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Material design is an important task in game and animation industry. It often re-

quires artist’s great efforts to create an elaborate material. Although several successful 
material editing systems already exist, it is still hard for artists to design a material on 
their own since these systems usually have neither an intuitive and sufficiently sophisti-
cated material representation nor an artist-friendly editing interface. In this paper, we 
propose a simple material creation flow and develop a material design system based on 
an intuitive material representation. With the system, an artist can bring their creativity 
into play on designing materials that are realistic or imaginary.       
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1. INTRODUCTION 

Materials such as brick, wood or cloth are everywhere in game and animation. It is 
an important feature to enrich a virtual world and makes objects look alive. Thus, creat-
ing an appealing rendering result of a material is crucial. Note that an appealing render-
ing result is not necessarily photo-realistic, since the world in game and animation is of-
ten full of imagination. 

Material design is not an easy task, which often involves the collaboration of artists 
and technical artists. An artist designs the base textures and a technical artist designs the 
lighting phenomena of the material using the base textures as the input. Some parameters 
are then tuned by the artist for finer rendering results. Although several successful mate-
rial editors have been developed, it is still hard for the artists to really manage these tools 
since the control of the appearance of a material is mainly restricted to the parameters 
provided by the technical artist. As there are no intuitive material representations and 
artist friendly editing tools to design the appearance of a material, many passes back and 
forth between the artist and the technical artist are usually needed to design an appealing 
material. 

When considering the rendering of a material in reality, Bidirectional Texture Func-
tion (BTF) [2] is often a good choice. BTF is a six-dimensional function, involving light- 
ing, viewing direction, and position. Since BTF data are captured from a real material, it 
can produce photo-realistic appearance. Many methods have been proposed to compress 
the BTF data. Some of the methods also come with some editing capabilities which are, 
however, usually limited. Such editing tools usually lack the editing abilities of a draw-
ing system, which is much more friendly for an artist. 
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Recently, Menzel and Guthe [10] proposed a novel representation called geometric 
BRDF (g-BRDF), which decomposes BTF data into meso- and micro-scale properties 
represented by images (texture maps). Although some BTF editing results are demon-
strated, their work focused on BTF modeling problem. More importantly, the input to 
their system are BTF data of materials, which are not conveniently available. These ob-
servations motivate us to develop a system that allows artists to design general materials 
via a single or a few images and requires less effort from the technical artists. 

We propose a simple material creation flow and a material design system based on 
an intuitive material representation. The representation consists of the geometrical part, 
diffuse part and specular part of the material. Such intuitive representation allows artists 
to design a material without much difficulty. 

Given a single or a few images of a material, the artist can first generate the textures 
that represent the material by using some image processing tools and then manipulate 
and refine each texture using the proposed design system. Our design system is imple-
mented as a plugin of an image manipulation program, thus all the manipulations can be 
viewed in real-time and the editing tools are much friendly to the artist. The capabilities 
of the editing tools are not restricted to what are currently provided in our system. Any 
other plugins can be added to strengthen the design process. With the proposed system, 
artists can bring their creativity into play to design complex materials intuitively with 
flexible controls over the appearance of the materials. 

2. RELATED WORK 

Material Design  In game and animation industry, software and application program-
ming interfaces, such as Unreal Engine, Frostbite Engine and RenderMan, provide a 
node-based shader synthesis tool to edit the appearance of a material. Users can design the 
appearance of a material in a visual programming way by connecting some operators (e.g., 
multiply, add, etc.) and operands (e.g., texture, texture coordinates, constant, etc.). Such 
connectivity is called a node expression, from which a shader code is automatically gener-
ated to render the material. Thus, users can design and render a material without knowing 
how to write a shader code. They can create a node expression that is well tailored to a spe-
cific material; however, it is difficult for an artist to design such expression since knowing 
how to manipulate all the operators and operands to create a material requires a lot of expe-
riences and computer graphics knowledge. Moreover, the manipulation of the operands 
itself is not readily provided in these systems, e.g., painting the texture or warping the ge-
ometry. Artists need to tune numerical parameters to modify the appearance of the materi-
als, which is nonintuitive and can be very tedious sometimes. Some basic texture editing, 
such as changing the color of a region, which can be done very easily through an image 
manipulation program, would be troublesome by using the node expression. 

Dong et al. proposed an interactive material modeling system [3]. Given a single 
image lit by a known directional light source, their system lets the user interactively sep-
arate the image into an albedo map and a shading map, and then reconstruct the normal 
from the shading map to recover the geometric features. Although this system can re-
produce the appearance of a variety of materials, it cannot handle complex specular phe-
nomena, such as anisotropic reflection. Besides, the system does not provide more so-
phisticated editing abilities, which are crucial for material design. 
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Nguyen et al. provide another way to edit materials [13]. Users can directly paint on 
the surface of a 3D scene, and the system modifies the nearby material to achieve the 
desired appearance. Their system also takes indirect lighting into account. Instead of ed-
iting the BRDF directly, they try to fit the expected exitant illumination. The editing re-
sult may not be able to apply to other scenes directly because it depends on the relative 
positions of the arranged objects and lights in the scene. 
 
BTF Compression and Rendering  To represent a material in reality, Dana et al. [2] 
introduced the BTFs. A BTF is obtained by taking lots of photos of a material under dif-
ferent lighting and viewing directions. Hence, a BTF of a single material may need sev-
eral gigabytes for storage. Such enormous data size is not suitable for rendering a BTF on 
current graphics hardware. Thus several methods have been proposed to compress the 
BTF data, e.g., principal component analysis (PCA), matrix factorization, optimized 
Spherical Radial-Basis Functions (SRBF) [17]. These approaches reduce the high-di- 
mensional input data to low-dimensional subspaces containing most of the information. 
Thus, BTF can be rendered in real time while preserving good visual quality. The com-
pressed data do not offer meaningful parameters to control the appearance of the material. 
For a nice survey on BTF modeling and compression, please refer to [4, 12]. 
 
BTF Editing  BTF editing has its own practical demands due to the inconvenience and 
difficulty of BTF acquisition. Existing BTF editing approaches can be roughly divided 
into two categories: direct editing approach [8, 19] and fitting approach [10, 18]. Kautz et 
al. proposed an out-of-core data management for editing raw BTF data [8]. They pro-
vided sophisticated operators to edit BTF appearance such as shadows, specularity and 
meso-structure. A drawback of this approach is that if the meso-geometry of the material 
is changed, the corresponding feature (e.g., shadows) does not change accordingly. Xu et 
al. proposed a novel editing propagation scheme to edit BTF data [19]. View-indepen- 
dent features, such as normals and reflectance reconstructed from each view, are used to 
guide the propagation process. Although their editing approach does not rely on explicit 
geometry, this also implies that it cannot edit the meso-geometry of a BTF material. 

 
The fitting approaches adopt a BRDF model to fit the BTF data. These approaches are 

advantageous since BRDF models provide physically meaningful parameters for users to 
control; however, they usually lose accuracy as they either fit the BTF data using a single 
BRDF model or do not consider the underlying meso-geometry of the surface into account. 
Recently, Wu et al. [18] proposed a Sparse Parametric Mixture Model (SPMM) to repre-
sent general BTFs. They adopted the stagewise Lasso algorithm to fit a BTF to different 
types of multiple, rotated analytical BRDFs. This representation preserves the appearance 
while the storage size remains compact. The editing task is accomplished by changing the 
parameters of the analytical models; however, without modeling the meso-geometry of a 
material, the control over the meso-geometry of the material cannot be achieved. 

In general, to accomplish the editing task, most BTF editing approaches need a spe-
cific user interface tailored for a specific algorithm. Although such a user interface provides 
simple editing, e.g., changing color, adjusting specular intensity or surface roughness, these 
editing operations are usually global. There are almost no artist friendly tools that support 
editing for a certain local region. Moreover, as the user interface is not drawing-based, ed-
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where L and V are the lighting and viewing direction, respectively, Cd is the diffuse color, 
Cs_int is the specular intensity, P(H) is the normal distribution function (NDF) depending 
on the half vector H = (L + V )/|L + V |, and F (LH) is Schlick’s Fresnel term defined by 

F (L · H) ≈ r0 + (1 − r0) (1 – L · H)5,   (2) 

where r0 is the reflectance at normal incidence. 
As a BTF can be viewed as a combination of spatially-varying BRDF and me-

so-geometry, the parameters in Eq. (1) vary at different pixel locations. These parameters 
can be obtained by fitting the BTF data using an alternative least square approach and 
then stored in texture maps, which include a diffuse color map, a specular intensity map, 
a Fresnel map and several NDF maps. Each NDF map represents the NDF at each pixel 
location of the BTF (for a BTF with 256256 image resolution, the number of the NDF 
maps would be 256256). To reduce the storage size of NDF maps, all the NDF maps are 
approximated by some NDF maps with different rotations around the center using the 
K-Means clustering. An index map and a rotation map are additionally defined to indi-
cate which NDF Map is used and how much rotation is needed for each pixel, respec-
tively. To reproduce the NDF map of a pixel, the corresponding NDF map is retrieved 
according to the index stored in the index map, and then rotated around the center with 
the degree stored in the rotation map. 

In g-BRDF, the same NDF is used for different color channels. The NDF function 
describes the percentages of the micro-facet normal at every direction on a hemisphere. It 
is stored in a parabolic map [7] and accessed by the half vector (more specifically, the 
inclination angle and the azimuth angle of H). To obey the law of conservation of energy, 
the sum of probabilities over hemisphere cannot exceed one. However, it is obscure for 
artists to manipulate NDF while satisfying this constraint. 

To model more complex specular effects and provide better control, we use different 
NDFs for different regions of a material. Because P(H) represent the micro-facet normal 
direction that can reflect the light into the viewing direction, the NDFs indeed is the specu-
lar color. Therefore, we replace the gray-level NDF maps by the RGB specular color maps 
in our representation. Also, we multiply the specular color maps by Specular Mask Map to 
allow a user to specify the specular regions easily. Finally, we introduce the Rotation Map 
and Tilted Reflection Map to control the reflection of the material. With these modifications 
to g-BRDF, the BRDF model in our material representation is expressed as 

_ ( , ) ( )
( , ) ,

( ) ( ) ( )( )
s mask s s RT Td

C C I H F L HC
L V

L N V N L N V N





 
     


   (3) 

where Cs_mask is the specular mask value; Cs(Is, H
~

RT) is the specular color depending on a 
map index Is, a rotated and tilted half vector HRT (H

~
RT denotes the inclination and azi-

muth angles of HRT). HT represents a tilted half vector. Eq. (3) denotes the BRDF at a 
pixel location. To encode the spatial variation of Cd, Cs_mask, Is, rotation angle of the half 
vector, and the Fresnel terms, we store these material-dependent parameters into texture 
maps to represent the diffuse and specular appearance of a material. Fig. 2 illustrates our 
material representation. We describe more details of these maps in the following section. 
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convoluting the height map with the Sobel filters, we can obtain the derivatives along the 
x direction (dx) and y direction (dy), respectively. The derivative along the z direction (dz) 
can be calculated via 

2 21 .dx dy   Thus the normal at a pixel location would be (dx, dy, 
dz). Since we calculate the normal map at runtime, the user can see the changes on the fly 
without manually rebuilding the normal map.  
 
3.2.2 Building and editing diffuse and specular parts 
 
Diffuse color map  The diffuse part of material scatters the incident light uniformly 
over all directions. It provides the foundational color which can be seen from every 
viewing angle. We simply use the original input image as the diffuse color map of the 
material. If users are not satisfied with the diffuse color map, they can further edit it to 
achieve the desired result. When the surface of the input image is not perfectly diffuse, 
the intensity of the diffuse color map can be decreased to exclude the specular intensity. 
 
Non-diffuse terms  To model complex specular effects, such as anisotropic reflection, 
and provide intuitive editing of specular effects, such as adjusting the shape, region, and 
angular dependency of specular highlights, we represent the specular part as a combina-
tion of an index map, specular color maps, a specular mask map, rotation map, a Fresnel 
map, and a tilted reflection map. Index map, specular mask map, Fresnel map, and rota-
tion map are position dependent, i.e., the map value varying with spatial location, while 
the specular color map is angle dependent. In particular, index map can be considered as 
a rough classification of the specular properties of the material. For each class, a specular 
color map is used to describe the shape and color of specular highlights under different 
half vectors. The specular mask map is used to define if a region has any specular effects. 
The rotation map and tilted reflection map affect the orientation of highlight areas in an-
isotropic reflection. These maps not only provide a sophisticated model for specular ef-
fects but also have intuitive interpretations for artist friendly material design. 
 
Index map  From the index map of different materials in [10], we observed that regions 
of a material having similar diffuse colors often share the same index. Thus we can use 
the color selection, edge detection, color mapping/remapping tools or any other image 
processing tools to segment the input image of the material into parts of similar color. 
Each segmented part is then indexed by an index map. Note that there are multiple spec-
ular color maps in our representation. An index map may contain multiple channels, 
where each channel stores the weight for each specular color map. 
 
Specular color map  After segmentation, the next step is to design the specular color 
map for each region. The specular color is stored in a parabolic map and accessed using 
the half vector. Although using the half vector to access the specular color is straightfor-
ward, it may be still difficult for artists to design a parabolic map. It is not clear for artists 
to determine which pixel in the parabolic map is accessed from given lighting and view-
ing directions. To tackle this problem, our system provides a special designed window 
with nine viewports. Each viewport shows the appearance of the material at different 
lighting and viewing directions over the upper hemisphere (Fig. 3). To let the user know 
which pixel in a specular color map corresponds to which lighting and viewing directions, 
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combine our system with any other plugins or image editing tools to help them design 
and edit materials. As a result, our system has a great strength in material editing. It can 
reproduce the appearance of general isotropic and anisotropic phenomena for real or im-
aginary materials. Complex specular phenomena, such as anisotropic reflection, can also 
be produced easily. Furthermore, material representation of our system stores all the 
lighting phenomena of a material in texture maps. Thus, given two or three materials, we 
may find a reasonable way to create a new in-between material using the texture transi-
tion idea in [9]. 
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