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A core property of real life surfaces is that they look different depending on viewing 

angle and illumination angle. Conventional texturing methods have not fully been 

able to capture this property although they have allowed for artistic freedom. Current 

surface rendering methods that render mesostructure correctly have come up with 

ways to integrate this property into textures, but they are focused on samples from the 

real world.  

 

This thesis explores a non-photorealistic handcrafted mesostructure representation 

calling it the HCBTF, which does not rely on geometry based meso- or 

microstructure. A tool is implemented to examine creating, storing and subsequent 

real-time rendering of such handcrafted non-photorealistic textures that look different 

from different viewing and illumination angles. 

 

Traditional functions that describe reflectance on a surface return a single value for 

the color of a point on the surface based on the angles from which illumination hits 

the surface and light is reflected off that surface towards the viewer. Using the same 

variables the HCBTF strives to rather return a painting style, which an artist has 

handcrafted and chosen to represent the values of the angles. 
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Todellisen maailman pintojen tärkeä ominaisuus on, että ne näyttävät erilaisilta kun 

niitä katsoo eri kulmista ja kun valo lankeaa niille eri suunnista. Perinteiset 

teksturointimetodit eivät kykene täydellisesti esittämään tuota ominaisuutta, mutta 

ovat kyllä antaneet taiteellista vapautta pintojen tekemiselle. Nykyaikaiset 

mesostruktuurin oikein esittävät metodit ovat antaneet tuon ominaisuuden pinnoille, 

mutta tähän mennessä ne kaikki ovat perustuneet näytteiden ottamiselle todellisesta 

maailmasta.  

 

Tämä diplomityö tarkastelee pintojen esitysmuotoa, joka on nimetty HCBTF:ksi ja 

joka mahdollistaa ei-fotorealististen käsintehtyjen geometrialtaan epäkoherenttien 

pintojen esittämisen. Työssä implementoidaan työkalu, jolla kyseisiä 

katsomiskulmasta ja valon lankeamiskulmasta riippuvaisia pintoja voidaan piirtää, 

tallentaa ja lopulta esittää tosiaikaisesti.  

 

Perinteiset reflektanssia kuvaavat funktiot tuottavat pinnan katsomiskulman ja valon 

lankeamiskulman perusteella valon intensitettiä kuvaavan arvon tietylle pisteelle. 

HCBTF puolestaan pyrkii samojen kulmien perusteella tuottamaan maalaustyylin, 

jonka käyttäjä on käsin tehnyt ja kyseisille kulmille määrännyt. 

 

Keywords:  tietokonegrafiikka, HCBTF, NPR, mesostruktuuri, BTF, BRDF, 

tekstuuri, IBR, light-field, lumigraph, cg-varjostinohjelma 
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Chapter 1  

Introduction 

In striving for photorealism the computer graphics research community is extending 

more and more interest to creating surface models directly from photographs. As real 

images are used as input, such image-based systems produce more photorealistic 

results by default (Debevec, et al. 1996). In using only photographs (images) as the 

source of new techniques the expressive power of computer graphics suffers as the 

results become clinically accurate. The motivation for this thesis is to enable artistic 

non-photorealism and freedom of expression in the photorealistic world of image 

based surface representation. Its motivation is to take 3D worlds beyond mere 

mimicking of the real world. 

 
Figure 1. A screenshot of a surreal striped material that aligns itself towards the viewer. Only 

blue parts of the material get specular highlight. 
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This chapter briefly introduces the three fields of computer graphics, which this thesis 

combines (see Figure 2) into picture-based, non-photorealistic meso- and 

microstructure rendering.  Surface rendering and reflectance are the basis for the 

complex field of mesostructure representation. Image-based rendering (IBR) is the 

field of using predefined images as rendering input. Non-photorealistic rendering 

(NPR) strives for the computerized creation of non-photorealistic pictures instead of 

realistic images. Figure 1 is a preview of the result, which we call the handcrafted 

bidirectional texture function (HCBTF).  

 
Figure 2. The handcrafted bidirectional texture function (HCBTF) is a combination of three 

fields in Computer Graphics. 

This chapter also states the objectives of the thesis as well as its contributions. Finally 

we look at the path that the thesis takes into examining the subject matter. 

1.1 Rendering surfaces 

The idea behind texturing and other similar activities is to add details to otherwise 

plain surfaces. Modelling 3D objects is a tedious job even at current detail levels. 

Adding additional polygons until the polygon structure would describe down to the 

smallest bumps or even down to microscopic details how objects and their surfaces 
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look in real life is impossible both from the perspective of the modeller as well as 

from the perspective of rendering the object. Even surfaces that do not intend to 

accurately model real surfaces would be severely restricted if they could not employ 

any sort of texturing or other surface models. 

But mere photographs cannot replace real world surfaces. This thesis is about variable 

texturing, giving surfaces changing detail.  

1.2 Reflectance 

If you would take photographs of different surfaces and paste those photographs onto 

the surfaces you just took the photographs from, you would fool no one into believing 

that the photographs are the actual surfaces.  This is because the imaginary 

photograph of the surface changes according to which angle you took that photograph 

from and where the light striking that surface is coming from. Light does not reflect 

off surfaces evenly, but towards any given direction the radiant power is different and 

the frequency as well. This property of real surfaces is very important for defining 

human perception of surface qualities, for making the surface seem real. 

In computer graphics different reflection models tackle the presentation of the 

property on different geometrical scales and varying accuracy. Approximating those 

models into digital and analog functions vary in accuracy, speed and space 

requirements.   The model of reflectance properties used in this thesis is based on the 

bidirectional texture function - BTF (Dana et al. 1999), and in a sense also the spatial 

bidirectional reflectance distribution function – SBRDF (McAllister, 2002).  

1.3 Image based rendering 

Taking photographs of an object is a quick way to obtain realistic views of that object. 

Using those photographs to enhance the realism of computer generated graphics is 

what IBR is all about. Light field rendering (Levoy & Hanrahan, 1996) and the 

lumigraph (Gortler et al., 1996) are the image based inspirations for the way the 

model is approximated into a renderable entity in the HCBTF.  
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Images are a photorealistic subset of pictures. Could the realistic images of image-

based rendering be replaced by pictures, which are not and do not aim to be 

photorealistic, to produce picture-based rendering? 

1.4 Non-photorealistic rendering 

In the history of painted arts when photography arrived and realism with it, artists 

started seeking new ways to depict feelings and atmosphere in their paintings. 

Traditionally the field computer graphics has aimed for photographic realism. Even 

though there is still work to be done to reach that target, a satisfactory level of realism 

has been reached.  

Non-photorealistic rendering (NPR) is a term that is used for computer graphics 

methods that strive to render pictures that do not attempt to be taken as screenshots of 

the real world. NPR methods include the emulation of different artistic styles as well 

as new ways of expression. 

This thesis is about non-photorealistic rendering with a shading tool that is not bound 

to a predefined artistic style. Specifically the tool and the thesis are about realistically 

behaving yet non-photorealistic surface materials.  

1.5 Objectives 

The primary objective of this thesis is to describe the possibility and implications of 

as well as a basic solution to creating and displaying in interactive rates of 

handcrafted arbitrary non-photorealistic surfaces that obey the physical laws that 

govern real life surfaces. To reach those objectives this thesis describes the physical 

foundations of real life surfaces and how they have been portrayed and implemented 

in computer graphics previously. The method should be compared with other NPR 

methods and real paintings. 

The scope of this thesis is limited to the basic groundwork around the idea and thus 

special issues around the subject like levels of detail, grazing angles and multiple light 

sources are not solved. The solution is based on the bidirectional texture function and 
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as such disregards issues like subsurface scattering, self-illumination, transparency 

and translucency. 

1.6 Thesis overview 

The thesis starts out in Chapter 2 by introducing the physical properties of materials 

and light reflecting off them that account for the varying properties of real surface 

materials. Various laws resulting from those properties are reviewed and evaluated.  

Next in Chapter 3 different techniques for describing and implementing microscopic 

surface detail are reviewed. Special attention is given to the bi-directional reflectance 

distribution function (BRDF). Models describing mesostructure-level roughness are 

reviewed in Chapter 4. Chapter 5 brings the two previous chapters together and looks 

at comprehensive surface representations. Especially the BTF is introduced since it is 

the physical and photorealistic background for the HCBTF method presented in the 

thesis. 

Chapter 6 looks briefly at image based rendering (IBR) because the HCBTF is 

implemented through a novel image based method. The lumigraph and light field 

rendering are reviewed as methods that served as inspiration for the implementation. 

Next in Chapter 7 the idea behind non-photorealistic rendering (NPR) is introduced 

and its relation to photorealism is discussed. The relevant terms for discussing NPR 

are reviewed. Some studies on non-photorealism are explored in order to find 

requirements for non-photorealistic surface materials. 

Chapter 8 and Chapter 9 introduce the concepts of reflectance painting, reflectance 

handcrafting and the handcrafted BTF. 

The implementation of the tool to create non-photorealistic BTFs is explored in 

Chapter 10. Chapter 11 evaluates the success of the implemented solution and looks at 

resulting surface textures as well as discusses possible usage scenarios for the 

HCBTF.  

The thesis continues with discussing and analyzing the HCBTF and directions for 

future research in Chapter 12. Chapter 13 concludes the thesis with a brief summary.  
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Chapter 2  

Viewing real surfaces 

The basis of creating surface representations lies in the real world. Even though the 

creation of non-photorealistic surface textures requires certain alterations to the 

physics of surfaces it is important to know the basis. Most current photorealistic 

models relate to the physical laws of reality and attempt to model them to perfection. 

2.1 How surfaces reflect light 

Surfaces reflect and absorb light and they look different from each other because they 

reflect and absorb light in differently. Fundamentally all surfaces reflect light so that 

incoming light is reflected on an angle qr that is the mirror of the incoming angle qi. 

The mirroring axis is the normal of the surface (see Figure 3). The incident and 

reflected light rays as well as the normal also all lie on the same plane. In other words 

the angles � i and � r that define the panning of the ray before and after the reflection 

are the same. 

 
Figure 3. Ideal model of reflectance / Specular reflectance / Mirror BRDF 
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However light does not seem to follow these laws in real life except in the case of 

mirrors. The part of the light that does obey this law (on macro scale) is called 

specular reflectance. The reason behind the seeming deviation from the laws is that if 

the surface that seems even and flat is examined on the microscopic level, then the 

surface is not flat any more. The normal of the surface varies constantly and 

considerably. This causes the light to be reflected into various directions (see Figure 

4). Evenly scattered reflection is called diffuse reflectance. 

 
Figure 4. Light reflecting off microfacets / Diffuse reflectance 

Many surface materials in the natural world also exhibit a phenomenon called 

anisotropy. For example cloth scatters light narrowly in the direction of the thread and 

widely to the direction perpendicular to the thread (Kajiya, 1985). 

All light that hits a surface is not reflected at all and hence materials exhibit different 

colors. These properties are due to refraction and absorption. Depending on the 

material some of the light is refracted into the material where it continues in a slightly 

different angle. Some light is absorbed into the material causing heating or other 

chemical reactions. The color of the object is defined by the wavelengths of light 

which are not reflected. Due to refraction and absorption the energy of reflected light 

is less than the energy of incident light.  

The amount of incident light is at its maximum when the normal of the surface is 

parallel to the incident light. When the surface is tilted by increasing qi, the amount of 

incident light hitting the surface diminishes and therefore the total amount of exiting 

light diminishes as well. The amount of light striking the surface reaches its minimum 
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when the normal of the surface is perpendicular to the incident light. According to 

Lambert’s law the intensity of light is proportional to the cosine of qi.  

The intensity distribution of scattered light is often described by lobe shape. The lobe 

refers to the 4D surface of the intensity distribution function. The four dimensions are 

the two angles qi and � i that define where incident light is arriving from and two 

angles qr and � r that define where it is reflected to. Since four dimensions are not 

easily understandable by humans, a median 2D sample of the lobe shape is usually a 

simple way to analyze it.  That 2D sample is what is normally meant when talking 

about lobe shapes. A completely diffuse material has a round lobe shape and a mirror 

a sharply spiked one. Normally materials have lobe shapes in between the two. Rough 

or anisotropic materials have much more complex lobe shapes which cannot be 

described by a simple 2D median.  

When the light leaves the object entirely flowing in space towards the viewer or in 

some other direction it can be described by the plenoptic function, which describes the 

entire flow of light in a scene. The plenoptic function is explained and simplified later 

in chapter 6.2, which reviews the concepts of light field rendering (Levoy & 

Hanrahan, 1996) and the lumigraph (Gortler et al., 1996).  

2.2 Accounting for automatic image processing by the brain 

Like Lucht (2000) states, a fact is that all objects we see every day look different 

when we look at them from different angles. And not only does our viewing direction 

affect how we see the object, but the angle of illumination plays a critical role as well. 

For example the images below (Figure 5) show a piece of asphalt photographed from 

two different directions. The images look different, even though the piece of asphalt is 

the same one and the lighting conditions are exactly the same. 
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Figure 5. A patch of surface in invariant illumination looks different when viewed from a 

different angle.  The color of the asphalt has changed. There are less shadows on the 

image on the right due to surface features occluding the shadows. The specular 

highlights on the image on the left are missing from the one on the right.  

The human brain automatically adjusts to the differences in Figure 5 when we walk 

around in real life. Durand (2002) sums up several older studies and says that our 

brain is very good in extruding intrinsic properties of objects. Intrinsic properties are 

unvarying constants like for example reflectance. Extrinsic properties like the varying 

light from the object or its changing color are discounted. For example we do not even 

notice that objects get smaller when they get further from us. Thus it is quite easy to 

“estimate the intrinsic color of an object, but it is very hard to assess the color of the 

light leaving it”.  

Durand goes on to state that our chromatic adaptation functions in a different way 

when looking at pictures.  For example video cameras need to be white balanced 

because our brain adapts to the lighting conditions of the room in which we look at 

the picture. However discounting the intensity of light and finding the intrinsic 

intensity is done even when looking at pictures. 
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2.3 Dividing the surface into microstructure, mesostructure and 

geometry 

In computer created and viewed surfaces the detail level of the surface often needs to 

be divided according to its scale. McAllister (2002) refers to this as multiple 

frequency bands of the surface and depicts the division with a similar visualization as 

Figure 6. The highest frequency can be thought of as the microstructure of the surface. 

Rough details are considered part of the mesostructure and the lowest frequency 

corresponds to the geometry. Dana et al. (1999) refer to the same idea as scale. 

 

 
Figure 6. Dividing surface appearance by frequency or scale 

A golf ball is spherical on the geometry level. On the mesostructure level it is full of 

small cavities. Microstructurally the golf ball is made of white gleaming material. 

In a way the categorization of surfaces by their scale in surface-related literature is 

accommodating the way the human brain understands surfaces. As it is, the division 

of surface elements into scale categories is not fixed, but the range is a matter of 

choice. The choice depends on the surface and the distance from which it is viewed as 

well as desired accuracy. 

A machine might need a mesostructure representation for specific details from the 

same distance from which a microstructure representation for a human suffices for 

those details. Often the microstructure of a surface is smoother and thus simpler to 

represent than its mesostructure.  

Koendrink and van Doorn (1996) call the geometry level megascale, but otherwise 

they talk about the same idea. According to them, the scale difference between 

geometry and mesostructure spans 1 or 2 orders of magnitude. Anything exceeding 

that would count as microstructure. 
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2.4 Properties of rough surfaces 

Reflectance and color are not the only issues that make surfaces with rough 

mesostructure look different when viewed from a different point or when lighting 

conditions change. In addition to the normal of the surface that changes with the 

bumps also self-shadowing, self-occlusion or vignetting and interreflections 

contribute to the looks of the surface. 

Lambert’s law applies to the surface locally. The normals that define the intensity of 

reflected light on each point on the surface due to Lambert’s law are the local normals 

of the smallest visible details on the surface. The mesostructure defines those smallest 

visible details. Therefore the angle of incident light � i is not the same for the points on 

a rough surface due to the local normals. 

Self-shadowing refers to shadows on surface elements caused by other surface 

elements when light hits them. The shadows come from bumps occluding surface 

elements behind them from the light. Looking at a single point on the surface, self 

shadowing might cause sudden changes to the illumination of that point if the shadow 

of another surface element covers that point. 

Self-occlusion refers to parts of the surface getting hidden behind other parts of the 

surface or appearing from hiding when the viewing angle is changed. When 

portraying mesostructure in computer graphics a flat surface with the projection of the 

rough surface is often used. Abrupt changes to points on the 2D projection are 

possible because of self-occlusion, especially in combination with self-shadowing. 

Interreflections refer to situations where light does not immediately leave the surface 

after it is reflected. In such a situation a ray of light first hits one spot on the surface, 

perhaps some of the light is absorbed and the rest is reflected towards another spot on 

the same surface. The absorption from both the first spot as well as any further points 

of reflection contribute to the intensity, color and direction of light that finally exits 

the surface. When that beam of light reaches the eye of the observer, he/she sees the 

contribution of all spots the light has reflected from as how the final spot looks like. 

When looking at a single point on a rough surface the law of conservation of energy 

might seem untrue. Even though energy is conserved over the whole surface 
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interreflections disturb the law by enabling more light to exit a point on the surface 

than entered that point from beyond the surface. Also incident light hitting a point 

might not get reflected off the same point if the rough surface is portrayed by a 2D 

projection because the projection is different for the two vectors. Also refracted light 

or self illuminating material might seemingly affect the law. 

Subsurface scattering amounts to refracted incident light exiting the surface at 

different points. Basically the light is absorbed into the surface where it bounces 

around and exits at a different point amounting to light where the geometry of the 

surface would suggest only shadows. For example according to Borshukov and Lewis 

(2003) the human face cannot be rendered realistically without considering this 

subsurface scattering. Subsurface scattering implies the idea of translucency, which 

again implies transparency. These are complex issues and are beyond the scope of this 

thesis. 

Lobe shapes of rough surfaces are, because of all the previous reasons, very erratic 

and difficult to portray with simple functions. 
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Chapter 3  

Representing the microstructure of a 

surface 

This chapter goes through different reflectance models that are used and compares 

them with real world reflectance. The methods described in this chapter focus on the 

microstructure of the surface and thus they cannot accurately portray rough surfaces. 

Flat surfaces in this chapter refer to flat mesostructure, but do not restrict geometry in 

any way. Actually the mesostructure can be that of a rough material, but any effects 

due to mesostructure will have to be handled by other means. 

The first subchapter reviews models that do not account for spatial variation in 

reflectance properties. The second one looks at ways to cope with the spatial variation 

inherent in many real materials. 

3.1 Spatially uniform reflectance models 

This subchapter goes through reflectance models from the simplest to the most 

realistic.  

First extreme cases of perfect diffuse and specular reflections are examined. Then a 

hybrid reflectance model that accounts for both the diffuse and specular components 

is reviewed. The final part looks at the BRDF, which is a common and comprehensive 

method for representing microstructure.  
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Lambertian reflection model 

The Lambertian surface is not really a reflection model that could model different 

types of surfaces, but more an idealistic perfectly diffuse surface. The BRDF for a 

Lambertian surface is constant, meaning that the light is scattered evenly in every 

direction. The point for including the Lambertian surface here is that considering all 

surfaces Lambertian is a computationally efficient (although mostly grossly 

inaccurate) solution and corresponds basically to accounting only for the fact that the 

intensity of light is proportional to cos qi, the tilt angle of the light hitting the surface 

(see Equation 1).  

idpkII qcos=  

Equation 1. The diffuse illumination equation 

Ip and kd in Equation 1 are the point light source’s intensity and the material’s diffuse-

reflection coefficient respectively (Foley et al, 1996). 

Although Equation 1 accurately describes a perfectly diffuse object, objects will look 

harsh when rendered, because the light hitting the surface will truly be from only the 

point light source. In real life other objects reflect light and in effect become 

illuminants themselves. To approximate this phenomenon of light arriving from all 

directions an ambient term can be added to Equation 1 to produce Equation 2. 

idpaa kIkII qcos+=  

Equation 2. The diffuse illumination equation with an ambient term 

In Equation 2 Ia is the intensity of the ambient light and ka is material specific 

coefficient describing the effect of the ambient light on that material. 

Phong illumination model 

The Phong model adds a specular component to Equation 2 and assumes that 

maximum specular reflectance occurs when the incident and reflected angles are the 

same. When the reflection angle changes from the optimum the reflectance falls by a 

factor of cosn q. By varying n, the specular-reflection exponent, materials with a 

sharper or softer falloff can be achieved. The overall strength of the specular 
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reflectance of the material is controlled by the material’s specular-reflection 

coefficient. 

Even though a nice range of different hypothetical materials can be modeled using the 

Phong model, it has its deficiencies. Real materials do not conform to the restrictions 

of the Phong model. Even though the Phong illumination model is not physically 

correct, it is popular and gives visually pleasing results for many nonperfect 

reflectors. 

The Cook-Torrence model 

The Cook-Torrence model (Cook & Torrence, 1982) is based on the division into 

ambient, diffuse and specular reflections. The Cook-Torrence model contains the 

possibility for off-specular reflectance peaks. In essence the cook-torrence model is 

more complex and realistic than the Phong model, but still an approximation of 

reality, since it is not a freeform function. 

Cook and Torrence do however introduce the concept of bidirectional reflectance into 

computer graphics reflectance models. Bidirectional reflectance means the ratio 

between the energy of incident light arriving from a given direction and the intensity 

of light reflected in another direction.  

Bidirectional Reflectance Distribution Function (BRDF) 

The BRDF (Nicodemus, 1970) is the uncompromised model for describing the 

reflecting properties of a material. It does however omit the effects of subsurface 

scattering, fluorescence, phosphorescence, and polarization as well as spatial 

variation. The BRDF is a four-dimensional function that takes the angles of incident 

and reflected light as variables. The previously presented models are actually 

approximations of the BRDF. 

The BRDF shown in Equation 3 is as its name suggests a function for describing the 

distribution of bidirectional reflectance. That means that each pair of incident 

illumination angle (� i, � i) and reflected light angle (� r, � r) has its own reflectance. The 

incident illumination (dEi) from a specified direction divided by reflected radiance 
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(dLr) towards a specified direction give the BRDF (f) of those specified reflected and 

incident angles.  
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Equation 3. The bi-directional reflectance distribution function (BRDF) 

 

BRDFs follow some rules. According to McAllister (2002) all real BRDFs follow 

Helmholz reciprocity, which states that f(� i, � i; � r, � r) = f(� r, � r; � i, � i); in other words 

that the BRDF for a set of angles is the same as for a situation where the incident and 

reflected angles are swapped. Also due to energy conservation the total incident 

energy Ei must always be equal or greater than the total reflected radiance Lr.    

Obviously it is imperative to find the BRDF of different materials in order to use the 

function for rendering realistic surfaces. The definition of the BRDF implies that the 

obvious way to acquire BRDFs of different materials is to record its value from a 

horde of different angles (Dana et al., 1999 / Borshukov 2003). According to 

Rusinkiewicz (1997) another popular method has been to obtain the BRDF from a 

theoretical model. 

3.2 Spatially varying reflectance models 

Using the same reflectance for the entire material is acceptable when the material in 

question remains exactly the same throughout the object. However often surfaces are 

made up of different materials with varying reflectance properties. For example the 

black ink on this paper has a different reflectance from the paper it is printed on. If 

this paper were to be depicted on a polygon, these reflectance changes would need to 

be taken into account. In fact the differing reflectance is what makes the reader 

distinguish the letters from the paper.  

Varying reflectance accounts for changes in diffuse and specular color. A single 

surface can have materials with reflectance properties that differ in lobe shape, 

position, and light absorption capabilities. 
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Texture mapping 

Quite early into computer graphics it was noted that computer generated surfaces look 

unrealistically smooth and uniform. In 1975 Catmull created a method called texture 

mapping to alleviate this problem. The varying color of the surface was stored in a 

map called a texture. The values in that map were then used to scale the intensity of 

light reflected from the surface. Textures are meant to represent the color of surface 

microstructure and one of the spatially uniform reflectance models from Chapter 3.1 

should be used to represent the intensity of the reflected light.  

As Blinn (1978) notes the technique was successful in representing patterns on 

objects. Reflecting on Blinn’s comment in light of current knowledge on surfaces, he 

was probably meaning that texture mapping was (and still is) very successful in 

depicting varying color information of surfaces with otherwise uniform 

microstructures.  Koendrink and van Doorn (1996) state the usefulness of texture 

mapping as “a simple and effective method if real albedo variations are to be rendered 

(tattoos, painted marks, texture that is due to inhomogeneities in the bulk material)”. 

After 1975 it has been realized that texture mapping can be used to scale other 

properties of surfaces besides the intensity of light according to the color of the 

surface. The terms texture mapping and textures in this thesis are however used in that 

original meaning of storing color information in an array and mapping that 2D array 

on a 3D-surface. 

Another approach to using textures to describe surfaces is to let go of the traditional 

polygon model and rather describe the volume of the object. Which points in space 

have matter and which do not? 

Solid texturing (Peachey, 1985) is based on 3D textures. The idea is to create a 

function that returns the appropriate color of a point in space when its position is 

given as input. The texture appears smoothly when the surface geometry is given as 

the argument for the function and can be used like normal texture. The method is 

designed specially for materials that vary volumetrically like stone or wood (see 

Figure 7). It also eases the task of texturing complex geometry. Dana et al. (1999) 

point out that the method is very computationally intensive and applicable to a limited 

variety of textures. 
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Figure 7. Peachey, 1985. Wood as a material changes volumetrically. The piece has been 

textured with solid texturing, which is a 3D texturing method. 

Perlin and Hoffert (1989) take the concept of volume rendering even further with 

hypertexture by talking about densities rather than strictly considering whether matter 

is present or not. Their method is especially useful for fluffy objects or objects with 

no real surface at all like fire and clouds. The rendering of hypertexture is obviously 

even more computationally expensive than rendering solid texturing. 

Spatial bi-directional reflectance distribution function (SBRDF) 

In attempting a physically correct representation of surfaces the varying properties of 

a flat surface have been represented using two tiers: the BRDF to account for angular 

variance and textures to account for spatial variance. The problem with this approach 

is that often the spatial variance exhibited by real materials is not just a matter of 

changing color, but as the color in the texture changes, so does its BRDF. The SBRDF 

(McAllister, 2002) is the obvious solution where an individual BRDF is stored for 

each point of the texture. The term SBRDF is not widely used because there seems to 

be some confusion on whether the BRDF was originally intended to be spatially 

varying. However it is important as a physically correct microstructure representation 

and to make a clear distinction between spatially varying and spatially invariant 

BRDFs.  

Later in the thesis the Bidirectional Texture Function (BTF) that integrates both 

micro- and mesostructure into a single representation is reviewed. The SBRDF can be 

considered a special case of the BTF with flat mesostructure. Since the SBRDF need 

not worry about self-shadowing or other issues caused by the mesostructure, it has the 

same rules as the BRDF and thus does not computationally face the same problems as 

the BTF. 
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Chapter 4  

Representing the mesostructure of a 

surface 

Taking into account the mesostructure of a surface is required for satisfactory 

representation of rough surfaces. Normally representing the mesostructure as a 

separate entity from the microstructure is based on the underlying geometry of the 

mesostructure. This chapter reviews methods that focus solely on mesostructure. 

4.1 Bump mapping 

To alleviate the problem of the excessive smoothness of surfaces created by texture 

mapping alone, several techniques have been created. The techniques often rely on 

textures and/or other techniques like the BRDF or Phong shading to take care of 

effects caused by the microstructure. 

Bump mapping (Blinn, 1978) is the activity of applying a perturbation function to the 

surface normal and then using that new normal in the shading calculations. Bump 

mapping alters the geometry of the surface only for calculations of the normal of the 

surface, but the original geometry is used for rendering the actual polygons. In 

principle the bump function creates bumps on the surface by first moving surface 

points from their original positions along the surface normal according to the bump 

map. New normals are then calculated from the partial derivates of the new surface 

coordinates. The new normals are finally used in shading calculations. Bump mapping 

is a fast and efficient way to introduce mesosurface-level details.  



 20  

Koendrink and van Doorn (1996) compare different mesostructure methods with 

physical reality and praise bump mapping for capturing major qualitative trends. The 

bump map does however deviate from physical reality. The classical problems of 

bump mapping have to do with the fact that while surface normals change, the actual 

geometry doesn’t. Shadows, for example get rendered wrong as well as silhouettes. 

Dana et al. (1999) point out that bump mapping does not take into account self 

shadowing and as with most mesostructure representations requires knowledge of the 

surface shape.  

According to Koendrink and van Doorn (1996) the effect of vignetting or self 

occlusion, which is an effect caused by surface mesostructure, is even more important 

in viewing surfaces than microstructural lighting effects caused by tilting the surface. 

Bump mapping does not support self occlusion since points on the surface do not 

really move in relation to one another according to mesostructure geometry. 

Several optimizations on the original bump map concept have been proposed. For a 

detailed description of one of them and brief introductions on others see Ernst et al. 

(1998). The idea of perturbing the normal has been taken beyond the original idea as 

well. For example frame mapping (Kajiya, 1985) is the extended edition of bump 

mapping where the surface coordinates that are used to calculate the normals can be 

moved on the binormal or tangent as well as on the normal to allow representation of 

anisotropic materials. 

4.2 Displacement mapping 

Displacement mapping was introduced by R. L. Cook in 1984 to tackle the problems 

of bump mapping. In comparison to bump mapping reviewed above, the idea behind 

displacement mapping is to actually modify the surface geometry to match the 

mesostructure. The surface mesh is tessellated or divided into a larger amount of 

smaller triangles. In essence the mesostructure is thus described by geometry by 

introducing micro-polygons. The micro-polygons are displaced according to the 

displacement map and can then be rendered like normal geometry. Obviously this 

creates an enormous volume of geometry, being equal to modeling the original 
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geometry with more detail. Thus displacement mapping is slow and mainly used in 

offline rendering. 

Schaufler and Priglinger (1999) introduce an improvement in the speed of rendering 

displacement maps. They use warping, a method borrowed from IBR, as the means to 

generate novel views on the surface. Warping means transforming the elements of an 

input image to match another image and compressing or stretching the contents during 

the process. Warping is about changing the shape of those elements while morphing 

includes the change of color information as well. The idea is to render views of the 

displacement mapped surface by warping from the view where details are not self-

occluded. 

The method avoids the generation of holes which is normally one of the biggest 

problems in warping. The reason holes are not created is because adjacent points in all 

displacement maps are connected by slopes by definition. Their method is fast and 

produces satisfactory results.  
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Chapter 5  

Comprehensive surface representations 

Complex surfaces have rough mesostructure, their composition varies from point to 

point and light reflects off them in varying ways. These components can be called 

roughness, variance and reflectance. One of those might suffice to give the viewer 

enough information to let her guess what the surface represents, but fooling the 

viewer into believing that the surface is real needs them all. Of course a special case 

surface might be rendered acceptably by using only one of the variables, or even by a 

totally different function. There are two generally successful ways of approaching the 

comprehensive solution: either by combining three solutions matching the three 

different components or by representing all three components as one.  

5.1 Combining micro- and mesostructure representations 

A common route to rendering acceptable images is to combine one of the 

microstructure representations (reviewed in Chapter 3) with one of the mesostructure 

representations (reviewed in Chapter 4). First the mesostructure of the surface is 

somehow applied to the geometry. Next a reflectance model is applied on the 

modified geometry.  
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Figure 8. (Owen, 1999) A comprehensive surface representation created by combining phong 

shading, a bump map and a texture map. 

For example a surface might be bump mapped and the phong illumination model 

could be applied on it. If a texture that fits with the bump map is multiplied by the 

resulting brightness of fragments of the surface the result can be quite satisfactory like 

Figure 8. A combined representation will of course have the possibilities and 

restrictions as well as the benefits and disadvantages of the components involved. 

5.2 Texture mapping alone as a comprehensive surface representation 

Texture mapping presented in Chapter 3.2 can be as a representation of the 

mesostructure enough to let the viewer make an educated guess that a surface is 

supposed to be rough. For some cases the guess is enough and quite obviously also 

fast to process, but the unchanging image on the surface will not make the human 

brain inherently think of the surface as rough. 

It was soon noticed (Blinn, 1978) after texture mapping was invented that using 

texture maps as representations of the mesostructure were not very successful. The 

colors in a texture that stores surface colors are either the characteristic colors of the 

surface, the median of the color in different lighting and viewing conditions or a 

picture of the surface from a single reflected angle and with a set lighting. That single 

picture is used to scale a reflectance function represent in all illumination and viewing 

directions. On a flat surface that doesn’t really have mesostructure, this does not 

create problems. However when a rough surface with a noteworthy mesostructure is 

represented, the roughness disappears. The surface becomes flat because the effects of 

lighting change uniformly throughout when the surface is tilted and do not change at 
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all when the surface is rotated. Different points on the surface should have different 

normals due to surface mesostructure. 

A texture map which is a picture of a surface in specific illumination and viewing 

situation is actually a really good comprehensive representation of both micro- and 

mesostructure if the environment (incident and reflected light angles) matches the 

environment during which the texture was recorded. This restriction is really strict 

since it allows for no movement of the light source or viewer from their intended 

positions. If the texture map was different for each environment it would be a perfect 

solution. This comprehensive representation is independent of scene complexity 

because it stores no information on meso- or microstructure geometry. 

The BTF, which is reviewed next, as well as the HCBTF, which is the method created 

in this thesis, are both essentially based on texture that changes according to incident 

and reflected light angles. 

5.3 Bi-directional Texture Function 

The bi-directional texture function, BTF, (Dana et al. 1999)/(Dana 1999) is a six 

dimensional function “which captures the variation in texture with illumination and 

viewing direction.”  Dana et al. describe the BTF by comparing it with the BRDF. 

While the BRDF provides physically correct appearance in the mentioned terms it is 

only applicable when local surface variations are subpixel and local reflectance is 

uniform. The BTF on the other hand is a function which can describe a surface that 

has reflectance variations. 

The SBRDF can describe a smooth surface with fine scale intensity variations, but 

each of the elements in an SBRDF has the properties of a BRDF. As the SBRDF is 

made of a set of BRDFs, the BTF is made of a set of what Suykens et al. (2003) call 

apparent BRDFs (ABRDFs). Lobe shapes of ABRDFs might locally follow their 

BRDF equivalents in some materials, but generally that is not true. The ABRDF 

contains the visual effects caused by rough mesostructure: shading because of 

mesostructure level normals, self-shadowing, self-occlusion and inter-reflections. The 

BRDF ignores those effects. ABRDFs are not independent from each other like the 



 25  

BRDFs in an SBRDF are because surface elements that lie near another surface 

element might cause some of the abovementioned mesostructure dependent visual 

effects.  

The BTF is essentially a 2D projection of the underlying 3D surface which changes 

according to illumination and reflection direction. A point on that imaginary surface 

on which the BTF lies might map to a different point on the underlying rough 

mesostructure geometry when the viewing direction is changed. As Suen and Healey 

(1998) note self-shadowing, interreflections, self-occlusion and local shading in rough 

surfaces mean that describing the BTF with a relatively simple function like the ones 

used in describing BRDFs is impossible. ABRDFs are not smooth functions and can 

describe the specialties of surfaces with rough mesostructure. 

While the BTF is a mesostructure representation, the non-geometric approach makes 

also microstructure an inseparable part of it. One cannot use another microstructure 

representation with the BTF. Actually the BTF could be used to describe only 

microstructure and use a different method for the mesostructure. Of course in the 

general case using a BTF in the place of a BRDF would be a waste of resources since 

the BTF is excessively complex for expressing the generally smooth lobe shapes of 

microstructure. 

The BTF like the BRDF is used in both computer vision as well as computer graphics. 

Most research on the BTF is focused on finding efficient ways to represent it. The 

chosen point of view, computer vision or computer graphics, defines how the 

representations seek to simplify the BTF.  The computer vision point of view is 

concerned with how to recognize materials and the computer graphics view with how 

to recreate views from the representation. Examples of the computer vision view are 

Suen & Healey (1998) and Cula & Dana (2001). Examples of the graphics view are 

tensor textures (Vasilescu & Terzopoulos, 2003), polynomial texture maps 

(Malzbender et al. 2001) and a chained matrix factorization approach by Suykens et 

al. (2003), which seems promising. 



 26  

Chapter 6  

Image-Based Rendering 

In contrast to traditional rendering, which is about rendering 2D views from a 

predefined 3D geometry, image-based rendering (IBR) is about rendering new views 

from predefined 2D views of a scene.  

The chapter first reviews methods used to acquire data for image-based methods. 

Since the HCBTF implemented later in Chapter 10 is essentially an image based 

method, the methods discussed relate to the HCBTF, even if the physical 

accumulation of image data is virtual in the HCBTF. 

According to Shum et al. (2004) image based rendering can be classified into three 

categories according to geometry used. This thesis and chapter focuses on the 

category that doesn’t involve any geometry. The other categories are rendering with 

implicit geometry and rendering with explicit geometry. The amount of predefined 

geometry is inversely related to the amount of input images needed by the method. 

View-dependent texture mapping (Debevec et al., 1996) is an example of highly 

geometry oriented methods (explicit geometry) which require a detailed model on 

which images are pasted. Unstructured Lumigraph Rendering (Buehler et al., 2001) 

on the other hand is a hybrid method (implicit geometry) where the detail of required 

predefined geometry is much lower. These areas of IBR are however beyond the 

scope of this thesis. 

This chapter will review the non-geometry oriented methods of light field rendering 

(Levoy and Hanrahan, 1996) and a similar method, the lumigraph (Gortler et al., 

1996). Light field rendering and the lumigraph serve as a basis for the implementation 

of HCBTF, which is presented in Chapter 10. 
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The premise of reviewing non-geometry oriented IBR is that rendering sampled BTFs 

is IBR since the BTF is formed from sparsely sampled input images. A BTF made by 

sampling is an IBR method that makes no assumptions on the geometry of the scene it 

is depicting. With the scene in the case of the BTF we merely mean the scene 

presented by meso- and microstructure.  

6.1 Acquiring Images 

The traditional way of acquiring data for the purposes of non-geometry oriented 

image-based rendering is by building a device similar to the gonioreflectometer.  

The Gonioreflectometer (see Figure 9) is a device for measuring a BRDF. The device 

consists of a light source illuminating the material to be measured and a sensor that 

captures light reflected from that material. The light source should be able to 

illuminate and the sensor should be able to capture data from a hemisphere around the 

target. The hemispherical rotation dimensions of the sensor and light source are the 

four dimensions of the BRDF. The 'gonio' part of the word refers to the 

multidimensionality of the device. (Foo, 1997) 

 
Figure 9. “A conventional gonioreflectometer with movable light source and photometer” 

(Ward, 1992) 
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Several similar devices have been built and used to capture data for similar functions. 

Most of these devices use a camera instead of the light intensity-measuring sensor to 

capture a two-dimensional sample of the target. Examples include a spatial 

gonioreflectometer for capturing the SBRDF (McAllister, 2002), a camera gantry for 

capturing the light field (Levoy & Hanrahan, 1996) and an unnamed device for 

capturing the BTF (Dana, et al. 1999). 

An essential problem in such devices that capture a spatially varying data is that as the 

spatial location of the sample changes so does the angle of the light-ray arriving in the 

camera. In the papers mentioned above the varying directions of the light ray have 

been taken into account by saving the captured data according to those angles. Like 

Gortler et al (1996) note, the camera has also other intrinsic properties that must be 

taken into account like the radial distortion caused by the lens. 

Image capturing can be done also simply by hand held camera. Gortler et al. (1996) 

note, that the essential problem in handheld-camera-sampling is determining the 

extrinsic properties involved. Extrinsic properties mean namely the unknown location 

and rotation data of the camera in relation to the target. Gortler’s solution to the 

problem is to plant calibration markers around the target and to calculate the position 

and rotation of the camera according to those markers.  

The target of image capturing does not have to be a real object. Gortler et al. briefly 

touch the issue of aquiring synthetic images merely noting it to be straightforward. 

The basic reason for the easiness of synthetic IBR is the fact that the technique 

enables full control of the intrinsic and extrinsic properties involved. Even physics 

can be bent in a virtual scene for the purpose of acquiring better samples. 

It is conceivable to apply non-photorealistic pictures as samples for IBR methods. 

Since pictures rarely have strictly accurate or coherent geometry the non-geometry 

based methods would be more useful for such endeavors. The large amount of 

samples required could also prove to be a problem. The HCBTF implemented in 

Chapter 10 is an attempt in using pictures for IBR. Problems and solutions are 

therefore discussed later in more detail. 
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6.2 Light Field Rendering / The Lumigraph 

Light field rendering is an image-based method by Levoy and Hanrahan (1996) that 

enables interactive rendering of a fixed illumination scene by taking 2D slices of the 

4D light field that radiates from that scene. The lumigraph by Gortler et al. (1996) is 

essentially the same idea published roughly simultaneously with light field rendering. 

In defining the physical basis for the lumigraph Gortler et al. (1996) refer to the 

plenoptic function. The 5D plenoptic function describes the flow of light completely. 

It describes intensity of light in each position globally in a combination of traditional 

3D space (x,y,z) and a unit spherical coordinate system (q,f ) which defines the 

direction the light beam is traveling towards.  

Gortler et al. enclose a region of space in a virtual object and restrict their interest in 

the plenoptic function to the surfaces of that object. All light leaving the volume 

inside the virtual object must pass the virtual surface. They assume that the medium 

the light is traversing to reach the viewer is transparent and homogenous resulting in 

straight and intensity-invariant beams of light. The plenoptic function on the surface 

of the object is sufficient to describe the contents since light rays travel straight and 

their radiance remains constant. Since coordinates on the virtual surface can be 

defined with only 2 coordinates one of the dimensions in the plenoptic function can be 

removed. The resulting 4D plenoptic function is what Gortler et al. call a lumigraph. 

The light field as a concept is attributed to Arun Gershun’s paper on vector irradiance 

fields from 1936. The idea is that if a statically lit scene stays static then areas around 

it are filled with a static light field of light beams originating from the scene since the 

intensity and direction of a beam of light stays constant if it doesn’t collide with 

anything.  

The light field can be described by setting two nonintersecting planes (uv and st) in 

front of the scene (see Figure 10). The two points where a beam intersects the two 

planes identify each beam in the field. To understand the idea one can imagine that 

the st-plane which is closer to the scene is in fact a source of illumination that spews 

out light into the light field and the uv-plane consists of places to look at the first one. 

If we think of the st-plane as a photograph of or a texture describing the scene then by 



 30  

moving on the uv-plane we would see that photograph or texture change constantly. 

The light field consists of beam colors recorded into the four-dimensional space that 

is defined by the two dimensions in each plane.   

 
Figure 10. (Levoy & Hanrahan, 1996)  Two ways (a & b) to understand a light field. Values on 

the two planes define the intensity of light beams traveling from right to left through 

the two planes. The 4d field is discretized and flattened to 2D on the right. 

The light field representation in Figure 10a corresponds to discrete viewpoints on the 

uv-plane which each show a different view of the virtual object on the st-plane. 

Finding novel views of the virtual object requires interpolation between several 

images. 

Figure 10b shows another representation of the light field. In this representation the 

uv-plane is seen from all the discrete points on the st-plane. Each view from the st-

plane contains all the possible colors that that viewpoint can look like when it is 

viewed from the vu-plane. The advantage with this “upside-down”-representation is 

that finding novel views of the virtual object behind the planes is simply a matter of 

interpolating neighboring pixels.  
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The light field rendering method is image-based as the data it uses is obtained by 

taking photographs of a scene or object. Levoy and Hanrahan (1996) built a device 

very similar to the gonioreflectometer and called it a camera gantry. The device is a 

computer-controlled camera that records the camera position as it takes photos of the 

scene to be portrayed. The camera gantry in essence directly creates the representation 

in Figure 10a. 

Since the light field consists of two essentially separate planes, the two planes can be 

digitized in different sampling rates. The st-plane’s sampling rate determines the 

resolution of the picture and the sampling rate of the uv-plane determines the amount 

of artifacts in and the sharpness of change in each novel view. 

Although the light field and the lumigraph have originally been used to describe 

scenes and objects they are more than well suited to describing rough surfaces. The 

light field and the lumigraph both essentially involve pasting a changing texture on a 

virtual surface that has been arbitrarily placed in space. Pasting the changing texture 

over an existing surface and using it represent the surface underneath seems more 

logical. Also the problematic issue of rendering views from inside the scene is 

avoided since mesostructure should not be observed from such a distance. 

For the purposes of this thesis the way the light field and the lumigraph are 

implemented have some deficiencies. First they do not cover the entire dome of 

reflected beams exiting from the st-plane, only the beams hitting the finite uv-plane. 

The other issue in these methods is that they both require static lighting. These issues 

are considered and a mesostructure representation inspired by the lumigraph and light 

field rendering is developed in Chapter 10.2. 
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Chapter 7  

Non-photorealistic Rendering 

This chapter first defines non-photorealistic figures as pictures that do not strive for 

optical accuracy. The chapter then considers computer depiction in relation to art 

history - finding analogies and motivations from it. Non-photorealistic rendering is 

next dissected in different ways. Finally some relevant studies of non-photorealistic 

rendering related to this thesis are reviewed. For a more detailed description on non-

photorealism and non-photorealistic methods see Arponen (2006). 

7.1 Defining non-photorealistic rendering 

Non-photorealistic rendering as a term is according to Durand (2002) widely 

considered an unsatisfactory term for the field it describes. Separating photorealistic 

images from non-photorealistic pictures is not straightforward. Even realism itself is a 

vague term. Nevertheless non-photorealistic rendering has become a de-facto term to 

describe the field. 

Durand (2002) categorizes visual representation into images, pictures and 

visualizations. In computer graphics these terms are often used intermixed, but in this 

thesis they are used as defined here. The definition states that images are a subset of 

pictures and pictures are a subset of visualizations (see Figure 11 for a visualization 

of the categories). Visualizations represent any data or subject, even if they are not 

visual to begin with. Pictures are visualizations of a visual scene and the term 

depiction is used for the act of creating pictures. Images are pictures that can be 

characterized by optical accuracy.  
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Figure 11. A visualization of Durand’s (2002) categorization of visual representation. XML-

visualization courtesy of T.-P. Viljamaa. Dragon picture courtesy of P. Laakkonen. 

Bottle image courtesy of E. Halkka. 

According to the categorization non-photorealistic rendering can be defined as 

algorithms and numerical methods that strive to produce pictures that cannot be 

characterized by optical accuracy to a visual scene or object. Thus non-photorealistic 

rendering always produces pictures, but never images. The level of optical accuracy 

needed for a picture to be considered an image is of course subjective. The line 

between visual and non-visual data in terms of whether a visualization is a picture is 

subjective as well. Those subjective lines mean that this definition for non-

photorealistic rendering is not objective and therefore slightly vague within the 

boundaries of subjective opinions. 

David Davies (2004) defines a piece of art as the full performance of creating that 

piece of art instead of merely the object itself regardless of the way it was made. In 

relation to trying to define non-photorealistic rendering, Davies’ idea might be taken 

to mean that intentions are essential. If a piece strives for optical realism (like Doom 

by ID Software (1993) in Figure 12) it should not be considered non-photorealistic 

rendering even if the result would be optically less accurate than a piece aiming for 

non-photorealism (like XIII by Ubisoft (2003) in Figure 12). A piece aiming for non-
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photorealism should be considered non-photorealistic rendering regardless of its 

success. 

  
Figure 12. Doom by ID Software (1993) does not look optically accurate, but it intends to, thus it 

isn’t non-photorealistic rendering. XIII by Ubisoft  (2003) can be considered optically 

more accurate than Doom, but it strives for non-photorealism and thus it is non-

photorealistic rendering. 

7.2 The motivation for non-photorealism 

Why should any computer graphics application strive for anything other than images 

that portray the real world as realistically as possible? That is a question that needs to 

be answered to motivate this thesis and the entire field of non-photorealism.  

The abstract answer is ‘to seek out new possibilities and to broaden what is meant by 

computer graphics and art’. Durand’s (2002) more concrete answer states “non-

photorealistic pictures can be more effective at conveying information, more 

expressive or more beautiful”. Klein et al (2000) describe NPR as more engaging and 

capable to portray moods. Even the psycho-physical fact (described in Chapter 2.2) 

that humans do not really perceive reality photorealistically support NPR. Kalnins et 

al. (2002) simply state that pictures communicate information for different purposes. 

The purpose in each case defines which style, NPR or not, is most efficient. 

The question itself comes from the fact that Aristotelian mimesis has been 

synonymous with art for a long time in western history (Beyst, 2005). Mimesis means 

imitation. According to mimesis the point of art is to capture fleeting moments and 

views of reality that are somehow noteworthy. According to Beyst mimesis is at its 

best when the world being mirrored is imaginary, but realistic. Thus depicting 
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imaginary worlds in realistic ways does not stray from the path of mimesis. As the 

moment and feelings have become more important, mimesis is now considered only a 

point of view to art, to depicting ideas and feelings.  

The non-photorealistic movement is similar to the impressionist revolution, which 

started classical art en route away from photorealism towards expression. The 

impressionist movement coincided with the emergence of photography, which 

enabled easy access to realistic images.  Likewise as the field of computer graphics 

started reaching the elusive goal of photorealism, people started realizing that 

computer depiction can achieve more than mere realism. 

While there is no definitive answer to the question of why render non-photorealistic 

pictures, there is an anti-question. Why should computer graphics be restricted to 

realism, while the boring realism surrounds everyone every day anyways? 

7.3 Describing non-photorealistic rendering methods 

For describing, classifying and analyzing a field of research one needs to define terms 

and variables over which methods vary in that realm. For non-photorealistic methods 

Durand (2002) has suggested four variables: spatial, primitives, attributes and marks. 

Arponen (2006) adds efficiency. Some other definitions have been attempted but they 

are vague and non-comprehensive.  

The spatial variable refers to the spatial mappings involved in a method. The 

traditional mapping would be a 3D-to-2D projection from a model to the screen or 

2D-to-2D mapping where a 2D image is manipulated. Many different unconventional 

mappings however are possible. Actually a method might even involve several 

projections between different coordinate-systems at various stages. 

The primitive variable defines the primitives that are used in the method. These 

include but are not restricted to points, lines and regions. The primitives refer to the 

underlying structure, not the marks seen on screen. 

Attributes refer to the variables of the method. These include for example color, 

texture, transparency or wiggliness of lines. The attribute values change according to 
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extrinsic properties in the scene. The attribute variable refers to which attributes are 

used and how, not the specific values in a given situation. 

The mark system refers to the way the primitives are actually displayed. A point 

might be displayed as simply a pixel or a filled circle or a brushstroke. The most 

problematic aspect of the mark system is keeping the marks coherent from frame to 

frame in an animation. 

Finally the efficiency refers to the purpose, from a rendering time point of view, for 

which the technique is suited. Different parts of the solution might have different 

efficiency goals. The scale of efficiency varies from offline rendering to real-time, 

and is inherently slightly vague, since computer speeds and optimization affect it. The 

speeds the method is aiming for are however mostly discernible as well as how 

successful the method is in reaching those goals. 

7.4 Related research in non-photorealistic rendering 

The area covered by NPR is large. I will focus attention only on a very small amount 

of methods that somehow relate to the subject of the thesis. In the terms of the 

variables specified in the previous chapter we will look only at works where on the 

spatiality axis there is a 3D model from which a 2D projection is shown to the viewer. 

From those 3D-model-based works we attempt to find examples where the image 

attributes are affected by viewing and illumination direction. Other interesting studies 

involve textures as either primitives or marks or both.  

Perhaps the best known area of NPR is toon rendering (for example XIII in Figure 

12). This is probably because cartoon animations have an established position in the 

TV and movie world. Very similar areas are rendering sketches and technical 

illustrations. All of these include edge lines and areas inside those lines as primitives. 

The shading attributes vary according to incident light direction and the edge 

attributes according to viewing direction. Textures have not been used to my 

knowledge in papers that focus on one of these three forms of NPR. 

The basis for shading surface areas is slightly different in each case. According to 

Arponen (2006) the specialty of toon rendering is either to render areas with one color 



 37  

only or to have a single color for dark areas and a single color for lit areas. 

Sketchiness according to her is about adding randomness to normal shading. Shading 

of technical illustrations like in the one in Figure 13 is according to Gooch et al. 

(1998) about reserving black and white for highlights and edges and instead using 

warm and cold hues to depict the shape of the object. 

 
Figure 13. (Gooch et al. 1998) A technical illustration made by NPR. The important parts in the 

picture are the edge lines and the “warm to cool hue”-based shading. 

Klein et al (2000) render non-photorealistic virtual environments (in Figure 14) with 

the help of IBR. They photograph a real environment, use a 2D-to-2D spatial method 

to make the photographs non-photorealistic and then use an IBR method to construct 

a model from the filtered photographs. Stroke sizes in the textures when they are 

projected from the model to the screen are kept relatively constant by using a 

multiresolution method called art-maps. The fixed illumination in the scene is defined 

by illumination during photography. 

 
Figure 14. (Klein et al 2000) Textures on the walls are NPR filtered photographs, which are 

pasted on the model using an IBR method. Art maps make stroke sizes universally 

similar. The textures are not view-dependent causing the walls to look plainly diffuse. 
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The textures themselves in the method are not view dependent although the 

macroscale model on which the textures are pasted of course is. Klein et al. claim that 

view-dependency could be supported by blending images from multiple cameras 

residing in different viewpoints. They dodge implementing view-dependency by an 

observation that NPR filtering of the textures removes view-dependent effects from 

them. I suspect the cause of this is the blurry nature of filtering as well as the extreme 

diffuseness of the walls. Nevertheless a view-dependent implementation would very 

probably provide strikingly different results. They also point out that texture blending 

decreases texture clarity, which I wholeheartedly agree with.  

A technique in the field of animation consists of pasting hand-painted textures on 3D 

surfaces. L’Enfant de la Haute Mer by Gabrielli et al. (2001) is an example of an 

animation where such a technique is used. The animation is rendered offline with 

Maya. Not only is this animation beautiful as can be seen from Figure 15, but also 

proof that even simple NPR methods produce awesome results.  

  
Figure 15. Two screen captures from the animated short movie L’Enfant de la Haute Mer by 

Gabrielli et al. (2001). Hand-painted textures were pasted on 3d models. On the left 

note reflections and rigid objects and on the right a flexible sheet. 

Shading and shadows in the movie are implemented by adjusting the intensities of the 

pixels involved. In other words the painting style itself does not change when areas 

darken or lighten. The textures are not view-dependent, but that does not seem to 

matter since they are mostly pasted on rigid objects and shown only from directions 
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where they are meant to be shown and maybe also since most scenes are intensely 

bright or dark. The sheet shown in Figure 15 flies around in one part of the movie. 

The flexibility of it makes view-dependent and illumination-dependent effects fall 

from the control of the director. The sheet is the only instance in the movie where the 

breathtaking painterly illusion is not complete. If the user were allowed to move 

freely in a virtual world set in the model used in the movie, I suspect the experience 

would not be quite as immersive due to the missing mesostructure of all surfaces.  

The system of Kalnins et al. (2002) contains with many other aspects also the 

possibility for an artist to handcraft the shading of objects. Their core idea is that the 

designer of a particular NPR scene should be able to provide judgment on how the 

scene looks and feels. In their work, WYSIWYG NPR, the artist directly annotates a 

3D model with strokes defining the aesthetic of the scene. The only way to modify 

most available NPR systems is by changing the code that produces the NPR pictures. 

The strokes in the system are defined by a base path, which is a Catmul-Rom spline. 

Details or “small-scale wiggles” to the base path are added by an offset list. The cross 

section of the stroke can be defined by choosing a 1D texture. Modifiable aspects of 

the stroke are its color, alpha, width, how much the strokes stick to their endpoints 

and halo, which refers to the minimum distance between the stroke and crease and 

silhouette lines. This approach avoids sampling artifacts and can maintain stroke 

width on screen. Also the placement of uv-texture parameters on object surfaces is 

avoided. 

WYSIWYG NPR adapts to new viewpoints and lighting conditions maintaining the 

original look defined by the artist. The artist can draw “(1) silhouette and crease lines 

that form the basis of simple line drawings; (2) decal strokes that suggest surface 

features, and (3) hatching strokes to convey lighting and tone.” The strokes in the 

system multiply, disappear or are modified according to lighting and viewing 

conditions. In many of the cases the user can simply paint one area and the rest is 

synthesized in the same style using statistical synthesis on the offset list. 

Especially the hatching of strokes is interesting in their view and illumination 

dependency. This type of hatching is called mobile hatching because it moves on an 

object like in Figure 16.  
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Figure 16. Kalnins et al. (2002) implement a system called mobile hatching where the strokes a 

user draws on an object move according to an inferred light source. 

When the user draws a mobile hatching group the system infers a light source in the 

direction of the normal of the surface in the center of that group. The normals along 

the width of the group are recorded to find the extents of the hatching from the point 

of view of surface alignment. The color of the strokes does not matter in defining a 

light source. Dark strokes just mean that a light source of “dark light” is situated along 

the vector specified by the normal in the center of the group.  

Normals on the surface that match the area covered by the hatching group only get 

drawn with strokes from that group if the area to be drawn is not of insignificant size. 

When the area size approaches insignificant size the strokes are faded out to avoid 

popping. 

Mobile hatching as well as other strokes in the system can also change according to 

level of detail (LOD) changes. For example when approaching the cup in Figure 17 

the highlight on the side becomes more detailed. The LOD effect is achieved either 

automatically with structured hatching which is regular or by free hatching where the 

user explicitly defines different LODs. In structured hatching the system “attempts to 

maintain the chosen density by successively doubling (or halving) the stroke count 

when the group size doubles (or halves)”. 
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Figure 17. In addition to mobile hatching (also visible in this image) Kalnis et al. (2002) also 

implement changes in strokes due to level of detail. This LOD effect can be seen for 

example on the highlight on the cup. 

Kalnis et al. note that their system does not support shadows and reflections. Also 

silhouettes and mobile hatching cannot be defined as particular to a specific region. 

Since it is not mentioned it also seems that the dependency of hatching on viewing 

angle is not possible. The video that accompanies the Kalnis et al report also did not 

answer to how well the system performs in situations where the angle between the 

viewing direction and inferred illumination directions changes. The fact that specular 

reflection is dependent on that angle while diffuse reflection is not, might suggest 

problems in their approach. 

Kalnins et al. note that a tablet and stylus interface is the best input device to use their 

system. This is probably true for any NPR system where the user is required to draw 

something. Using a stylus compared to a normal mouse resembles using a pen or a 

brush and therefore the strokes from it resemble a real brush-like painting device. 

Also stroke strengths can be recorded with a stylus. 
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Chapter 8  

From painting to handcrafting 

reflectance 

This chapter is about user defined reflectance properties on a surface. The chapter 

defines two ideologically different ways of setting reflectance properties.  Both of 

these ways involve creative interactivity from the part of a user. 

The first chapter is about choosing predefined reflectance and which parts of a surface 

that reflectance should be used on. This activity is called reflectance painting as 

opposed to handcrafting reflectance which the second chapter defines. Handcrafting 

reflectance is about defining reflectance by setting color and intensity values for 

different illumination and viewing directions. Thus handcrafted reflectance could be 

used in reflectance painting as predefined reflectance. 

The point with separating and defining these two ways to define reflectance properties 

is to make a clear distinction between them. The ideology and steps involved in the 

two are different. Also manipulating different reflectance functions in the two ways 

mean often different things. The chapter points out how reflectance is created when 

using methods introduced previously in this thesis. The HCBTF introduced in this 

thesis is created through reflectance handcrafting. 

8.1 Reflectance painting 

With reflectance painting I refer to the act of a user personally assigning 

predetermined reflectance values to different spots on a surface or to a surface-variant 
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reflectance representation that is to be mapped on a surface. The allegory to painting 

comes from imagining that the materials, or reflectance values, are different paints 

from which the user chooses and paints on the surface. The varying reflectance on the 

floor in Figure 18 is an example of painted reflectance. 

 
Figure 18. The floor has been painted with varying reflectance properties. The image is from the 

Upper City in Taris in the game Star Wars: Knights of the Old Republic (Bioware, 

2003). 

The idea of reflectance painting could be applied to all the spatially varying micro and 

mesostructure definitions defined in Chapter 3, Chapter 4 and Chapter 5 with their 

spatially invariant counterparts as paints. For the more simple reflectance models 

there is no specific research to my knowledge at least not under this name. However 

for example manually creating texture maps can be considered reflectance painting 

since in effect that creation defines varying reflectance properties on the surface 

where the map is applied. Also since the effects in Figure 18 are not beyond the 

ordinary it is deductible that reflectance painting is so obvious that it has not 

warranted research.  

McAllister (2002) implemented a tool to paint SBRDFs. His implementation includes 

a variety of different operations, but the painting itself is done with any existing 

normal paint program. The different colors in the palette in the external program are 
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chosen to depict different BRDFs and the artist uses those colors to do the painting. 

Afterwards the SBRDF is created in McAllister’s tool by using the mapping between 

the BRDFs and the palette. 

Creating BTFs by painting with ABRDF paints is not possible in the same way as 

creating SBRDFs by painting with BRDF paints is. Neighboring ABRDFs affect each 

other in the BTF. Therefore creating a BTF requires creating the all of the reflectance 

properties of an entire patch of surface at once. Reflectance painting with BTFs in 

mind can only mean painting different BTFs to different geometry-level surface areas 

rather than creating new BTFs. 

8.2 Handcrafting reflectance 

With handcrafting reflectance I mean the creation of the reflectance functions by 

hand. Those reflectance functions can be applied to surfaces using conventional 

means or even reflectance painting (see Chapter 8.1). Comparing to real-life painting 

the handcrafting of the reflectance values themselves would be mixing the paints, 

choosing the painting technique and the way colors blend into each other due to 

shadows, viewing angles and the lighting. Reflectance painting would be applying 

those chosen variables to the canvas. 

Many reflectance models are modifiable through a set of variables that control the 

function which defines the way that model reflects light. In effect the choosing of 

those variables is simple reflectance handcrafting. An example of simple reflectance 

handcrafting is the choosing of the user defined variables in the phong reflectance 

model: the ambient, diffuse and specular coefficients, the specular-reflectance 

exponent and colors for the ambient, diffuse and specular components. McAllister 

(2000) points out that this is the classical way to create synthetic BRDFs. This system 

is used in many modeling programs. 

When discussing SBRDF painting (reviewed in Chapter 8.1) McAllister (2000) 

briefly touches on creating the paints for painting. One of the methods he suggests is 

picking BRDFs from an existing SBRDF. That alone cannot be considered 

handcrafting. McAllister however also suggests picking several BRDFs and 
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interpolating between them to create new BRDFs. Since the user is creating a novel 

reflectance function by choosing the BRDFs and the amount of interpolation, such 

activity can be said to fall within the realm of BRDF handcrafting. Implementionwise 

such interpolation according to McAllister requires sampling the BRDFs over their 

domain, interpolating the samples and fitting a new BRDF to the interpolated 

resulting samples. McAllister also suggests choosing the values for variables in a 

function that defines the BRDF as described in the previous paragraph. 

In chapter 6.1 we briefly touched on the possibility of acquiring input images for IBR 

from renderings of a synthetic 3D model. If the purpose of an IBR method happens to 

be the definition of surface reflectance and the input images for that method are 

acquired from a synthetic 3D-scene, then essentially the creation of that synthetic 

scene is reflectance handcrafting. 

Actually a method for directly setting the reflectance function for a surface from a 

detailed synthetic model without using intermediate image samples would be 

conceivable as well. Therefore the idea of handcrafting a surface model geometrically 

in order to handcraft reflectance doesn’t necessarily need to be IBR. 

The NPR method of mobile hatching (Kalnins et al. 2002) was described in Chapter 

7.4 (see Figure 16). The system can be seen as a way to create the illumination 

environment around an object, because virtual lights are positioned around the object 

according to painted hatching groups. The system can also be seen as reflectance 

painting since painting the hatching essentially applies a reflectance model directly on 

the object. However painting the hatching over specific normals on the surface is not 

only applying the reflectance model, but also creating the model itself. Therefore 

using the system by Kalnins et al. can be seen as handcrafting non-photorealistic 

microstructure representations in addition to reflectance painting and creation of an 

illumination environment. 

Some reflectance models are essentially freeform N dimensional functions with some 

restrictions like the BRDF (Nicodemus, 1970) or simplification procedures for swifter 

rendering of those functions (like TensorTextures (Vasilescu & Terzopoulos, 2003) 

for the BTF). Since the functions are freeform, they could be also visually modifiable 
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instead of merely changing variables. Such visual modification would require a 

specialized interface. 

The first impression of such visual modification of the reflectance function is a two 

dimensional situation where details in the graph are modified in a way perhaps similar 

to modifying a spline in many traditional graphics programs like Adobe Photoshop. 

Such a scenario might be relevant for the more simple functions that are only two 

dimensional. Three dimensions are visualizable as well as a three-dimensional 

surface. However more complex functions like the BTF are six-dimensional or more 

and therefore visualizing them is a challenge. 

One way to visualize the BTF is to discretize the 6D function into 2D samples that are 

meaningful to a human viewer. That means setting the illumination and viewing 

angles and varying the 2D spatial variables over a surface. That is the same as 

displaying a picture of a surface with reflectance defined by that BTF, viewed from 

the specified angle and illumination shining on the surface from the specified angle. 

The BTF is described by a set of these pictures containing all the different 

combinations of discrete illumination and reflection angles. If a BTF were visualized 

in such a way, then changing those pictures would be handcrafting a BTF.  

The following chapters will explore, implement and discuss a system to visualize and 

modify the BTF manually in a non-photorealistic sense. The method enables the 

creation of what is called the Handcrafted Bidirectional Texture Function (HCBTF). 
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Chapter 9  

Handcrafted Bidirectional Texture 

Function (HCBTF) 

The method introduced in this thesis is called the handcrafted bidirectional texture 

function or HCBTF. The method is a combination of NPR, IBR and BTF. This 

chapter defines the HCBTF. The HCBTF is related to and compared with the material 

reviewed in the preceding chapters in order to ease the understanding of the idea. 

The HCBTF is a method that enables an artist to imitate the physical way a real 

surface looks different when viewing and illumination conditions change. Even 

though adding realism to non-photorealism seems controversial, this addition is not 

necessarily photorealism but rather physical realism.  

The method encompasses both micro- and mesostructure. The BTF is a freeform 

function that describes reflectance on those levels, and the HCBTF is a non-

photorealistic implementation of the BTF. The BTF does not enforce energy 

conservation and reflection rules since it is a mesostructure representation and 

HCBTF as an NPR representation and a derivative of the BTF need even less worry 

about such rules.  

The HCBTF is a freeform six-dimensional function that returns a color. There are two 

degrees of freedom for the angle of directional illumination. The angle of reflected 

light towards the viewer or the viewing angle needs two degrees of freedom. Two 

degrees of freedom are needed for the two dimensions of a surface. In total these 

variables form a six-dimensional function. When the six variables are set the function 
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returns the color of the surface at the chosen point in chosen illumination and from the 

chosen viewing angle. This functionality does not differ from the BTF. 

The HCBTF is created by sampling the looks of a patch of surface when illumination 

and viewing directions change. The HCBTF is therefore IBR. The data format of the 

HCBTF is inspired by the IBR methods light field rendering (Levoy & Hanrahan, 

1996) and the lumigraph (Gortler et al., 1996). 

The samples are taken from illumination and viewing directions that evenly fill the 

entire 4D hemisphere of illumination and viewing directions around the surface. 

These illumination and viewing directions are called the discrete angles or discrete 

directions. No other samples can be added to the HCBTF and a single sample must be 

taken from all the discrete directions.  

All the samples are hand drawn pictures of an imaginary surface viewed from a 

discrete viewing direction and illuminated by directional lighting from a discrete 

illumination angle. For each and every discrete viewing and illumination direction 

combination a hand drawn sample picture of the surface must exist. In the HCBTF 

implementation presented in the following chapters the task of the artist is eased by a 

possibility to copy samples of a single pair of illumination and viewing direction to 

other pairs. The implementation presents a special tool for drawing the samples. There 

is a simple 3D surface that is tilted and rotated according to the selected viewing 

angle. There are transparent arrows pointing at the surface which depict the discrete 

illumination angle. The artist draws on to the surface and that drawing is considered a 

single 2D sample of the 6D BTF function with a defined 4D value-set of incident and 

reflected light. 

Creating the HCBTF is reflectance handcrafting. Creating an HCBTF means defining 

how the looks of a surface patch change when illumination and viewing direction 

changes. 

A rendered surface paved with the HCBTF shows a continuous texture that depends 

on illumination and viewing direction according to the hand drawn sample pictures. 

The looks of the surface textured with a HCBTF are determined separately for each 

point of the surface since the vector pointing towards the source of illumination as 
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well as the vector pointing towards the viewer are most probably different for each 

point.  

The HCBTF is made continuous during rendering by linearly interpolating individual 

pixels in the discrete hand drawn samples with each other. The discrete HCBTF can 

be made continuous real-time using contemporary programmable GPU shaders due to 

the data format. The data format is a 2D array of color values that is made by 

flattening the six-dimensional discrete HCBTF. 

The HCBTF in essence is a way to define how the way to hand draw a surface varies 

according to illumination and viewing direction. The BTF on the other hand is a way 

to define how the true looks of a surface vary according to illumination and viewing 

direction. In comparison the BRDF is a way to define how the intensity and color of 

light reflected off a material varies according to illumination and viewing direction.  

Displaying the HCBTF can also be described using the terms for describing NPR 

proposed by Durand (2002) and reviewed in Chapter 7.3. Displaying the HCBTF is 

spatially first a projection from 6D texture to 2D surface and next traditional 3D 

model to 2D screen projection. The polygon primitive is covered with HCBTF texture 

as the mark system. Thus the primitives are displayed with the basic 3D-to-2D 

projection but the marks are displayed from 6D to 2D according to different 

illumination and viewing angle attributes on locations on the surface. 
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Chapter 10  

Implementing HCBTF 

In this chapter we implement a tool to draw, save and display Handcrafted 

Bidirectional Texture Functions (HCBTFs).  

The tool to create HCBTFs should be designed so that the artist sees the samples as 

she is painting in the same way they will be seen by the user when they are rendered 

on objects. Since the two angles of illumination falling on the object are variants in 

the sample space, they need to be shown to the artist in an intuitive way. Another 

point is the big amount of samples, which needs to be administered. The tool also 

needs to give the user adequate feedback on creating the surface. It needs to be real-

time enough to make the creation enjoyable. And it has to give the user artistic 

freedom. 

In order to test and use the created surfaces, they need to be saved in a realistic way. 

The save format must take into account both editing the surface as well as displaying 

it. The computing power required to render and the space required by the saved 

representation must be considered. 

The actual rendering of the representation must consider involved vectors correctly 

and represent the surface smoothly. The rendering function must cope with different 

resolutions. Because we propose that the HCBTF be used in a 3D environment where 

the user can move around, the rendering must be real-time. 
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10.1 Drawing 

For the creation of HCBTFs I implemented a drawing tool. This chapter will now 

scan through the major components in that tool (for a quick preview see Figure 19). 

As the components are examined, any major implementation solutions and issues are 

addressed. 

 
Figure 19. A screenshot of the HCBTF creation tool 

The drawing area contains a canvas where the user can draw freely. The canvas is 

essentially a bitmap and drawing on it means coloring the texels as opposed to placing 

or defining some sort of vectors or polygons. What the artist draws and sees drawn on 

the canvas is exactly what the user will see when the sample is rendered.  

The canvas is implemented by a mesh of squares that each represent one texel. There 

are several advantages to the polygon per texel approach. It is very easy to read the 

color value of every single texel and to change that value. It is also very easy to map 

the drawing with mouse cursor to the individual texels since each texel is an 

individual polygon. Selecting polygons with a mouse is trivial in OpenGL.  
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There are several brushes for the artist to use. The different sizes and the possibility 

for soft edges in the brushstrokes show that any brush shapes and sizes could be 

added into the tool. There is a palette for the user to choose the paint color from. The 

mouse wheel lets the artist control the value, which is the darkness, of the palette. 

Basically the drawing on the canvas part of the tool is a normal bitmap painting 

program with the only exception being that the canvas and pixels might be skewed or 

rotated. The normal painting properties of the tool could be extended and honed 

endlessly. 

Like the BTF the HCBTF is a 6D function. The function is discretized into a digital 

function where each sample is a 2D snapshot floating the 4D space defined by the 

illumination and viewing angles. The canvas rotates around both the x and y axes with 

the origin being in the center of the canvas. The rotation of the canvas provides for the 

two viewing dimensions of the HCBTF. The translucent arrows describe the two 

illumination dimensions by showing the incident angle of light. The arrows can be 

turned off if they bother drawing. 

The four angles can be controlled by either the visual controls or by the keyboard. All 

angles are restricted to predefined evenly spaced values effectively defining the 

amount of samples required to fill the entire space of incident and reflected light 

directions.  

When the artist is finished with painting a sample of defined illumination and viewing 

angles she presses the save button to transfer the sample into a linked list of saved 

samples. The linked list of samples is sufficient for the purpose of finding the samples 

computationally and traversing all of them for different purposes. 

The artist can load samples on the sample list to the canvas, take a glimpse of how a 

sample looks like without loosing the sample she is currently painting, remove 

unwanted samples from the list and copy a sample from another set of angles to the 

currently selected set. The loading of samples is done automatically if a sample 

defined by the currently selected angle set is found from the list. Not only was such 

loading found to be intuitive but it also gives feedback to the artist on how the surface 

looks. 
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This HCBTF tool is specially designed to tackle with repetitive texture rather than a 

texture that as a single copy defines the entire surface. Such repetitive textures have 

been chosen as the focus because the characteristic mesostructure of a surface can 

often be described by a small portion of the entire surface. A problem of repetitive 

texture is that the repeating pattern has to be continuous in its edges or artifacts will 

start appearing. Adding offset copies of the canvas to the edges of the canvas 

empowers the artist to see and solve these problems. The offset area is to the artist 

indistinguishable from the original canvas. It is as paintable as the canvas and any 

changes in it or the original will immediately show on all relevant parts of the visible 

canvas. If the artist wishes to disable this feature, there is a checkbox, which 

immediately removes the offset areas from the canvas. 

Because the amount of samples needed to fill the entire 4D space of incident and 

reflected light angles is very large the tool provides the artist some possibilities for 

automation. The automated filling controls enable the artist to copy the current sample 

over the entire space. The artist can also choose to darken the sample according to the 

diffuse illumination equation (Equation 1) or restrict the copying to merely the 

specular reflection or deny the copying from affecting specified dimensions.  

Since this thesis is focused on exploring the idea of HCBTFs rather than actually 

implementing a commercial product the user interface presented here contains only 

the most crucial elements. Obviously the user interface needed for a commercial 

product would have to be carefully researched and planned. For example the list of 

samples should be sortable according to different criteria or perhaps the entire list 

should be shown in a different way altogether.  

10.2 Saving 

The implemented HCBTF tool contains two ways of saving data. The samples can be 

saved as they are resulting in a format that is not real-time renderable, but easily 

reopened into the painting tool. Alternatively the samples can be rendered into a 

single texture (see Figure 20), which can be used for real-time rendering.  
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The system of saving the samples as they are is really just a matter of convenience. 

The linked list of samples is traversed and the image data and angles are simply stored 

in a file. When loading the linked list is easily constructed again since the samples are 

stored in order. The samples could in principle be loaded and constructed from the 

rendered texture as well since it is an uncompressed file format. 

 
Figure 20. Part of the HCBTF texture that has been used to render the material in Figure 1. 

Rendering the samples into one big texture is a very important idea in enabling real-

time rendering of the HCBTF. As a single texture it is possible to get all the necessary 

data into the shading program. Organizing the data inside the texture by the 

dimensions that are needed in choosing the correct color for each surface fragment is 

essential. Some unintuitive points relating to that mapping need to be considered. 

The idea behind the way the HCBTF is defined is derived from the lumigraph (Gortler 

et al., 1996) and light field rendering (Levoy & Hanrahan, 1996).  Since the methods 

do not support varying incident light, the methods have been moved to a 6d realm. 

Also defining the positions and directions of light rays by points on two separate 
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planes was inconvenient and has been changed to simple 2d surface coordinates for 

the position of reflected light and yaw and pitch angles for both incident and reflected 

light. The essential idea of lumigraph and light field rendering is that the tracking of 

light rays on the surface of an enclosed space defines the appearance of whatever is 

inside the surfaces. That idea is intact in the idea behind the way the HCBTF is 

defined (see Figure 21). 

 
Figure 21. A 3D (x, qi, qr) analogue of the 6D HCBTF idea. The imaginary real surface is 

enclosed by the texture on the surface of the model. The varying intensities of 

reflected light from the underlying surface are shown on the flat texture that is placed 

on the surface of the model. 

The HCBTF is now a six dimensional function that yields RGB-triples as answers. 

The full HCBTF needs to be described in a way that is more convenient than random 

samples scattered around in random places of the 6D space. Gortler et al. (1996) 

discuss discretizing their continuous lumigraph by integrating over the product of the 

continuous lumigraph and a basis function. A basis function is used when 

reconstructing the lumigraph, as well as the HCBTF in the next chapter, from the 

discrete version. There is no need in this solution of the HCBTF to discretize values 

since they are discrete to begin with. 
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To avoid unknown or empty spots in the final rendering all the discrete values need to 

be filled. The solution relies on the artist to fill the sample space using the automated 

filling controls, which were presented in the previous chapter on drawing the HCBTF. 

Interpolating missing samples from surrounding values was briefly attempted during 

development, but the advantages of the possibility were quickly seen to be virtually 

useless in comparison to the automated filling controls. 

The final format of the texture is inspired by Figure 10b (Levoy & Hanrahan, 1996). 

The texture is parameterized first by x and y, the true texture coordinates, then by qi, 

f i, the incident angle of light and finally by qr, f r, the angle that the light leaves from 

x, y (see Figure 22). 

 
Figure 22. The 6D HCBTF is flattened into a 2D texture 

A big issue in the chosen format is its size. The texture could obviously be 

compressed while it is stored in a file. However even if the file were compressed, it 

would need to be uncompressed before the crucial moment of making the entire 

texture available for the GPU. Piecewise decompression of the texture during GPU 
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access could be possible, but the strain on the GPU imposed by real-time 

decompression would be too great. Thus compression has been left beyond the scope 

of this thesis. 

Dealing with the size of the texture is then a matter of choosing the sampling 

frequency for discretition. The sampling frequency does not need to be the same for 

all dimensions. Henceforth the amounts of subdivisions for the i and r  vectors will be 

denoted by Mi, Ni, Mr and Nr. For the examples in this thesis I have chosen the values 

presented in Figure 23. 

texture incident (i) reflected (r) Discrete values
x y q (M) f (N) q (M) f (N) total
32 32 5+1 10 5+1 10+2 -> 4423680

Dimensions
on x axis 32 1 6 1 6 1 -> 1152
on y axis 1 32 1 10 1 12 -> 3840  

Figure 23. Number of subdivisions in the HCBTF examples used in this thesis.  The +n numbers 

come from duplicate values that ease rendering. The dimensions depict the size of the 

2D texture on which the HCBTF is flattened for saving and rendering. 

The amount of subdivisions for each dimension in Figure 23 seems very small. 

Unfortunately six dimensions flattened into two quickly turn that small amount into a 

huge number. 

The nicely rectangular shapes of stored HCBTF values in Figure 22 and Figure 23 are 

originally not so rectangular. A discrete spherical coordinate system with a constant 

radius has only single values in the poles. Storing such irregular values in the texture 

map would make it unintuitive. Besides the unintuitiveness, irregularities would add 

to actions needed to shade according to the map. Another point making the 

irregularity an issue is that the shader implemented in chapter 10.3 takes advantage of 

neighboring reflected values being truly neighbors in the texture as well. 

The solution to the problem was to simply copy the problematic polar value to all the 

discrete pan angles. This is valid for both the reflected as well as the incident values, 

although for the incident polar position the copying is not of a single value but of the 

entire reflected spectrum related to that incident value.  
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The requirement imposed by the shader that the neighbors of values in the HCBTF 

texture need to be the closest discrete reflected angles has another implication as well. 

Namely the wrapping of pan angles needs to be taken into account. The last value 

needs to be before the first one and the first after the last one. Since the shader cannot 

accommodate for wrapping programmatically (see chapter 10.3), the texture truly 

needs those values in the aforementioned places. The required values were simply 

copied to the required places in the texture.  

As q, the tilt angle, approaches a pole in the constant radius spherical coordinate 

system the Euclidian distance in the Cartesian coordinate system between discrete pan 

angles is much shorter than at the equator. The reason why the discretition is not 

dependent on the Cartesian system is that the Cartesian system does not adequately 

describe the incident or the reflected light vector’s relationship to the surface normal. 

Thus the rectangular shape of the grid of discrete values in the spherical coordinate 

system is justified. 

During the course of implementing the HCBTF texture countless bugs and problems 

were encountered. Some of the issues mentioned above were only realized during 

implementation. A very important tool in debugging and understanding the intricacies 

involved was a simple program merely displaying the texture and allowing free 

zooming and moving around it. Figure 20 and Figure 24a are screenshots of that tool. 

The tool would have been worthless without an intuitive texture format, as it was 

possible to imagine or even draw what the texture should look like. For example in 

Figure 24 I compared a very early version of the visualized texture (a) with what I 

imagined it should look like (b). Looking at Figure 20 the hypothesis turned out to be 

true at least in that the entire texture should be full of values and that the structure 

both horizontally and vertically should be somehow visible.  
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Figure 24. (a) An initial problem with the HCBTF texture. The distribution of intensities is not 

random and vertical structure is not visible. (b) A contemporary imaginary 

visualization of what I thought the texture should approximately look like.  

10.3 Displaying 

So far we have created a HCBTF and saved it. In order for the previous steps to be of 

any use we need to display the HCBTF in a real scene. The development of the steps 

was not done linearly one after the other but simultaneously with different steps 

creating requirements for the others. One of the primary causes for requirements in 

displaying as well as creating and saving the HCBTF was the choice of real-time GPU 

shaders as the method for actual rendering of the HCBTF. Specifically the 

implementation is done in NVidia’s CG language (2004) and consists of a vertex 

shader and a fragment shader. Shaders are explained in more detail for example in 

Kainulainen (2003). 

Although the shader includes the core functionality of actually rendering the HCBTF, 

there are certain actions that need to be done in OpenGL to get the shaders working. 

These include loading the texture and the shaders as well as linking the shaders to the 

OpenGL program with all the variables they require. In order to test the shaders in 

action we of course also need an example 3D world that uses the shader. 
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The CG language provides a system called a CG runtime, which is an API that allows 

the compilation and linking of CG shaders at runtime. This allows for varying 

hardware and thus is the standard for programming shaders.  

A shader is optimally so modular that the user simply initializes the shader’s uniform 

variables and switches it on around the vertexes that are to be shaded. That is mostly 

the way that the implemented HCBTF shader is linked in the C/OpenGL program in 

appendix A.1. In addition to the actions on lines 1-20 , which are done once for each 

iteration of the rendering loop, there are some initial actions like loading the shaders 

and setting values for permanent variables like texture dimensions. 

There are only two extra parameters per vertex that need to be set by the C-code on 

lines 28-36 . Since both the pan angles f  depend on the orientation of the texture, two 

orthogonal tangents of the surface need to be defined for the texture to stay rooted to 

the surface. Actually one would be enough, but providing the additional one is not a 

big task. The advantage gained by the other tangent is that an orthogonal local 

coordinate system of the vertex (Figure 25d), made of the two tangents and the 

normal, is provided for the shader. Of course the user also needs to provide the 

normal of the vertex and the texture coordinates, but that is basic OpenGL 

functionality. 

The vertex shader’s main responsibility is calculating the vectors for incident and 

reflected light (r  and i in Figure 25). This needs to be done for each vertex, since the 

vectors are most probably different for each of them. Actually the vectors are different 

for each fragment, but due to the functionality of the shading pipeline the vectors for 

the fragments are automatically interpolated from their respective values in the 

surrounding vertices. Texture coordinates are passed to the fragment shader 

unmodified. 
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Figure 25. Four different coordinate systems. The vectors defining the HCBTF for a vertex need 

to be defined in (d) - the vertex coordinate system. 

The way to finding the required vectors r  and i in Figure 25 lies in realizing that 

vectors in the vertex-coordinate system pointing to the origin of the view-coordinate 

system and the light-coordinate system are actually pointing in the direction of the 

required vectors. Normalizing those will yield the correct answer. The vectors are 

easily stated as (0,0,0) in their respective systems V and L, and the issue is about 

transforming those vectors into the vertex-coordinate system N. 

Summing up what Kivelä (1990) writes about coordinate transformations and 

extrapolating somewhat yield the following. If you state the axis vectors (x, y, z) of a 

coordinate system A in another system B of basis (i, j, k) and group them up as 

column vectors, you get a coordinate transformation matrix AB from system A to 

system B. This means that AB multiplied with a vector vA defined with the coordinate 

system A ends up as the same vector, but defined in the B coordinate system 

(Equation 4).  
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Equation 4. Using a coordinate transform for systems of the same origin 

This does not yet account for different locations of origins of the two coordinate 

systems. For that you need to add the location vector oAB of the origin of A defined in 

the B system (Equation 5). In the event that we have the origin of B defined in the A 

system oBA, that origin needs to undergo the same transformation. Since we need to 

get the vector from the origin of B to the origin of A, the vector oBA should point in 

the opposite direction. The case of oBA transformed with the original vector as well as 

the switch in its direction is shown in the second part of Equation 5. 

( )BAABABABB ovAvAov -=+=  

Equation 5. Using a coordinate transform for systems of different origin 

The transformation BA towards the other direction meaning from B to A is defined by 

the inverse of AB. Kivelä goes on to remind that if the bases of both coordinate 

systems are othonormal then the inverse of the transformation matrix is it’s transpose 

(Equation 6). In creating the inverse matrix from base vectors the transpose is 

acquired simply by using the vectors as row-vectors instead of the column vectors in 

Equation 4. If you need to add the location vector to the inverse it needs to be the 

origin of B defined in the A coordinate system (oBA). 

T
AAB BBA == - 1  

Equation 6. The inverse of an othonormal coordinate transformation matrix is the same as it’s 

transpose. 

Figure 25 shows the coordinate systems involved in the vertex shader’s task of 

finding the incident and reflected vectors i and r. When the user defines n, tx and ty in 

the model-coordinate system, it is actually the vertex-model transformation matrix NM 

= (n, tx, ty) that gets defined. According to Equation 4 and Equation 6 if we insert the 

three vectors into the matrix as row vectors, the result is the inverse of NM, which is 

the model-vertex transformation matrix MN.   
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On row 7 of the listing in A.1 we save the inverse of the current model-view matrix 

for use by the vertex shader. Elsewhere in the OpenGL code a light source is defined 

by transforms on the model-view matrix. By saving that matrix in the same way we 

get the light-view matrix for use in the vertex shader.  

As a summary the vertex shader in Appendix A.2 has the vertex-model NM matrix 

without origin position information on rows 76-78, the view-model VM matrix on row 

94 and the light-view LV matrix on row 95. NM is normalized and inverted to MN on 

rows 102-112.  

Through the rest of the listing in Appendix A.2 the (0,0,0) vectors in both light and 

view coordinate system origins are multiplied with appropriate transforms. The 

reflected vector r  is first transformed from the view-coordinate system to the model 

coordinate system with VM. Next according to the second part of Equation 5 the 

vector from the origin of the vertex coordinate system to the origin of the model 

coordinate system is subtracted from r  and the result is multiplied with MN. The 

resulting vector points from the origin of the vertex coordinate system to the origin of 

the view coordinate system, the normalized version of which is actually r  in the 

coordinate system we want it to be. 

The process of finding the incident light vector i follows a similar path as finding r . 

First the light-model transform must be applied to vector (0,0,0) in the light-

coordinate system. Afterwards the process is exactly the same as with the reflected 

vector, replacing the zero-vector of the reflected vector with the result of the light-

model transform. 

As a result of the actions done in the vertex shader and interpolation done 

automatically by the rendering pipeline, the fragment shader can now safely assume 

that it has the vectors i and r  and that they are correct for each fragment. The task of 

the fragment shader is then to convert the vectors from the othonormal coordinate 

system they are in, into the spherical coordinate system that the texture containing the 

HCBTF is in. Also it’s task is to find the correct color value of the HCBTF from the 

texture according to the vectors and the texture coordinates that were passed through 

the vertex shader. For smooth shading it also needs to interpolate the discrete values 



 64  

in the HCBTF according to the analog values of the vectors. An implementation of a 

fragment shader accomplishing these tasks is provided in Appendix A.3. 

The only notable point in the otherwise straightforward spherical coordinate transform 

is that it seems that f  and q could be found without normalizing the orthogonal vector 

first in the vertex shader. However an unnormalized vector would mean slightly more 

calculation. Excecuting an action like normalization in the vertex shader is much 

more efficient than executing a more menial task in the fragment shader, since for one 

pass of the vertex shader several hundred are made for the fragment. Therefore the 

normalization is done in the vertex shader and the spherical coordinate transform can 

assume that the vector is normalized.  

The angular coordinates of the vector f  and q after a spherical coordinate transform 

normally range between 0 and 360 or –90 and 90 or the radian equivalents. The 

discrete values in the HCBTF texture created in Chapter 10.2 range between zero and 

the amount of discrete values, with each discrete value holding consecutive numbers. 

The spherical coordinate scale should match the scale of the discrete values. For 

clarity I have done this simple mapping as a separate step in Appendix A.3, but in an 

optimized version the spherical coordinate transform could transform directly to the 

mentioned scale.  

Finding the correct pixel from the HCBTF texture created in Chapter 10.2 is based on 

the structure presented in Figure 22. Coordinates in the outer axes must take into 

account the space taken by the inner axes. This is seen in Appendix A.3 on rows 187-

196 where the (f r, qr) and (x, y) coordinates are multiplied with the amount of discrete 

texels contained in the 2D snapshots that make up each discrete value. This is caused 

by the fact that the six dimensions of the HCBTF are flattened into two. 

Besides the lengths of discrete steps for each coordinate, rows 190 and 195 are 

noteworthy. The half texel that is added on each line comes from the realization that 

the GPU considers the texture map practically analog as opposed to discrete (see 

Figure 26).  Without the additional half texel discrete values we find in Figure 26a lie 

on the border between four texels, only one of which is correct. When the half texel is 

added in Figure 26b the coordinate system essentially changes to match the centers of 

the texels. Figure 26c already refers to a constructed continuous HCBTF where non-
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discrete values of texture-coordinate-defining vectors are accepted. This blending 

issue will be discussed below, but the addition of the half texel is required for correct 

blending because the correct values for integer numbers in the continuous case lie in 

the exact centers of the texels. 

 
Figure 26. a) Integer coordinates in a texture map do not select individual texels but unknown 

values in the center of 4 texels. b) Moving the coordinate system 0,5 texels makes the 

integer coordinates hit their intended values. c) When using smooth texturing the 0,5 

texel change becomes essential in finding correct values. 

So far we have been dealing with discrete values of everything. This is logical when 

discussing computers which are essentially discrete and on the other hand because the 

chosen methods for both painting the HCBTFs and saving them are inherently 

discrete. A 3D world cannot be assumed to be discrete, at least not in the macro sense 

that we have assumed when discretizing the variables defining the value of the 

HCBTF in each point. The discrete values should be seen rather as the control points 

that are used to find the analog values for any non-discrete points in the HCBTF 

space. An example world accepting only discrete values for i and r  is shown in Figure 

27. The picture looks unaesthetic, non-continuous and edgy. 

 
Figure 27. If the values fetched by discretized r and i vectors are not brought back to the analog 

realm annoying lines appear on the borders between discrete values. 
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Gortler et al. (1996) talk about a reconstruction kernel or basis function B as the tool 

for creating continuous lumigraphs from discrete versions. In creating continuous 

HCBTFs from the discrete equivalents we cannot really talk about reconstructing 

since the HCBTF was never continuous before this step. The idea is however valid 

since the HCBTF is intended to be continuous.  

Equation 7 shows the usage of a basis function adapted to the HCBTF. The basis 

function essentially defines the amount of each discrete sample in each non-discrete 

location. Notice that the function does not involve blending of the texture coordinates. 

This is because their sampling frequency is high enough to be considered continuous 

and also since the added complexity would triple the amount of interpolations. 
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Equation 7. Constructing a continuous HCBTF from the discrete one using a basis function. 

As Gortler et al. (1996) state the basis function can basically be anything. In the no-

blending case is where each non-discrete value of i and r is simply rounded to the 

closest discrete value, B is 1 for the closest discrete value and 0 for all others. I have 

chosen to use a linear interpolation function for B. B is relative to the distance 

between the non-discrete value and the discrete values surrounding it. It’s a simple 

interpolation function, but provides sufficient aesthetics, continuity and smoothness 

(see Figure 28). Also it enables the usage of the lerp function available in the GPU.  

 
Figure 28. Blending the discrete values of HCBTF creates a continuous HCBTF function as 

opposed to Figure 27. 
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The basis function B is implemented in the main function in Appendix A.3. The 

discrete points surrounding r  are found and the values of the HCBTF in those points 

are looked up from the texture. The colors are interpolated according to the matching 

discrete value’s distance from the original vector r . The reason why the same process 

is not done for i is because we chose to depict i in the innermost coordinate system of 

the flattened HCBTF space in Chapter 10.2. When the texture-magnifying filter is set 

to linear the HCBTF texture becomes essentially non-discrete in scope of i (Figure 

26c). The reason why setting this filter affects only i, is because neighboring discrete 

values of i are truly neighbors in the texture whereas values of the other vectors are 

not. 

In Chapter 10.2 we added extra copies of texels with f i = Ni to the positions 0-1 and 

with f i = 0 to the positions Ni+1. This essentially makes the colors in non-discrete 

positions before f i = 0 and after f i = Ni the results of blending with the wrapped texel 

rather than blending with a texel from another value of r  or even a different texture 

coordinate. 

An interesting issue in implementing the shaders for the HCBTF was the 

unconventional way of debugging. Since shaders cannot input textual data and work 

simultaneously on thousands of elements the only way to debug them was through 

outputting colors. Some of the most interesting debugging scenes are shown and 

explained briefly in Appendix B. 
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Chapter 11  

Results 

The implemented HCBTF interface, saving format and shaders that display it offer a 

wide range of possibilities for applying the HCBTF. The results chapter looks at those 

possibilities in relation to existing photorealistic surface representations as well as 

from a practical point of view. The method is also evaluated from various 

performance related perspectives. 

11.1 Qualitative result 

The primary goal of creating an NPR method that contains the properties of the BTF 

was successful. The method enables an artist to create surface representations which 

change according to reflection and illumination direction. Figure 29 and Figure 30 

offer a qualitative comparison between a � r invariant surface representation and a 

surface representation that does vary. The first picture is essentially traditional texture 

mapping while the second one is only possible with the HCBTF. The grass in Figure 

29 is clearly flat while Figure 30 offers a believable engaging artistic grassy surface. 
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Figure 29. If the projection of a 3D surface rotates with � r the resulting surface is flat. 

  

 
Figure 30. If the projection of a 3D surface is remade for each � r the resulting surface gains a 3D 

feel. 
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11.2 The HCBTF as an NPR surface representation 

The primary purpose for the HCBTF was to enable the creation of non-photorealistic 

rough surfaces like the one in Figure 31. The representation and creation tool enables 

the free representation of all six dimensions of the BTF and therefore the purpose was 

met. Since all six dimensions of the BTF are free of constrictions, the HCBTF does 

not pose any restrictions for an artist wishing to handcraft a surface representation that 

varies in any of those six dimensions.  

  
Figure 31. A HCBTF that depicts asphalt.  In a) � r = 0° and in b) � r = 180°, but otherwise the two 

pictures are of the same patch of ground paved with a single HCBTF. The situation is 

similar to and can be compared with Figure 5. 

The visual success of the HCBTF can be evaluated by looking at examples. In 

comparison to the images of real asphalt in Figure 5, Figure 31 compares relatively 

well.  

The patch in Figure 28 gives a more detailed picture on the capabilities of the surface 

to vary according to viewing direction. The HCBTF texture in that figure consists of 

only one arch, which can be seen to align itself to various directions. Neither of the 
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surface representations in the two figures can be called flat, which was something the 

method, true to the original BTF, was supposed to achieve. 

In addition to BTF handcrafting the HCBTF can be used to handcraft representations 

for surfaces with flat mesostructure. Photorealistically it would suffice to use the 

BRDF or the SBRDF for such surfaces, but for a non-photorealistic representation a 

more complex representation is needed. Obviously simple shading styles like toon 

rendering do not need such a heavy method, since the marks in shading consist of 

single independent surface elements. 

In the example picture in Figure 32 the surfaces are shaded by “pencil strokes”. A 

pencil stroke must cover a larger area than merely one texel to be coherent. When 

shading with a pencil on paper darker shades are achieved through more strokes as 

opposed to darkening the paper. As is visibile in Figure 32 such a system is 

achievable by the HCBTF. The BRDF representation can not reproduce this. In 

principle the SBRDF would be adequate, but the effect should be made by tuning 

various BRDFs on the surface to react so that they form pencil strokes when viewing 

and illumination parameters are appropriate. Not only would that be a tedious and 

inefficient job, but also strictly speaking the physical rules that those BRDFs should 

follow do not allow for such tuning. 
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Figure 32. An NPR surface representation which imitates pencil shading of a flat surface. 

Darker shades are depicted by more black strokes rather than simply darkening the 

texture. 

To my knowledge the HCBTF is to date the first freeform non-photorealistic 

replacement for the BRDF, the SBRDF and the BTF. 

11.3 Possible practical applications 

The range of applications where the HCBTF could be used coincides with that of 

NPR because the HCBTF is a generic NPR method. In addition the HCBTF could be 

used in conjunction with other NPR methods to increase stylistic possibilities.  

Architecture for example currently relies on 3D techniques to demonstrate ideas and 

to present preliminary drafts of plans. The 3D visualizations they currently use are not 

visually engaging. To my knowledge architects rely on physical models or real hand-
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drawn pictures in their presentations to appease that visual need. As seen in the 

examples in Figure 33 the HCBTF could move architectural drafts into the virtual 3D 

realm. 

  

  

  
Figure 33. 3D architectural drafts are a possible application of the HCBTF. The HCBTF could 

also be used in city planning to bring to life otherwise bland draft 3D models. In the 

series the sun is setting. Model courtesy of ‘Kaupunkimittausosasto, Helsinki’. 
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The 3D models that city planners and cartographers are able recover through various 

methods are exact in sizes and placements of objects like houses, but lack in detail. 

Presenting those 3D models could benefit from draftlike lively texturing through 

HCBTF that would react to illumination changes due to the position of the sun as well 

as viewpoints when necessary. An example of such a case made from a real model of 

the city of Helsinki is presented in Figure 33. Figure 34 demonstrates the view-

dependency of the wall texture used in Figure 33. 

The concept of 3D illustrations could be spread to other professional areas like clothes 

design where the feeling of material is important. Technical illustrations could benefit 

from specific details on surfaces appearing from certain viewing angles. 

Other possible usage scenarios of the HCBTF include multimedia presentations, 

computer games and even virtual artwork like the scene made of surreal material in 

Figure 1 and Figure 34. Possibilities of the HCBTF are up to the skill of the artist who 

is creating the surface representation.  
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Figure 34. The view-dependency of the surreal tile used in Figure 33 is shown. The bright red 

tiles can be seen to appear. 
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11.4 Speed 

The speed of the application was but a secondary goal. Because of that and because of 

code clarity no effort was spent on optimizing. A relatively good result was reached 

nevertheless.  

The test setup consisted of an NVidia 6800LE GPU with 128MB memory running on 

a 2400+ AMD XP CPU with 768MB of memory. All the HCBTFs that were used 

were the same size: 4423680 discrete color values. Those values are divided into the 

six dimensions of the HCBTF in Figure 23. The primary test scene which can be seen 

in Figure 1, Figure 31 and Figure 32 consisted of a wavy surface and a ball. The 

surface in the scene was made of 5000 triangles and the ball consisted of 400 

triangles. The Helsinki city 3D-model in Figure 33 consisted of 27860 triangles. 

The primary test scene runs smoothly with the occasional slight slowing down here 

and there. The Helsinki 3D-model is slightly slower and the occasions of slowing 

down are more frequent. The measured speed of rendering the primary test scene was 

between 17 and 26 frames per second. The rendering speed of the Helsinki 3D-model 

was between 12 and 22 frames per second.   
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Chapter 12  

Discussing the HCBTF 

This chapter reflects on the issues around the HCBTF. The chapter evaluates how 

non-photorealistic the HCBTF is and relates it to real paintings. Next the difficulty of 

crafting HCBTF samples is considered. The way physics are bent when using the 

virtual camera while crafting is visited and the size of the discrete 6D HCBTF space 

is analyzed. The chapter finishes with recommendations for directions of future 

research. 

12.1 Non-photorealism of HCBTF 

Chapter 7.1 concluded that whether a picture is non-photorealistic or not is defined by 

either the optical accuracy or by the creator’s intent.  

If we take the intent of the creator of the depiction as the definition it is simple to state 

that HCBTF is non-photorealistic, since it was designed to be so. However, even 

though the technique was designed with non-photorealism in mind, there is no 

guarantee that the artist who is actually handcrafting the BTF wants to aim for optical 

inaccuracy. Therefore the non-photorealism is up to the intent of the artist crafting the 

HCBTF. An empty canvas might be designed for painting, but it is not the 

responsibility of the manufacturer to say what the canvas must be used for.  

The other perspective, the actual optical accuracy of the HCBTF, is a two-sided 

matter as well. It can be argued that the piece is aiming for photorealism, since its 

specific goal is an improvement in the physical accuracy of non-photorealistic 

materials. The method on the other hand does not do the shading independently like 
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most NPR methods, but lets the artist decide on how physical accuracy is translated to 

optical accuracy. The method enables the artist to make the decision on what 

intrinsic1 properties she wants to mix with extrinsic2 properties and how that mixture 

will be depicted.  

Surfaces on many still paintings like the one in Figure 35 have illumination-dependent 

properties and it is only natural that NPR should enable the same. Interactive NPR 

worlds are three dimensional paintings and therefore not all laws that govern still 

paintings can be taken at face value. For example lights might move and the painting 

should react appropriately. In addition to illumination based shading, real life surfaces 

change also according to the angle they are seen from. Three-dimensional paintings 

should be able to reflect this property. The laws of interactive NPR worlds are yet to 

be found, and the physical accuracy enabled by the HCBTF is rather a possibility in 

defining those rules than a restriction. 

                                                 
1 How pictures relate to intrinsic or invariant properties is explained in chapter 7.3 and how humans 

perceive them in chapter 2.2. 
2 The relation of extrinsic or changing properties to pictures is explained in chapter 7.3 and the physics 

behind them in 2.1. 
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Figure 35. Ballettprobe by Edgar Degas, 1875.  The effects of illumination play an important role 

in the painting. Depicted materials in the painting have also other properties like 

transparency and feeling. Some parts of the painting are painted with more accuracy 

than others. 

12.2 True dimensions of a painting 

The HCBTF is a step towards representing non-photorealistic materials, but in 

comparison with true paintings it far from complete. The materials and lights that 

shine on them in real paintings like Ballettprobe by Edgar Degas in Figure 35 have 

loads of properties which can be called dimensions. The ballet dresses for example 

have transparency properties; the materials and their dimensions are painted with 

varying levels of detail; the skin of the man on the left is pink while the faces of the 

dancers are white; the jacket of the man on the left has silhouette lines; translucency 

of skin enables soft shadows. In addition the material dimensions are modified by the 

feelings those materials need to portray in a particular situation. Enabling an artist to 

modify materials in all of these dimensions as well as perhaps the dimensions 

themselves in a 3D NPR representation is a challenge. 
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Another issue altogether is the actual geometry of real paintings. The Balletprobe has 

relatively coherent geometry although silhouettes are slightly fuzzy and the 

background is unclear. Trying to recreate an NPR 3D world from this painting by 

using a 3D model with HCBTF materials on the surfaces would not suffice. Other 

NPR methods reviewed in Arponen (2006) have been created to tackle these 

problems. Creating 3D worlds based on more modern paintings like Picasso’s more 

famous works is an even more daunting task. The geometry in such paintings does not 

necessarily work at all by the rules of conventional Euclidian geometry. 

Due to nature of 3D-model-based computerized rendering a single picture is not 

essential in the same way as in traditional paintings. You can move around objects in 

the scene, the whole painting can change or move and so on. The traditional values of 

painting therefore cannot be taken as ultimate truth in evaluating NPR methods but 

merely as reference, something to compare with. While the HCBTF is indeed a step in 

adding to the possibilities of NPR to better mimic paintings and drawings, that 

possibility should not necessarily be used like it is used in traditional paintings. When 

considering the avenues of future development of the HCBTF it is instrumental to 

look at the dimensions in real paintings and evaluate which of them would be 

essential and implementable.  

12.3 Difficulty of painting HCBTF samples 

Painting not what you know, but what you see is challenging. Durand (2002) reviews 

the books “Art and Illusion” by Gombrich from 1956 and “Secret Knowledge: 

Rediscovering the Lost techniques of the Old Masters” by Hockney from 2001 and 

quotes that realistic painters use and have already during the 15th century used 

photographs or other means to capture snapshots of scenes they are painting to ease 

their work. As described in chapter 2.2 the human brain easily extracts the intrinsic 

properties of an object from the extrinsic properties it sees. Drawing extrinsic 

properties from an intrinsic idea is not so easy. 

Since each painted sample in creating a HCBTF is tied to specified extrinsic values of 

view and illumination angles, the painter is painting extrinsic pictures, pictures of how 

the surface looks in a specific situation. The task is made even more difficult by the 
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fact that the painter needs to keep the painted samples consistent with other samples 

of the surface. On the other hand the HCBTF aims for non-photorealisticity, meaning 

it aims to add intrinsic data in each extrinsic sample, in effect diminishing the amount 

of difficult extrinsic data. In other words the criteria for correctness are not as harsh as 

in a setting truly aiming for optical accuracy. 

12.4 The properties of the virtual camera used when painting 

As discussed in Chapter 6.1 Gortler et al. (1996) take into account both intrinsic and 

extrinsic properties of the camera they use to capture samples of the lightfield they are 

transforming into a lumigraph. When using a virtual camera we do not need to worry 

about special intrinsic properties like radial distortion. But the intrinsic property of the 

camera that defines mapping of different angles of light rays into screen pixels as well 

as the extrinsic location and rotation are relevant even in the case of a synthetic scene 

like the one used in acquiring samples of the lightfield for the HCBTF.  

The extrinsic properties have been dealt with by emulating a gonioreflectometer like 

Levoy and Hanrahan (1996) did for their light-field rendering. The user can only 

create samples in prespecified grid points thus providing both sufficient coverage of 

the grid and eliminating the need to calculate anything according to the angle. As a 

matter of fact without this prespecified grid the user would quickly be at loss with 

trying to determine what amount of samples would be enough and which spots to 

select for creating those samples. 

Since the sample we are painting is only virtual we can take certain freedoms in 

looking at the intrinsic mapping of screen pixels to light-ray angles. First of all the 

sample we are looking at is really small since it is mesostructure and thus changes in 

light ray angles from one side of the sample to the other are small enough to be 

negligible by the user who is doing the painting. And since the camera is but virtual it 

also can forget that taking a real photograph of a real scene would require mapping 

between photograph coordinates and light-ray angles arriving into the camera. In 

essence painting a sample of the HCBTF is not really creating a painting with 

perspective but rather a fictional situation where all light rays arriving in the virtual 

camera are parallel. 
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The same set of problems and solutions are valid for the light incident to the surface 

as well. The light source is set infinitely far away making it a directional light and the 

grid points it can occupy are predefined. 

12.5 The huge HCBTF space 

Kalnins et al. (2002) consider the greatest asset of their work the interface that enables 

an artist to impart with her own aesthetic on the scene. This thesis wholeheartedly 

agrees with the statement that an NPR method should be used by an artist rather than 

the other way around. Art can be seen to be about the way an artist portrays the 

physical world around him. It is up to the artist to decide how to use the physical 

possibilities enabled by this method. The creation of the HCBTF is up to the artist; to 

such lengths that this freedom is actually also the greatest problem of the method. 

During the course of implementation it was realized that six dimensions require a lot 

of sample data. Even with very few discrete values for the six variables the amount of 

discrete values in the 6D space is big. The two dimensions in the HCBTF that make 

the texture coordinates are not really problematic, since the surface formed by them is 

shown to the user when she is drawing a sample. Therefore the sample space that 

needs to be filled by the artist consists of the four dimensions formed by �  and � . 

However a discrete space defined by four dimensions is big as well, when each of the 

discrete values in that space needs to be explicitly set by a painting. The size of that 

space is proportional to n4, which translates in the examples used in this thesis to 

5x10x5x10=2500 discrete samples. 

Originally the HCBTF concept was planned to be realized by deriving it from a few 

scattered samples. The user was supposed to have the possibility to paint some sample 

pictures of the surface. Those samples could reside anywhere in the four dimensional 

space defined by � r, � r, � i and � i. The idea was that those few random samples would 

be used to create the look of the HCBTF by simply interpolating them. The approach 

soon proved impractical, because 6D interpolation from random samples turned out to 

be a relatively complex issue and already the first simple versions proved very slow. 

Finding values beyond the original samples would have also needed extrapolation, 
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which would have made the matter even more complex. Preliminary results did not 

look very good either. 

Ideologically the approach had positive sides. The amount of samples needed was up 

to the artist and therefore relatively small. The artist would have in principle been able 

to choose the angles she deemed most descriptive as locations for samples and insert 

more samples in angles where the surface needed to be more detailed.  

Without complex algorithms involving texture synthesis the original approach would 

have required the user to create an unspecified amount of samples in unspecified 

angles. Trying to figure out how much is enough and where to place those samples 

was daunting. The decision to create empty slots where samples should be placed, 

was elemental in many ways. The predefined empty grid eased the task of the artist in 

understanding what should be done to end up with a satisfactory result; it enabled 

moving around in the 4D space previewing the surface while handcrafting it (see 

Figure 36 for an example); and best of all it made a renderable file format possible. 
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a  b  

c  d  

e  f  

Figure 36. The artist can move around in the 4D grid of discrete �  and �  previewing existing 

samples as she draws more.  However painting a sample to every point on the grid 

would mean drawing 2500 pictures. 

Even though the new approach made the number of required samples fixed, the huge 

amount of required sample pictures remains a disadvantage as can be extrapolated 

from Figure 36.  

The solution to filling the grid is to enable the artist to fill grid spots with the currently 

selected sample. By using the UI creatively it is possible to tackle the 2500 samples 

required. The UI enables the artist to restrict the fill to specified dimensions or only to 

angles of specular reflection. The artist can also automatically apply Lambert shading 

to the sample he is using to fill the space. More similar automation can be added, but 

there are limits to the results which can be reached using this approach. The directions 
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for future research proposed in the next chapter suggest a strong focus on filling the 

six dimensions. 

12.6 Directions for future research 

To my knowledge the HCBTF is the first non-photorealistic mesostructure 

representation. This means that the ideas and solutions presented in this thesis are the 

first steps in a new field of research. There are many issues which could benefit from 

future research. Some of those issues and possible directions to look for answers are 

presented in the following.  

Two major directions of future research stand out as very interesting in their 

possibilities to contribute to the HCBTF. Texture synthesis could in principle generate 

new samples in the 4D illumination and reflection space and used in a different way it 

could ease the visible repetitiveness of patterns on a surface painted with a small 

repeating HCBTF. Research into model based IBR might bring frame to frame 

coherence with it as well as transform the creation of a load of samples into the 

creation of a single picture which is transformed into a 3D mesostructure-level model 

of strokes on the surface.  

Model based IBR as a direction for future research 

The model based IBR approach would mean a three dimensional model of the surface 

mesostructure where the user can place three-dimensional strokes as vectors or other 

primitives like splines. The actual creation of the HCBTF texture would mean 

automatically generating sample views of that model which could be considered to be 

the samples that the user has crafted.  

There are however some readily visible problems with the approach. First the fact that 

strokes that an artist might wish to make are not necessarily coherent in a Euclidian 

sense and that not all strokes can be portrayed by simple primitives. Second the 

HCBTF is not only about self-occlusion which this approach solves, but also about 

self shadowing and inter-reflections and the implementation of them might prove 
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difficult. Even simple coloring of the strokes to represent the varying surface normal 

might be difficult. 

One of the main assets of the model based IBR approach is the creation of a single 

model of the surface and therefore dodging the huge 4D discrete sample space of the 

HCBTF. The other clear asset is the view-based 3D coherence of the strokes since 

they are from a real 3D model. An open question remains though of whether it is 

prudent to restrict an artist to a real 3D model. 

A variation of the model based IBR approach would be to drop out the IBR. The 

representation itself then should be vector or spline based instead of the current large 

texture. A question remains of the speed and convenience of actually displaying such 

a representation.  

The screenshot in Figure 28 shows artifacts created by interpolation. Morphing the 

transition between discrete samples would mean moving strokes rather than fading 

and it would essentially remove those artifacts. A problem with morphing however is 

its inherent slowness as well as the fact that the morphing in the case of HCBTF needs 

to be four-dimensional instead of the one dimension in traditional morphing. With 

these dimensions I refer to the 16 source pictures which are blended. If the HCBTF 

data were a collection of vectors or splines as in the model based approach, the 

morphing task would be much easier even if the actual morphing dimensions would 

still be four. 

Texture synthesis as a direction for future research 

One of the challenges of future research is to create automation that would create 

samples which are always aligned in the same way to the viewer. The issue is 

different for textures where a pattern on the surface is the defining factor. For 

example when rotating the brick texture from Figure 36 e to f the tile needs to actually 

rotate. For a surface paved with texture similar to grass the projection of the grass on 

the surface should look similar with changing � r in order to uphold the illusion of 

three-dimensionality.  Figure 29 demonstrates how the true flatness of the three 

dimensional surface is revealed by rotation. Figure 30 on the other hand shows how 

creating a new projection for each angle solves the issue. The rotation of the grass in 
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Figure 30 is done by hand, but having this arduous task automated would both ease 

the job of the artist and enable her to focus on the other variables.  

Automatically rotating the contents of a picture without rotating the canvas needs 

further research. Rotation seems intuitively simple, but Figure 37 demonstrates why 

automation cannot be done using the current approach. Simple rotation inherently 

loses some of the information in the picture. 

 
Figure 37. Attempting to rotate an image and save the rotated image over the original image will 

either cause holes and overlaps or simply lose some of the relevant data. 

Of course the model based IBR approach will solve this problem in its own way. 

Texture synthesis however might be a way to solve this and similar problems and still 

hold on to the non-geometrical approach taken in this thesis. The synthesis approach 

would analyze the contents of the canvas and modify it accordingly with the rotation 

holding on to some of the key features. With texture synthesis the strokes on the 

surface do not need to be three-dimensionally Euclidian and coherent but automatic 

creation of novel samples might not be as straightforward as with the model based 

IBR approach. 
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Texture synthesis might also prove to be a solution to the apparent repetitiveness of 

the texture on the visible surface. Novel HCBTFs true to and fitting with the original 

one could be created to fill surfaces. 

Portraying microstructure with the HCBTF and mesostructure with another method 

Since the HCBTF can replace the BRDF as the reflection model of a surface it is 

possible that the HCBTF could be used like the BRDF in conjunction with a 

mesostructure method like the bump map. For example the HCBTF could describe the 

way a stone surface looks and a bump map could portray individual rocks on a 

cobblestone road. 

Using multiple light sources 

A property that is missing from the HCBTF compared to BRDF and BTF is the ability 

to use ambient light, multiple light sources or environment maps to define the incident 

plenoptic function. Implementing the possibility for multiple lights is not a trivial 

issue since simply blending or adding samples will not result in coherent strokes but 

rather a mess. Adjusting the texture according to the intensity of incident light which 

would be needed for the rendering of shadows also needs further research. 

Levels of detail and other common NPR issues 

Levels of detail also need more research. In many of the screenshots presented, for 

example in Figure 33, aliasing effects can be seen where the amount of onscreen 

pixels used to show the texture decreases below the amount of texels in the texture. 

The creation of HCBTF specific special mipmaps would probably solve the problem 

superficially. The superficiality can be seen by comparing the idea to real paintings, 

where the stroke size does not diminish until vanishing for objects further away. That 

comparison leads also to the conclusion that research is needed also for cases where 

the surface gets closer to the viewer.  

The problem of rendering silhouettes of real BTFs remains with the HCBTF as well. 

NPR silhouette rendering is a completely different area of research, but steps need to 
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be taken in that area to accommodate for rough silhouettes as well as the current 

smooth approach. 

Using the HCBTF in combination with other NPR methods would solve these NPR 

related problems and probably produce satisfying results. For example a combining 

the HCBTF with the microbillboarding approach in Figure 38 taken by Arponen 

(2006) would be interesting. The strokes that make up objects using her method are 

simply textured and Lambert shaded. The HCBTF could replace the texturing and 

shading of the strokes so that their view and illumination dependency could match 

real paintings better. 

 

 
Figure 38. Hearts formed from strokes using an NPR method by Arponen (2006). The look of the 

strokes is defined by a texture and simple Lambert shading, but could be replaced by 

the HCBTF. 
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Chapter 13  

Conclusion 

This thesis has presented a novel interactive NPR technique which enables artistic 

representation of rough surfaces. 

Figure 39 summarizes the HCBTF method as a combination of mesostructure 

rendering, image based rendering and non-photorealistic rendering. Combining NPR 

and IBR brings with it the idea of using pictures as a source for image based methods. 

The BTF is essentially a combination of IBR and physically accurate mesostructure. 

The combination of mesostructure and NPR brings non-photorealistic shading to a 

new level. The combination of all these was named the Handcrafted Bidirectional 

Texture Function. 

 
Figure 39. The HCBTF combines ideas that arise from combining three different areas of 

research in the field of computer graphics. 
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The HCBTF is a method that enables an artist to imitate the physical way a real 

surface looks different when viewing and illumination conditions change. The method 

encompasses both micro- and mesostructure. It is a freeform six-dimensional function 

that returns the color of a point on a surface. The HCBTF is created by sampling the 

looks of a patch of surface when illumination and viewing directions change. The 

samples are taken from illumination and viewing directions that evenly fill the entire 

4D hemisphere of illumination and viewing directions around the surface. All the 

samples are hand drawn pictures of an imaginary surface viewed from a discrete 

viewing direction and illuminated by directional lighting from a discrete illumination 

angle. Creating the HCBTF is reflectance handcrafting.  

A rendered surface paved with the HCBTF shows a continuous texture that depends 

on illumination and viewing direction according to the hand drawn sample pictures. 

The HCBTF is made continuous during rendering by linearly interpolating individual 

pixels in the discrete hand drawn samples with each other. The HCBTF in essence is a 

way to define how the way to hand draw a surface varies according to illumination 

and viewing direction. 

The first contribution of Kalnins et al. (2002) was “to identify the goal of providing 

direct control to the user as being the key to NPR”. The method in this thesis provides 

control to the user in defining the looks of surfaces. 

The thesis has identified that physical realism is not the same as photorealism. 

Actually the thesis has provided users the possibility to use their own judgments in 

transforming physical realism to NPR imagery. 

The method presented in this thesis is within the first steps in the unexplored field of 

reflectance handcrafting. 
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Appendix A  

Implementation 

A.1 Rendering the HCBTF shaders from OpenGL 

This chapter contains the C-code for rendering an example surface with the HCBTF 

shaders bound to it. The code assumes that the surface vertices are evenly spaced in 

scope of x and y. 

1 /* Save the uniform variables */ 
2 //Send the modelview projection matrix to the verte x shader 
3 cgGLSetStateMatrixParameter(cgHandler->ModelViewPro j, 
4        CG_GL_MODELVIEW_PROJECTION_MATRIX, 
5        CG_GL_MATRIX_IDENTITY); 
6 //Send the Inverse of the Modelview matrix to the v ertex shader 
7 cgGLSetStateMatrixParameter(cgHandler->ModelViewI, 
8        CG_GL_MODELVIEW_MATRIX, 
9        CG_GL_MATRIX_INVERSE); 
10 //Bind the texture to the fragment shader 
11 cgGLSetTextureParameter(cgHandler->theBigTexture, * (btfTexture->textureID)); 
12 cgGLEnableTextureParameter(cgHandler->theBigTexture ); 
13  
14  
15 /* Turn on and bind the vertex and fragment shaders  */ 
16 cgGLEnableProfile(cgHandler->cgVertexProfile); 
17 cgGLBindProgram(cgHandler->cgVertexProgram); 
18 cgGLEnableProfile(cgHandler->cgFragmentProfile); 
19 cgGLBindProgram(cgHandler->cgFragmentProgram); 
20  
21 /* Traverse the vertices of the example surface */ 
22 for (j=1;j<(SURFACE_Y-1);j++) { 
23   glBegin(GL_TRIANGLE_STRIP); 
24   for (i=1;i<(SURFACE_X-1);i++) { 
25     /* Save the per vertex variables */ 
26     //The relative size of the texture can be contr olled 
27    glTexCoord2f(i*texZoom, j*texZoom); 
28    //the tangents are calculated using the mean val ue theorem 
29    cgGLSetParameter3f(cgHandler->tangent1, 
30        1, 
31        data[index(i+1,j)]-data[index(i-1,j)], 
32        0); 
33    cgGLSetParameter3f(cgHandler->tangent2, 
34        0,  
35        data[index(i,j+1)]-data[index(i,j-1)], 
36        1); 
37     //Set the precomputed normal 
38    glNormal3f(normals[index(i, j)][0], 
39       normals[index(i, j)][1], 
40       normals[index(i, j)][2]); 
41  
42     /* Render the vertex */ 
43    glVertex3f(i*0.5f, data[index(i,j)], j*0.5f); 
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44  
45     /* And another vertex */ 
46     // GL_TRIANGLE_STRIP needs two vertices per ite ration 
47     // to cover the surface 
48    glTexCoord2f(i*texZoom, (j+1)*texZoom); 
49    cgGLSetParameter3f(cgHandler->tangent1, 
50        1, 
51        data[index(i+1,j+1)]-data[index(i-1,j+1)], 
52        0); 
53    cgGLSetParameter3f(cgHandler->tangent2, 
54        0,  
55        data[index(i,j+2)]-data[index(i,j)], 
56        1); 
57     //Set the precomputed normal 
58    glNormal3f(normals[index(i, j+1)][0], 
59       normals[index(i, j+1)][1], 
60       normals[index(i, j+1)][2]); 
61    glVertex3f(i*0.5f, data[index(i,j+1)], (j+1)*0.5 f); 
62  
63     /* Loop through the surface */ 
64   } 
65  glEnd(); 
66 }  
67  
68 /* Turn off the shaders */ 
69 cgGLDisableTextureParameter(cgHandler->theBigTextur e); 
70 cgGLDisableProfile(cgHandler->cgFragmentProfile);  
71 cgGLDisableProfile(cgHandler->cgVertexProfile); 

A.2 HCBTF vertex shader 

It is the responsibility of the vertex shader to calculate the vectors involved in the 

HCBTF. The resulting vectors are automatically interpolated for the fragment shader 

by the hardware. 

72 /* Define inputs from the application. */ 
73 struct appin 
74 { 
75  float4 Position : POSITION; 
76  float4 tangent1 : TEXCOORD1; 
77  float4 tangent2 : TEXCOORD2; 
78   float4 normal   : NORMAL; 
79  float2 texCoord : TEXCOORD0; 
80 }; 
81  
82 /* Define outputs from vertex shader. */ 
83 struct vertout 
84 { 
85  float4 HPosition : POSITION; 
86  float4 EyeVec : TEXCOORD2; 
87  float4 LightVec : TEXCOORD1; 
88  float2 texCoord : TEXCOORD0; 
89 }; 
90  
91 /* The shader */ 
92 vertout main(appin IN, 
93    uniform float4x4 ModelViewProj, 
94    uniform float4x4 ModelViewI, 
95    uniform float4x4 ModelViewOfLight) 
96 { 
97   /* Standard vertex shader initializations */ 
98  vertout OUT;  
99  // Transform vertex position into homogenous clip- space. 
100   OUT.HPosition = mul(ModelViewProj, IN.Position); 
101    
102   /* Normalize the orthogonal basis of the vertex-coo rdinate system */ 
103    IN.normal.xyz=normalize(IN.normal.xyz); 
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104   IN.tangent1.xyz = normalize(IN.tangent1.xyz); 
105   IN.tangent2.xyz = normalize(IN.tangent2.xyz); 
106    
107    
108   /* Create the model-vertex transformation matrix */  
109   float3x3 ModelVertexMatrix; 
110   ModelVertexMatrix._m00_m01_m02 = IN.tangent1.xyz; 
111   ModelVertexMatrix._m10_m11_m12 = IN.normal.xyz; 
112   ModelVertexMatrix._m20_m21_m22 = IN.tangent2.xyz; 
113    
114    
115   /* Reflected light vector */  
116   // the position of the eye is (0,0,0) in view coor dinates. 
117   // Multiply that with ModelviewI to get it into mo del coordinates 
118   float4 zeroVec = (0,0,0,1); 
119   OUT.EyeVec = mul(ModelViewI, zeroVec);  
120   //add the position of the model origin 
121   OUT.EyeVec -= IN.Position; 
122   //transform the vector from model coordinates to v ertex coordinates 
123   OUT.EyeVec.xyz = mul(ModelVertexMatrix, OUT.EyeVec .xyz); 
124   //normalize the vector 
125   OUT.EyeVec = normalize(OUT.EyeVec); 
126   
127    /* Incident light vector */ 
128   //Find the position of the light in View Coordinat es 
129   OUT.LightVec = mul(ModelViewOfLight,zeroVec); 
130   //then transform the position from View coordinate s to Model coordinates 
131   OUT.LightVec = mul(ModelViewI, OUT.LightVec); 
132   //add the position of the model origin 
133   OUT.LightVec -= IN.Position; 
134   //transform the vector from model coordinates to v ertex coordinates 
135   OUT.LightVec.xyz  = mul(ObjectNormalMatrix, OUT.Li ghtVec.xyz); 
136    //normalize the vector 
137   OUT.LightVec  = normalize(OUT.LightVec); 
138   
139    /* Done */ 
140    //pass through the texture coordinates 
141   OUT.texCoord = IN.texCoord; 
142   return OUT; 
143  } 

A.3 HCBTF fragment shader 

The fragment shader finds the correct color for each pixel from the HCBTF texture 

according to the vectors provided to it. 

144  /* Variable conventions */ 
145  //dimensions.xy = amount of discrete values 
146  //dimensions.zw = maximum discrete value (where z=x  and w=y) 
147  //ball.x=phi (pan) 
148  //ball.y=theta (tilt) 
149   
150  /* Define inputs from vertex shader. */ 
151  struct vertout 
152  { 
153   float4 HPosition : POSITION; 
154   float4 EyeVec : TEXCOORD2; 
155   float4 LightVec : TEXCOORD1; 
156   float2 texCoord : TEXCOORD0;  
157  }; 
158   
159  /* A function that scales a vector to the specified  dimensions */ 
160  float2 scale(float2 vector, float4 vectorDimensions ) { 
161   return vector/vectorDimensions.zw*vectorDimensions .xy; 
162  } 
163   
164  /* A function that tranforms a normalized vector fr om an orthonormal system 
165  to a spherical coordinate system disregarding it’s length. */ 
166  float2 ortho2ball(float3 ortho) { 
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167   float2 ball; 
168   if (ortho.y>=0) 
169    ball.y=degrees(acos(ortho.y)); 
170   else 
171    ball.y=-1; 
172   ball.x=degrees(atan2(ortho.x,ortho.z)); 
173    //move from [-180,180] to [0,360] degrees 
174   ball.x += 360.0*step(ball.x, 0); 
175   return ball; 
176  } 
177   
178  /* A function that finds the appropriate location i n the HCBTF texture */ 
179  float2 getTextureCoordinates(float2 textureCoordina tes, 
180         int2 intEye, 
181         float2 floatLight,  
182         uniform float4 textureDimensions, 
183         uniform float4 eyeAndLightDimensions, 
184         uniform float4 lightDimensions) 
185  { 
186   textureCoordinates =  round(scale(textureCoordinat es, textureDimensions)); 
187   textureCoordinates.x = (textureCoordinates.x*eyeAn dLightDimensions.y 
188         +intEye.y*lightDimensions.y 
189         +floatLight.y 
190         +0.5) 
191        /(textureDimensions.x*eyeAndLightDimensions.y ); 
192   textureCoordinates.y =(textureCoordinates.y*eyeAnd LightDimensions.x 
193         +intEye.x*lightDimensions.x 
194         +floatLight.x 
195         +1+0.5) 
196        /(textureDimensions.y*eyeAndLightDimensions.x ); 
197    //NOTE: 
198   //+0.5 moves the sampling point into the middle of  the texel 
199   //+1 for the fact that floatlight wraps for 1 texe l on both sides 
200   
201   return textureCoordinates; 
202  } 
203   
204  float4 main (uniform sampler2D theBigTexture : TEXUNIT0, 
205     uniform float4 textureDimensions : C0, 
206     uniform float4 eyeAndLightDimensions : C1, 
207     uniform float4 lightDimensions : C2, 
208     uniform float4 eyeDimensions : C3, 
209     vertout IN) : COLOR 
210  { 
211    float4 finalColor; 
212    
213   /* Transform the vectors into the spherical coordi nate system */ 
214   float2 ballEye = ortho2ball(IN.EyeVec.xyz); 
215   float2 ballLight = ortho2ball(IN.LightVec.xyz); 
216    
217   /* Reject fragments that point away from the light  or view */ 
218   if ((ballLight.y != -1) && (ballEye.y != -1))  { 
219   
220    /* Scale the vectors to match the discrete values  of the HCBTF texture*/ 
221    ballEye = scale(ballEye,eyeDimensions-int4(1,1,1, 1)); 
222    ballLight = scale(ballLight,lightDimensions-int4( 3,1,1,1)); 
223   
224     /* Clamp theta to its maximum and wrap phi aroun d 360 degrees */ 
225    if(ballLight.y>=lightDimensions.y) 
226     ballLight.y = lightDimensions.y-1; 
227    float before=  ballLight.x; 
228      ballLight.x = fmod(ballLight.x,lightDimensions. x-2.0); 
229     
230    /* Floor the eyevector to a discrete value */ 
231    int2 intEyeLD=floor(ballEye); 
232       //due to accuracy problems in the hardware it is better to 
233       //not wrap around intEyeLD. It’s values are al so such that wrapping 
234       //should not even be needed. 
235      //intEyeLD.x = fmod((float)intEyeLD.x,eyeDimens ions.x); 
236      intEyeLD.y=min(eyeDimensions.y-1, intEyeLD.y); 
237   
238    
239    /* Find the other discrete values around the eye vector */ 
240    int2 intEyeRD; 
241      intEyeRD.x = intEyeLD.x+1; 
242      intEyeRD.y = intEyeLD.y; 
243      intEyeRD.x = fmod((float)intEyeRD.x,eyeDimensio ns.x);  
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244    int2 intEyeLU; 
245      intEyeLU.x = intEyeLD.x; 
246      intEyeLU.y = intEyeLD.y+1; 
247      intEyeLU.y = min(eyeDimensions.y-1, intEyeLU.y) ; 
248    int2 intEyeRU; 
249      intEyeRU.x = intEyeRD.x; 
250      intEyeRU.y = intEyeLU.y; 
251    
252    /* The distance between analog and discrete value s */ 
253    float2 lerpAmount=ballEye.xy-(float2)intEyeLD.xy;  
254     
255   
256     /* Blend */ 
257     //blend between the integers surrounding the eye  vector 
258     //the blending for the light vector is done  
259     //automatically by the texture lookup 
260     finalColor.rgba = lerp( 
261      lerp( 
262      tex2D(theBigTexture, 
263        getTextureCoordinates(IN.texCoord,  
264           intEyeLD, 
265           ballLight, 
266           textureDimensions)), 
267       tex2D(theBigTexture, 
268        getTextureCoordinates(IN.texCoord, 
269           intEyeLU, 
270           ballLight, 
271           textureDimensions)), 
272      //blend between the left side top and down inte ger points according  
273       //to the integer’s y-distance from the true ve ctor 
274       lerpAmount.y), 
275     lerp( 
276      tex2D(theBigTexture, 
277        getTextureCoordinates(IN.texCoord, 
278           intEyeRD, 
279           ballLight,  
280           textureDimensions)), 
281       tex2D(theBigTexture, 
282        getTextureCoordinates(IN.texCoord, 
283           intEyeRU, 
284           ballLight, 
285           textureDimensions)), 
286      //blend between the right side top and down int eger points according  
287       //to the integer’s y-distance from the true ve ctor 
288      lerpAmount.y), 
289     //blend between the right side and left side ble nds according  
290     //to the integer’s x-distance from the true vect or  
291     lerpAmount.x); 
292   
293   } else { 
294     /* Color rejected fragments black */ 
295    finalColor.rgb = float3(0,0,0); 
296   } 
297   
298    /* Commit the color of the fragment */ 
299   finalColor.a = 1.0; 
300   return finalColor; 
301  } 
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Appendix B  

Debugging NVidia CG 

During the course of implementing the CG shaders for the HCBTF I noticed that 

debugging CG is not a simple issue. Since the vertex and fragment shaders can only 

modify graphical primitives, there is no way to output textual or numerical debug 

data. The GPU is a parallel processing unit simultaneously working on thousands of 

primitives and therefore also the amount of debug data at a single moment is huge. 

The only practical way to output information is through the creative use of colors and 

textures as messengers from the program to the programmer. This chapter shows 

some of the most interesting, educational and beautiful ways colors and textures were 

used to debug the HCBTF shaders. 

Debugging the illumination and reflection vectors 

The relatively tedious illumination and reflection vectors, their spherical coordinate 

counterparts and discrete versions originally contained some problems. These 

problems were noticed and fixes verified using shader modifications like the one 

shown in Figure 40. 
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Figure 40. A screenshot of a shader visualizing the discrete illumination vector.  Red depicts the 

value of � i and green the value of � i.  The colors are scaled so that maximum color 

equals maximum value and minimum color means minimum value.  

How discrete samples blend with each other 

During the course of implementing the texture file format of the HCBTF and 

subsequent rendering contained inexplicable discontinuity lines. These lines were 

found to come from problems with the fact that both �  should be continuous at 0 and 

2� . Essential with solving the problem was a visualization shown in Figure 41 on how 

the samples defined by the reflection vector blend into each other. 

 
Figure 41. A screenshot of a shader modification that shows how much of each discrete sample 

was used to render the pixels on the surface.  The four different colors red, blue, 

green and black each refer to a discrete value of the reflection vector.  The lines of 
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discontinuity on the surface show where the system moves from a discrete sample set 

to the next. 

Aligning drawing and rendering 

There were rotational problems with rendering what was drawn in the editor. The 

initial hypothesis was that the zero of � r and � i did not point in the same direction. As 

Figure 42 shows this did seem to be the case, but fixing it didn’t seem to solve the 

problem. Figure 43 shows how I investigated the problem by drawing black arrows 

pointing towards the user and white arrows towards the light source. There were no 

problems with �  so I disregarded it. 

 
Figure 42. The screenshot visualizes calculated vectors in the spherical coordinate system from 

the HCBTF vertex shader. The white line lies around the zero of � i and the black line 

in the vicinity of zero of � r. The lines should be parallel, because the zeros of � i and � r  

are parallel in the HCBTF drawing program. 

 
Figure 43. I drew a � -invariant HCBTF consisting of black arrows pointing towards the user 

and white arrows towards the light source.  The rendering didn’t reproduce what I 

had drawn. 
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The problem was caused by a combination of the texture coordinate order as well as 

the directions of the y-axis in the illuminate and reflection spherical coordinate 

systems, which caused the two �  to rotate in opposite directions as seen in Figure 44. 

 
Figure 44. In order to make the spherical coordinate system in drawing more intuitive the 

illumination coordinate system was using a left handed system while the reflection 

coordinates were in a right handed system. Mere mirroring of �  caused �  in the two 

systems to rotate in opposite directions. 

Finally the problem was fixed and proved so in Figure 45. 

 
Figure 45. In this HCBTF blue arrows were drawn to point towards the viewer and yellow ones 

towards the point light. The visualization proves that the HCBTF is rendered 

correctly. 

 


