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0 Summary

This dissertation presents an examination of the use of vertex attributes in two
non-photorealistic rendering techniques. The question | aim to answer is “How can
vertex attributes be used effectively in non-photorealistic rendering?”. To answer
this, | examine an existing line drawing technique that uses vertex attributes to
control line-thickness, then introduce a novel painterly rendering algorithm that uses

vertex attributes to mark high-detail areas.

The existing line drawing technique, referred to inside as ‘Inverted Hull’, is a
standard from the days of the fixed-function pipeline and while the use of vertex
attributes with this technique is not completely novel, it has not been published to
this date. It is found to be primitive compared to more modern line drawing
techniques, though at least some of its shortcomings can be mitigated by the use of

vertex attributes.

The novel painterly rendering technique can produce images that exhibit an artistic
variance in detail reminiscent of impressionism in painting or Bokeh in photography,
although not quickly enough for real time interaction and not temporally coherent.
The vertex attributes are shown to be a viable way to mark areas of high detail in

way that is view independent.
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Abstract: This paper examines two non-photorealistic rendering techniques for 3D
models that make use of vertex attributes to control style. The first is an existing
technique used for drawing outlines around objects, where vertex attributes govern
the thickness of the outline. The second is a novel painterly rendering technique that
uses vertex attributes to mark important areas of a 3D model so that they can be
rendered in greater detail, while abstracting away the details in other areas.



1 Introduction

Non-photorealistic computer graphics are “characterized by randomness, ambiguity,
or arbitrariness rather than completeness and adherence to the portrayed object’s
properties” (Strothotte, 2002). Many research papers in this area aim for more
automated computation of the non-photorealistic elements of an image - the
randomness, the ambiguity, etc. | aim for more control over the non-photorealistic

elements.

| believe that adding information to the 3D object itself is more efficient than adding
information to a 2D image because the input is reusable and view-independent.
Adding an artist’s input to a 2D frame of animation could yield the same quality of
result, but it must be added to every other frame. Storing this input in 3D means the

information can be mapped to infinitely many 2D frames automatically.

This paper examines two non-photorealistic rendering techniques that make use of
vertex attributes to influence the final image. First, | will discuss an old technique
used to draw lines around the contours of a 3D model, where line thickness is
governed by vertex attributes. Then | introduce a novel painterly rendering technique
for 3D models that allows the level of detail to be controlled by the vertex attributes

of the model.



1.0.1 Line Drawing

1.0.1.1 Why change line thickness?
Varying line thickness is an important expressive tool in line drawing. It can be used
to convey weight, light/shadow (Goodwin, 2007) and exaggerate the shape of the

subject being drawn. As stated in (Goodwin, 2007):

“Stroke width and style are key features of art, comics, and technical illustration. Line
style adds life and clarity to drawings [McCloud 2006], and provides cues to 3D
shape [Guptill 1997; Hodges 2003].”

1.0.1.2 Why not automate the line thickness?

Automating line thickness has been achieved with good results, such as by
(Goodwin, 2007). However, | propose that similar results can be obtained using a
much simpler algorithm with the aid of vertex attributes. Furthermore, | propose there
is some added value in directly influencing the rendering of particular part of the

model.

1.0.1.3 Why Inverted Hull?

For a detailed description of the Inverted Hull technique, see section 3.1. | chose the
inverted hull technique as a proof of concept because of its simplicity, and because it
provides a very straightforward opportunity to use vertex attributes in the rendering
process (that being the extrusion of vertices in the first pass). Usually, using inverted
hull would mean having no control over stylization. With the help of vertex attributes,

the thickness of the outline can be changed around certain areas of the model.



| believe that the input from vertex painting could be generalised to other line

techniques as well.

1.0.2 Painterly Rendering

1.0.2.1 Why change detail in the first place?
Santella et al. addressed this issue using Johannes Vermeer’s “Girl Reading a Letter

at an Open Window” (1657) (figure 1) as an example.

fiThe realistic look belies the effort of the artist, who has organized the image to
highlight meaningful information. For example, the artist creates high contrast in
distinguishing the figure from the background and delineating her face, hair, dress
and hands. In comparison, unimportant objects in the scened®the chair, the panes of
glass, the tabletop, the back wall®lack the same sharp detail and fine contrastso

(Santella, 2002).
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Figure 1 Johannes Vermeer’s “Girl Reading a Letter at an Open Window” (1657)

Understating the minor features of an image serves to emphasise the important
features. This is an important technique in painting that distinguishes it from a
photograph. Having said that, even in photography, the abstraction of detail is an
established technique known as Bokeh. By intentionally leaving elements outside the
depth of field, photographers can abstract away extraneous detail and isolate the
subject.
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Figure 2 Santella’s eye-tracking algorithm decides what is important by recording
what test subjects look at - then abstracting away everything else (Santella, 2002).
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Figure 3 Josefina with Bokeh, from Wikimedia Commons,
https://www.flickr.com/photos/paseodelsur/51805888/

1.0.2.2 Why have a human decide whatis important?
Machines are not always able to determine an artist’s intention. Let’s look at the

cinematic use of depth of field in this shot from The Matrix.

Figure 4 The Matrix, Wachowski Brothers, (1999)
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https://www.flickr.com/photos/paseodelsur/51805888/

A mobile phone ringing is not a dramatic event in normal circumstances, but in this
scene it is made dramatic by blurring everything else (and by the extreme upward
angle of course). Even when sharing the screen with a human face, this phone gets
all the attention. You don’t need to look far for more examples of this technique in
cinema. Whether it is in the foreground or background, it is difficult to guess what an
artist might want to communicate when composing shots like this. For that reason, |

have chosen to let a human decide what is important for this technique.

1.0.2.3 Why not paint in image space?

Hertzmann used a ‘weight image’ to govern the level of detail in his stroke based
rendering, but this was intended for 2D still images only (Hertzmann, 2001). This
paper presents a technique that can generate a similar type of weight image
automatically by rendering it from 3D model data. This is a step towards enabling 3D
animation with authored areas of high and low detail. Temporal coherence of strokes
is out the scope of this paper, but | believe this technique could be made compatible

with (Vanderhaeghe, 2007) in the future.
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2 State of the Art

In this chapter | will describe how others have approached the important problems
regarding line drawing and painterly rendering. The two areas share common issues,
such as stroke placement and temporal coherency of strokes, although their
methods tend to differ. Line drawings are rendered with much fewer strokes, so the
major concern is how to efficiently depict an object, normally with as few strokes as
possible placed on only the most important features. The main concern with painterly
rendering is style, and while stroke placement and stroke efficiency don’t hurt, they
are not held to the same constraints. With my technique, | would like to bring the
idea of leaving out whatis unimportant from line drawing into the sphere of painterly

rendering.

2.0.1 Line Drawing

There are many research papers addressing line drawing. Usually, these papers
address one of three problems: line placement, line style, and temporal coherency of

strokes (in stroke-based line drawings).

2.0.1.1 Line Placement

The placement of lines is obviously very important for artistic rendering. The current
state of the art techniques for line placement tend to be stroke-based algorithms; that
is to say they output a set of line segments which could be interpreted as

pen-strokes.
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DeCarlo et al. provide a solution to the problem of line placement in Suggestive
Contours for Conveying Shape (DeCarlo, 2003). They define contours to be areas
on the 3d model where the surface normal is orthogonal to the viewing direction.
Building on this, they define suggestive contours to be areas that would be a contour
from a nearby view. The paper actually provides two different algorithms to generate
strokes: one in object space and one in image space. Their technique produces
aesthetically pleasing images, but they admit that “Objects without concavities have
no suggestive contours”, citing a rounded cube as an example. When rendered with

suggestive contours, only the outer silhouette of the cube is drawn.

AN

Figure 5 Left: contours only. Right: contours and suggestive contours (DeCarlo,
2003)

Judd et al. propose a different solution in which they address some of the issues with
suggestive contours (Judd, 2007). This technique uses the principal curvature of the
model as well as view-dependant curvature. The principal curvatures at a point are

the maximum and minimum of the normal curvature at that point. View-dependant
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curvature is a measure of how the surface normal changes from a particular
perspective. The titular apparent ridges are found where the direction of the
maximum view-dependant curvature of a point is the same as the direction of the
principal curvature at that point (minimum, or maximum). Strokes are placed at
apparent ridges. This technique improves on suggestive contours in that objects do
not need concavities for their features to be drawn. Apparent ridges is better able to

depict the rounded cube that posed a problem for suggestive contours.

Figure 6 Apparent Ridges (Judd, 2007)
17



Cole et al investigated how human artists used lines to depict a 3d render as a line
drawing (Cole, 2008). Among other things, they found that 57% of all lines drawn
appeared at interior and exterior occluding contours. The inverted hull algorithm may
not be as sophisticated as the aforementioned stroke-based algorithms with respect

to line placement, but it is capable of drawing lines around these contours.

2.0.1.2 Line Style

The strokes produced by stroke based algorithms can be rendered in a number of
different ways, including using a texture map (of an ink brush stroke for example).
This can be tapered or widened based on the position within the stroke. However,

the current state of the art algorithms do not use vertex attributes to govern line style.

The problem of variable line thickness has been tackled by Goodwin et al in the
paper Isophote Distance: A Shading Approach to Artistic Stroke Thickness, where
line thickness at each point on a stroke was governed by the distance from that point
to an isophote along the radial plane(Goodwin, 2007). This technique produces lines
whose thickness varies with the curvature of the model, the light direction, and the
viewing distance. It does not allow vertex attributes to affect the thickness of lines

around particular areas.
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Figure 7 An example of an Isophote Distance render. (Goodwin, 2007)

Grabili et al. introduced a highly generalised approach to line style inspired by
programmable shaders in their paper: Programmable Style for NPR Line Drawing
(Grabli, 2004). This paper describes a multiple stage procedure for creating line
drawings much like the traditional 3D graphics pipeline. In the first stage, they create
a ‘view map’ which describes the potential lines that might appear in the drawing and
their topological arrangement from a 3D model. In the second stage, they apply ‘style
modules’ to the view map. Style modules might select and chain or split potential
lines, or change how they are rendered for the final image. Style modules are given
all the information of the view map to work with, so they can be quite sophisticated -

it is possible for style modules to operate only on particular types of lines. This paper
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mentions ‘object importance’ among the possible data in the 3D scene. This idea is
quite similar to what | propose in the next section on painterly rendering in that some
areas of the render are considered more important than others. However, Grabli et

al. do not examine the use of vertex attributes as a measure of importance.

N

Figure 8 Left: A sketchy style drawing with ‘construction lines’ generated by the
program and drawn in a different style. Right: A Japanese style drawing with two
style modules simulating different brushes. (Grabli, 2004)

Other papers dealing with line style include (Kaplan, 2000), who attaches geograftals
to a 3D surface to represent strokes and (Kalnins, 2002) who introduces a system to

design stylization, like hatching patterns and line styles, where users can draw

strokes directly onto 3D models.

2.0.1.3 Temporal Coherence in Line Drawing

Another area of line drawing research is concerned with keeping strokes temporally
coherent. The configuration of strokes in a line drawing can be dramatically different
between two frames. Papers aiming for temporal coherence seek to keep strokes
consistent between frames. This involves moving and reshaping strokes, introducing
new strokes where necessary and culling strokes when they become occluded or too

densely packed.
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(DeCarlo, 2004) handles temporal coherence for their own suggestive contours from
(DeCarlo, 2003). (Kalnins, 2004) addresses the problem of temporally coherent line
style by building upon their previous work where users can draw strokes directly onto
3D models by ensuring that the strokes stay consistent between animation frames as
well as running at interactive rates. (Lou, 2015) focuses on line drawing and
introduces a new technique to map strokes onto 3D models to help maintain
temporal coherency even with bumpy models - where normal techniques would fail.
(Bénard, 2012) addresses the temporal coherency problem of line strokes and also

eliminates cluttered lines based on a screen space density value.

2.0.2 Painterly Rendering

Painterly rendering is a vast field. Hegde et al. (Hegde, 2013) and Hertzmann
(Hertzmann, 2003) have done surveys of different techniques. Hegde approached
the problem of painterly rendering as a whole, whereas Hertzmann focused on

stroke-based rendering techniques alone.

Meier introduced a technique to render 3D objects with particles (or strokes) for
animation. (Meier, 1996) In this case, the particles were distributed across the
model’s geometry rather than screen space. This provided temporal coherency.
Some of the particle’s attributes are sampled from a ‘reference image’ which was

rendered image that the paint strokes are intended to depict. The technique
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introduced in this paper also samples a reference image to obtain stroke attributes.

Meier’s technique does not vary detail across the image.

Tl

Figure 9 Meier’s painterly rendering of a haystack (Meier, 1996)

2.0.2.1 Varying Detail Automatically
Many painterly rendering algorithms attempt to automatically determine what parts of
the image to render in high detail. This obviously has the benefit of requiring less

input from a human to produce good images.

(Collomosse, 2002) uses image salience to prevent details from being lost in the
rendering process. The technique reduces the size of strokes in salient regions, as
well as ordering them such that they won’t be hidden behind the larger, less salient
strokes. The technique doesn'’t alter the density of strokes and, being completely

automatic, doesn’t allow for authored low detail or high detail regions.

Hertzmann introduced a technique to bring a render from low detail with large brush

strokes up to high detail with small brush strokes (Hertzmann, 2003) wherein the
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source image is blurred to a degree corresponding to the brush size. Then
progressively smaller strokes are layered on top where the source image differs from
the render, referencing a less blurred source image for each brush. Many 2D
techniques use a layering approach to detail including (Haeberli, 1990) and (Hays,

2004).

Figure 10 Hertzmann’s brush strokes of different sizes. Left is the source image,
centre is the brush strokes, and right shows the same strokes with texture mapping.
(Hertzmann, 2003)

(Hays, 2004) goes a step further and enables temporal coherency for stroke based
rendering from video data. Their technique produces very high quality renderings
built up from layers of varying detail, shown in figure 11. What goes into each layer is
determined by increasing frequencies of gradient. In theory, these layers could be

filtered through a weight mask such as the vertex colour image described in this

paper. Unfortunately, implementing this was infeasible within the time frame.
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Figure 11 Hays’ multiple layers of detail. (Hays, 2004)

2.0.2.2 Varying Detail with Human Input

Bridging the gap between automatic and human-authored detail is (Santella, 2002).
Using an eye tracker, Santella et al recorded the parts of an image test subjects
looked at. With this data, they were able to raise and lower the detail in areas based
on where their subjects looked. This technique is different to the one presented in
this paper because it only applies to still images, and isn’t exactly ‘authored’ (anyone
who has experience with an eye tracker will understand how little control we have

over our own eyes).

Varying detail by painting detail masks has been done before for 2D images.
(Hertzmann, 2001) uses an interactively painted weight image to mark the level of
detail desired for each area in the image. Hausner, although his technique was
intended for mosaic blocks rather than paint strokes, demonstrates the use of user
defined regions to changes level of detail (Hausner, 2001). In doing so, the the

mosaic blocks are made smaller and more dense like the paint strokes in the
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