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A b s t r a c t  

Texture  is an impor t an t  surface charac ter i s t ic  which 
provides a g rea t  deal  of informat ion about  the  na tu re  
of a surface, and severa l  computa t iona l ly  complex 
a lgor i thms  have been implemented  to repl ica te  
rea l i s t ic  t ex tures  in computer  shaded images.  
Perceptua l  psychologists  have  recognized the 
impor tance  of surface t ex tu re  as a cue to space 
perception,  and  have  a t t emp ted  to de l inea te  which 
factors provide p r ima ry  shape information.  A 
render ing  a lgor i thm is presented  which uses these  
factors to produce a t ex tu re  specifical ly designed to 
a id  v isual iza t ion.  Since the  t ex tu re  is not a t t emp t ing  
to repl ica te  an ac tua l  t ex tu re  pa t te rn ,  i t  is cal led 
"ar t i f ic ia l"  tex tur ing .  This a lgor i thm avoids the  
computa t iona l  l imi ta t ions  of o ther  methods because 
this  "ar t i f ic ial"  approach does not  requi re  complex 
mapp ings  from a defined t ex tu re  space to the  
t rans formed image  to be r e n d e r e d .  A s imple f i l ter ing 
method is p resented  to avoid unacceptable  a l ias ing.  
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1. Introduction 
Almos t  all  physical  surfaces contain  some 

micros t ruc ture  or t ex tu re  vis ible  to the  h u m a n  eye. 
This  t ex tu re  gives us informat ion such as the  type  of 
m a t e r i a l  which composes the  object and the  re la t ive  
smoothness  or coarseness of the  surface. Computer  
genera ted  images  which po r t r ay  such t ex tu re  provide 
the  same types  of informat ion and appear  ex t remely  
real is t ic .  Unfor tuna te ly ,  the  a lgor i thms  for 
gene ra t ing  such images  are  genera l ly  t ime  consuming 
and requi re  knowledge of how to map  the  t ex tu re  onto 
the  surface. 

Perceptua l  psychologists  have analyzed  a 
different  type  of informat ion provided by texture:  t ha t  
of space percept ion [7] [3] [8]. The micros t ruc ture  of a 
surface provides ,  a somewhat  r egu la r  pa t t e rn  for 
v isual iza t ion.  The changes  in th is  pa t te rn ,  or t ex tu re  
gradient ,  give s t rong cues as to the  or ien ta t ion  and 
depth  of the  surface. Extens ive  s tudies  and 
exper imen t s  have  shown tha t  there  are  th ree  
charac te r i s t i cs  of t ex tu re  which provide this  
perceptua l  information:  size, shape,  and  densi ty.  
Changes  in these  components  due to s t anda rd  
perspect ive  and projective t r ans format ions  provide 
knowledge about  surface depth  and changes  in the  
or ien ta t ion  of the  surface. 

To avoid confusion in terminology,  " texture"  in 
th is  paper  will  not  refer  to the  in tu i t ive  mean ing  of 
changes  in the  normal  direct ion due to the  surface 
micros t ruc ture .  Rather ,  i t  is the  pa t t e rn  on the  
surface which is of in teres t .  This pa t t e rn  may  be 
caused by different  colors as in a t i led  floor, or 
different  in tens i t ies  because of changing  normals  such 
as the  sk in  of an orange.  As will  be discussed, i t  is the  
changes  in th is  pa t t e rn  which provide a basis  for 
perception.  

This  paper  describes a t ex tu r ing  technique 
which approx imates  the  t ex tu re  changes  caused by 
dis tance  from the viewer  and or ien ta t ion  of a surface 
wi thout  a t t e mp t ing  to exact ly  r ende r  a rea l i s t ic  
texture .  This  approach suppl ies  severa l  of the  same 
v isua l iza t ion  cues as  provided by exact  t ex tu re  
r ende r ing  a lgor i thms  wi thout  the  complexi ty  of 
gene ra t ing  a rea l i s t ic  texture .  Thus,  "ar t i f ic ia l"  
t ex tu r ing  is a means  for providing an  inexpens ive  a id  
to v i sua l iz ing  the shape of a shaded surface. 
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2. Background 
To understand the objectives and advantages of 

this approach, some background will he provided on 
the role of textures in perception and conventional 
algorithms to simulate such texture. 

2.1. Texture in Perception 
Visual perception has been studied by different 

groups over many centuries. Early artists were 
interested in making paintings appear realistic, and 
thus developed the concepts of perspective, shading, 
and several other "cues" which could be used to imply 
depth. Physiologists and psychologists have studied 
vision and perception in an attempt to understand the 
workings of the eye and the brain. The results of 
these studies have been applied to computer 
generated images producing very realistic results. 

The classic paradox in the study of perception is 
how one perceives depth from a two--dimensional 
retinal image. Cue theory attempts to explain this 
dilemma by suggesting that it is additional pieces of 
information, or cues, which when combined with the 
flat image provide the depth knowledge. Traditional 
primary cues were attributed to the physiological 
effects necessary to focus on an object while the cues 
used by painters such as perspective, occlusion, and 
relative size were termed secondary[3]. More 
recently, texture and movement have been studied as 
important visual cues [7]. 

Surface texture provides a fairly regular pattern 
over a large surface. For example, the size of 
individual blades of grass in a field may be random, 
but taken as a whole, creates a constant textural 
pattern. There are also textures which are created 
regularly such as bricks in a wall or a checkerboard. 
As a surface is slanted away from the eye the texture 
pattern gradually changes due to perspective and 
projection. This gradual change is called the texture 
gradient [8]. Perception researchers isolate three 
separate gradients which influence perception: 
texture size, shape, and density. Several experiments 
have shown that each of these gradients strongly 
influence the perception of surface depth and slant [3]. 
Figure 2-1 is a simple example of a textured surface, 
and illustrates the effects of texture size, shape, and 
density to perception. 

Catmull suggested one of the earliest techniques for 
mapping a defined texture onto subdivided patches 
[4]. His rendering algorithm subdivided parametric 

patches down to the pixel level for display. As a patch 
was subdivided, the parametric boundaries of each 
subpatch were carried along down to the pixel. Once 
at the pixel level, the (u,v) coordinates of the pixel 
corners specified an area in a texture definition array 
defined in (u,v) space. The color of the pixel was 
determined by averaging the values in this texture 
definition area. 

Blinn and Newell took Catmull's technique a 
step further by introducing a more sophisticated 
filtering method [1]. The quadrilateral formed in 
texture definition space by the (u,v) corners of the 
pixel was used as the base for a square pyramid to 
weight the texture values. Their paper also discussed 
different techniques for creating texture patterns such 
as (u,v) functions, hand drawings, and scanned 
photographs. 

Blinn also suggested a more novel approach to 
creating actual bumps in the surface ma normal 
perturbation [2]. In this method, a perturbation 
function was mapped onto the surface to modify the 
normal vectors giving the illusion of wrinkles. This 
technique produced extremely realistic images, but at 
about twice the time of standard texture mapping. 

Because of the amount of detail involved, 
textured images are extremely vulnerable to aliasing. 
More recent approaches have concentrated on the 
filtering aspect of the texture mapping [5] [10]. 

In each approach to creating texture the same 
two general functions must be performed: some sort of 
mapping is required from texture space to image 
space, and filtering is necessary to create acceptable 
images. Both of these increase the computation time 
of image rendering. Additionally, the mapping 
procedure is extremely data texture dependent, and is 
not always easy to define. For example, if one had a 
collection of polygons representing a surface and 
wanted to simulate bricks, it is not obvious how to 
map each polygons' coodinates to the brick texture 
definition. Although both of these functions are 
necessary to create realistic texturing, a simpler 
approach can be used to obtain the perceptual benefits 
of texture: artificial texturing. 

F igure  2-1: Simple texture 

2.2. Conventional Algorithms 
In an ever increasing struggle for realism, 

computer graphics researchers have developed 
different approaches to modeling surface texture. 

3. Artificial Texturing 
Artificial texturing is a means of applying a 

pattern to a surface in order to obtain the perceptual 
benefits of texture gradients. The goal of this 
approach is not to produce realistic textured images, 
but rather to aid the visualization of rendered 
surfaces. No knowledge of the type of object space 
data is required, but it is assumed that depth and 
normal information is available at each pixel as is 
required for z-buffer hidden surface rendering with 
normal interpolation for shading. Each of the 
perceptual characteristics of texture discussed earlier 
will be presented with a look at the information 
required to generate each. 
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3.1. Texture Size 
Psychological experiments have shown that  the 

texture pattern most effective in aiding perception is 
one of equally sized elements positioned on the surface 
at a regular  density [3]. An example would be a set of 
equally spaced grid lines. As mentioned earlier, the 
problem with projecting such lines on an arbi t rar i ly  
warped surface is that  some mapping knowledge is 
required to know how such lines continue from 
surface element to surface element. However, a type 
of pat tern which avoids this problem is one composed 
of individual texture elements, or "texels", such as a 
pat tern of disjoint squares on a piece of cloth. The 
same texture gradients apply to individual texels: 
their  changing size, shape, and density. 

Along with the advantage of not requiring 
mapping knowledge, the use of individual texels also 
lends itself to a simplifying assumption: that  each 
texel is only a function of the center of the individual 
element. Although this assumption does not imitate 
realism, it allows for a significant decrease in 
computation time. This simplification will be used in 
the calculation of all three texture gradients. 

The size of each individual texel is strictly a 
function of the depth of the element from the 
projecting plane. The idea of perspective projections is 
well understood in the field of computer graphics and 
has been addressed by many authors [6]. Using the 
same simplifying assumption as previously stated, the 
size of the texel can be determined as a function of the 
depth of the center of the element using a standard 
perspective transformation. 

3.2. Texture Shape 
When equally shaped texels are used, the shape 

gradient is a strong cue as to the surface orientation 
[11]. The shape will be a function of the surface 

orientation over the texel as well as the orientation of 
the texel itself. For example, square elements will not 
necessarily be aligned with all edges parallel,  and 
would appear unnatural  if so forced. To avoid this 
problem, symmetric texels are used in this algorithm, 
specifically circles, or polka dots. 

The shape as a function of surface orientation 
can be simplified using the same assumption as 
before, that  it  is strictly based on the orientation of 
the element's center. This will not result  in exact 
realism since individual texels will not follow the 
surface curvature over the area of the element. 
However, as a visualization aid, this assumption 
allows for a simple texture generating method which 
produces perceptually helpful gradients. The shape of 
individual polka dots on the surface can be 
determined by projecting a circle perpendicular to the 
normal at  the circle's center onto the display screen. 
Figure 3-1 shows a graphic description of this 
projection. The projection of the circle will be an 
ellipse whose eccentricity depends on the direction of 
the normal. 

3.3. Texture Density 
Another texture gradient  providing perceptual 

information is the density gradient. When the texture 
pat tern has regular  density, the changes in the 

Normal: 0 0 -1 Normal: 1 0 -1 Normal: 1 0 0 

Normal: 1 1 - 1  

F i g u r e  3-1: Circle projections for different normals 

distance between elements, or density gradient, on the 
textured surface give clues to the depth and 
orientation of points on the surface. Researchers have 
distinguished two types of density gradients, 
compression and convergence [3]. Compression is a 
decrease in distance between texels due to the 
perspective transformation of elements at  a greater  
depth from the viewer. Convergence is a result  of 
elements being projected closer together when the 
surface is at  a slant to the viewer. Thus, compression 
is a function of depth while convergence is based on 
normal information. As in the other two gradients, 
the approximation of using only the element's center 
simplifies the texture density calculations at  any 
given point on the surface. 

Algorithmically,  the density information is 
required to determine where to put  each texel. If only 
a density change is desired in either the horizontal or 
vertical direction, a simple solution is possible. The 
normal information available at  each pixel during 
rendering can be used to estimate the surface distance 
between pixel centers. For a given density, the 
rendering process can determine where the next 
element goes by accumulating the distances across a 
scan line. Similarly,  images could be scanned in a 
vertical fashion to create a vertical density change. 
Although either of these density techniques may 
provide perceptive information, the images they 
produce appear awkward and off balance. 

To produce density information in both 
directions requires more detailed computation than 
simple horizontal or vertical distances. One solution 
is to approximate areas covered by each pixel's 
boundaries ra ther  than distances between pixel 
centers. For a given normal at  the center of each 
pixel, an approximation can be derived to the area 
bounded by the projection of the pixel boundaries onto 
the surface. This approximation can be modified by a 
perspective factor based on the depth of the surface at  
the pixel center. For a specified texture density, the 
placement of texels can be determined by summing 
surrounding pixel areas until  enough area is found to 
place one element. Because the area calculation 
encompasses both depth and normal information, both 
compression and convergence density results. Figure 
3-2 i l lustrates the difference in images using the 
variable density calculation. 
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weight the color of the texel with the surface to 
provide a simple filter. The weighted color is then 
modified by the intensity at each pixel. This is 
important tc ensure that dots appearing in darker 
shaded portions of a surface are similarly darkened. 
Figure 4-1 shows the different shapes and sizes of 
projected dots caused from a variety of normals at 
different depths. 

F igure  3-2: Static versus variable density 

4. Implementation 
The implemented version of artificial texturing 

uses a modified z-buffer image file as input. Rather 
than the standard r, g, b components at each pixel, the 
input z-buffer contains normal and intensity 
information. This data is readily available to the 
rendering program and can be encoded into the same 
size fields for compatability. For  this implementation, 
input was obtained from a standard rendering 
program which contained a modified shading routine 
to return spherical normal coordinates in the r and g 
values, and an intensity in the b. It requires no 
additional computation time to generate such input 
files beyond normal rendering time. 

4.1. Texel Projection 
The shape of each texel is determined by 

projecting pixels surrounding the texel center onto the 
plane defined by the center normal. The distance 
from the projected point to the texel center is 
compared to the element radius to decide which pixels 
lie within the projected texel. Given a normal (Nx, 
Ny, Nz) and point (Px, Py) relative to the texel center, 
the equation for the z-component of the projected 
point, Pz, and distance to the texel center, D, are: 

Pz = (PxNx + P y N y ) / N z  

D = (Px 2 + py2 + pz 2 )1/2 

The texel radius is specified by the user and 
modified by the z depth of the texel center to reflect 
changes in the element's size due to perspective as 
described earlier. 

A simple filtering mechanism is incorporated 
during texel projection. For each surrounding pixel, 
the corners of the pixel are projected and compared 
rather than the pixel centers. Thus, each surrounding 
pixel will have an associated count of 0 - 4 corners 
inside of the projected texel. This count can be used to 

0 0 0 0  • 

Q 
O 

Figure  4--1: A textured torus 

4.2. Texel Density 
The algorithm as described could be 

implemented using a simple density function for texel 
positions such as placing them at equal x, y screen 
intervals. Although this provides size and shape 
information, it tends to appear awkward as in Figure 
3-2, because the density is not changing as our 
intuition tells us it should. To provide for the density 
gradient the input file is preprocessed to determine 
positions for texel centers. As described earlier, this 
involves computing areas under each pixel in the 
image. To approximate these values the area cosine 
principle is used to determine the area on the surface 
bounded by the projected pixel. This approximation 
assumes that the surface bounded by the projected 
pixel is a plane defined by the normal at the pixel. 
The equation for this area is: 

Surface Area = Pixel Area / cos( pa ) 

where pa is the angle between the pixel plane and 
surface plane. The cosine is determined by taking the 
dot product of the surface normal with the screen 
normal and is simply the z--component of the surface 
normal, Nz. Thus, 

Surface Area = 1 / Nz 

To account for perspective, this area is further 
modified by the z depth of the sampled point similar to 
the texel radius. 
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Once individual pixel areas are found, it is 
necessary to group them into cohesive sections of 
equal area. This implementation uses a simple 
approach to this grouping by building an "area binary 
tree" from the individual areas. At the top level is the 
bounding box for the entire image. This image is 
di~cided into two subareas by a horizontal or vertical 
line with approximately equal areas on either side of 
the line. Each of these subareas are further 
subdivided into two equal segments, and so forth 
down to some specified level. At each level n, 2 n 
rectangular sections are defined of approximately 
equal areas. The direction of division for each area is 
determined by the longest side of the bounding box in 
an attempt to keep the subareas relatively square. 
The area center of each rectangle can be determined 
by weighting the pixel locations within the rectangle 
by their individual areas. This area center is stored 
as a texel location for the density defined by this level. 
Figure 5-2 shows a level of bounding boxes and texel 
centers for the surface in figure 5-1. Using these 
texel centers, figure 5-3 shows the resulting textured 
image. 

The z-buffer input file is preprocessed to build 
an "area binary tree" of several levels (usually around 
6). The resulting tree consists solely of texel locations 
for each level and becomes an input to the artificial 
texture rendering program. The user specifies a 
desired density level, and the appropriate level of the 
tree is loaded which specifies texel locations to be 
projected. Figure 5-4 shows the difference between 
static and variable density at different levels of the 
area binary tree. The upper two cylinders have a 
static density (texel centers equally spaced in x and y 
directions in screen space.) The lower cylinders were 
textured using different levels of the area binary tree, 
and do not demonstrate the "gaps" along the edges 
apparent in the upper cylinders. 

5. Conclusion 
Artificial texturing provides simple 

visualization enhancement at a low computation cost. 
Figures 5-1 and 5-3 are an example of the 
information available using artificial texturing. The 
lower left portion of the shaded image in figure 
5-1 contains very little shading information to help 
interpret the shape of the surface in that area. It 
appears from the shading to be relatively flat. The 
artificially textured image, figure 5-3, gives a visual 
impression of the curvature of the surface. 

The information provided can be compared to 
the "hedgehog" technique (displaying normal vectors 
attached to the surface)[9]. In fact, projected polka 
dots can be viewed as sort of "flattened hedgehogs". 
However, they provide a much more natural means of 
visualizing shape information since textures are 
interpreted in our everyday visual experiences. Also, 
additional information, such as depth, is more readily 
interpreted from texture gradients. One enhancement 
to artificial texturing which was found to be effective 
is to combine hedgehogs and texture. Projected polka 
dots are ambiguous in that they can represent one of 
two possible normals. By overlaying hedgehogs, the 
ambiguity is reconciled. Figures 5-5 through 
5--8 show a warped surface with hedgehogs, texture, 
and both. Although the combined picture may not 
appear natural, it is easier to interpret than strictly 

hedgehogs and resolves the ambiguity of the texture 
elements. 

Because of the number of assumptions and 
simplifications made, textures are sometimes 
generated which do not appear realistic. For example, 
on a surface with a sharp corner, if a texel is centered 
close to the edge of the corner, it will not "bend" 
around the corner as would seem natural. Another 
example is that because of the simple means of 
generating regions of equal surface area, densities at 
times will not look aligned exactly as they should. 
However, as stated at the outset of this paper, the goal 
is not extreme realism, but to simulate the texture 
gradients which provide strong perceptive 
information. To this goal, artificial texturing provides 
a fast, inexpensive approach to enhance surface 
visualization. 
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Figure  5-1: Arbitrarily warped surface 
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Figure  5--2: Equal area decomposition 

F igu re  5-3: Surface with artificial texture F igu re  5--4: Different static and variable densities 
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Figure  5--5: Shaded surface 

~ i  ~ ~ ~ - ~ "~ ~ ~ ' ~ - ~ E ~ i ~ ,  ~ ~ i ~ ! ' ~ %  ~ ' i l  ~ S ~  

~ i ~  ~ '  ' i l ~  ~ ~ ~ i t ~  iT!~ i~# ,  = ~ ~ 

~ ~ ' ~ + ~ ! ~  ~ i ~ ; i ~  ~ ! i  ¸ ~ 

Figure  5--6: Surface with hedgehogs 

Figure  5-7: Surface with artificial texture Figure  5--8: Combined hedgehogs and texture 
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