on the mesh, where v denotes the viewing position of each view.

2. Precompute gradient fields V f,(p) for the left and right views across all mesh faces. These
gradients point toward the nearest feature location for each respective view and guide the subse-
quent geodesic walks.

12
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3. Mark feature faces where the scalar field satisfies a feature criterion (e.g., f,(p) = 0 for apparent
ridges).

4. Sweep from center to stereo views: For each feature face in the center view, we perform si-
multaneous geodesic walks toward the left and right views by following the precomputed gradient
field V f,(p) of left and right view on the mesh surface. This walk traces the path along which the
feature moves across the surface as the viewpoint transitions from center to each stereo view.

5. Mark traversed faces: All faces visited during these geodesic walks are marked as part of the
feature correspondence region. This set of faces represents an approximation of all locations
where the feature would appear if we had sampled viewpoints between center and stereo views.

6. Establish correspondence: When a geodesic walk reaches a marked feature face in both the
left and right views, we record a valid stereo correspondence linking the center feature to its left
and right counterparts, otherwise the marked faces of this geodesic walk are discarded.

By anchoring searches from the center view and sweeping toward stereo views, we eliminate view bias
and increase the likelihood that matched features belong to the same geometric structure. Figure 3.1
illustrates this sweeping concept: the coloured vectors on the circle shows how apparent ridge positions
transition across the surface from the center view (AR¢) to the left view (AR, red arrow) and right view
(ARRg, green arrow), while the vectors on the bottom between C and L and R denote the corresponding
viewing positions.

)
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Figure 3.1: Visualization of the geodesic sweep from center to stereo views. The coloured curves across the sphere show how
apparent ridge locations shift from the center view to the left view (red) and the center view to the right view (green).

3.1.2. Mathematical formulation

To perform geodesic walks on the mesh surface, we require a method to project any point towards
the nearest feature location. We define a view-dependent scalar field f(p) on the mesh, where the
viewing position v is fixed for a given walk. For apparent ridges specifically, we use f(p) = D:, ¢1(p)
Equation 2.3, where Dy, is the directional derivative along the principal curvature direction ¢, (p) and
q1(p) is the maximum principal curvature at point p [21]. Apparent ridges exist where f(p) = 0. More
generally, this formulation applies to any view-dependent scalar field where features are characterized
by zero-crossings or threshold criteria.

For an arbitrary point p where f(p) # 0, we seek a displacement vector Ap that points toward the
nearest location satisfying the feature condition:

f(p+Ap)=0 (3.1)
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Solving equation 3.1 precisely over the manifold is computationally expensive. Instead, we use a first-
order Taylor expansion:

f(p)+Vf(p) Ap~0 (3.2)

This simplifies to the linear constraint:

Vfp) Ap=—f(p) (3.3)

Infinitely many vectors Ap satisfy equation 3.3. To find the nearest feature, we find the minimum-norm
solution, which occurs when Ap is parallel to V f(p):

Ap = kVf(p) (3.4)

Substituting equation 3.4 into equation 3.3 and solving for k yields:

_ —f(p)
S TeSIIE (3:5)

This step size k determines how far to move along the gradient toward the feature, but also whether we
should move in the positive or negative direction of the gradient. However, since the Taylor expansion
is a first-order approximation, a single step rarely lands exactly on the feature. We therefore apply this
iteratively: starting from an initial face, we check the pre-computed Ap, move to the adjacent face along
this direction, and repeat until reaching a marked feature face or exceeding a maximum step count.

While the scalar field f(p) itself is view-dependent, the gradient V f(p) provides a stable direction field
on the mesh for a fixed viewing position. This allows our algorithm to perform geodesic walks that
converge to the nearest feature location for each specific view, ensuring geometric consistency across
stereo pairs.

Figure 3.2: Visualization of the gradient field V f(p) pointing toward apparent ridge features (shown in magenta). Each face’s
gradient direction guides the geodesic walk toward the nearest ridge.

3.1.3. Three view correspondence algorithm

Using the gradient-based projection derived in Section 3.1.2, we implement the full correspondence
algorithm detailed in Algorithm 1. The algorithm begins by precomputing the gradient field V f,,(p) for
each face on the mesh for both the left and right stereo views. This precomputation happens once
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per frame and provides a direction field that guides geodesic walks toward the nearest feature in each
view.

For each feature face marked in the center view, we perform simultaneous geodesic walks toward
stereo views. For each feature, we initialize two starting positions p;, and pr on the starting face. At
each iteration, if the current face is not marked as a feature face in its respective view, we use the
precomputed gradient of that view and step to an adjacent face along the direction of the displacement
vector from Equation 3.4. These walks continue until both reach marked feature faces in their view,
at which we record valid stereo correspondence, or reach a step limit. All faces traversed for valid
stereo correspondences are marked as our correspondence region, approximating the feature as the
viewpoint moves from center to stereo views.

Algorithm 1 Three view Correspondence Algorithm.

Require: CenterAR (Faces identified as AR in center view)
Ensure: MatchedPairs (List of valid L-R ridge correspondences)
1: MatchedPairs « ()
2: for each face € CenterAR do
3: pr, + face, pr + face

4: foundL < false, foundR <« false
5: for step = 1 to MAX_STEPS do
> Left view

6: if not foundL then

7: if p;, € LeftARFaces then

8: foundL <« true

9: else

10: pr + StepAlongGradient(pr, V fr)
11: end if

12: end if

> Right view

13: if not foundR then

14: if pr € RightARFaces then

15: foundR <« true

16: else

17: pr + StepAlongGradient(pr, Vfr)
18: end if

19: end if
20: if foundL and foundR then
21: break
22: end if

23: end for
> Stereo match found
24: if foundL and foundR then

25: MatchedPairs.add(pr, pr)
26: end if
27: end for

28: return MatchedPairs

3.1.4. Application to apparent ridges
We apply our gradient-based correspondence algorithm to apparent ridges using the scalar field f(p) =
Dq, ¢1(p), where Dy, is the directional derivative along the principal curvature direction and ¢; (p) is the
maximum principal curvature. We mark faces containing apparent ridges by evaluating f(p) = 0 across
the mesh for each view: center, left, and right.

Applying Algorithm 1 to these marked apparent ridge faces establishes stereo correspondences. How-
ever, several correspondence cases can arise:

» The matched faces correspond to the same geometric ridge structure.
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» Multiple center ridges converge to the same left or right ridge.

» Matched ridges have different lengths or prominence across views.

» No match exists because a ridge appears in one view but not another.
* No match exists because a ridge appears in neither stereo view.

» Matched ridges are occluded in one or both views.

Our algorithm handles most cases naturally: geodesic walks follow the surface geometry and typically
converge to corresponding ridge structures. The maximum step limit prevents infinite searches when
features are missing in one view. However, cases involving different ridge lengths, occlusion, or par-
tial visibility can result in visually inconsistent line drawings that trigger binocular rivalry. Additionally,
because multiple center ridge segments can converge to the same stereo ridge, matched apparent
ridges may appear segmented or discontinuous from stereo viewpoints. To address these perceptual
challenges of rendering individual apparent ridge curves and enhance stereo coherence, we render
the traversed surface regions using hatching lines, as described in Section 3.2. These hatching lines
provide stereo-consistent visualization of surface curvature that apparent ridges cannot capture.

3.2. Hatching lines for stereo-consistent rendering

The gradient-based correspondence algorithm described in Section 3.1.1 marks all faces traversed dur-
ing geodesic walks from center to stereo views, creating correspondence regions that capture where
apparent ridges exist across the viewpoint transition. Even though our algorithm establishes corre-
spondences, the difference in viewpoint positions between stereo views can still cause perceptual
issues. Apparent ridges may be occluded in one eye but visible in the other, or may have different
lengths across views. Additionally, since multiple center ridges can match to the same stereo ridge,
the matched apparent ridges may appear segmented in stereo views. In extreme cases, these dif-
ferences and segmented lines trigger binocular rivalry. The most straightforward approach would be
to render all marked faces as solid regions. This would naturally be stereo-consistent as both views
have the same regions drawn and have no problems with segmented lines. However, this produces
large, unwanted blobs, particularly near contours as shown in Figure 3.3. These blobs fail to provide
meaningful shape and depth cues because they lack structure and orientation. Instead of enhancing
depth perception, these solid regions create noise that hinders the perception of underlying surface
geometry.

Figure 3.3: An extreme example of a blob forming along the contour of a sphere for the left viewpoint when drawing the whole
path naively.
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3.2.1. Hatching as a solution

To address these limitations, we render the marked face regions using hatching lines rather than solid
regions. Hatching has proven effective at conveying surface shape a