
Announcements

• Project 1 due today at midnight.

• Homework 1 will be posted later today.
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Basics of Textures

Basics of texture mapping in OpenGLBasics of texture mapping in OpenGL
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Texture Mapping

• A way of adding surface details 

• Two ways can achieve the goal:

– Model the surface with more polygons

» Slows down rendering speed

» Hard to model fine features
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Texture Mapping

• A way of adding surface details 

• Two ways can achieve the goal:

– Model the surface with more polygons

» Slows down rendering speed

» Hard to model fine features

– Map a texture to the surface

» This lecture

» Image complexity does not affect complexity 
of processing
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The texture

• Texture is a bitmap image

• 2D array: texture[height][width][4]

• Pixels of the texture called texels

• Texel coordinates (s,t) scaled to [0,1] range

s

t

0,0

1,0

1,1
0,1
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Map textures to surfaces

The polygon can have

arbitrary size and shape
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• Use GLTexCoord2f(s,t) to specify texture coordinates

• Example:

• State machine: Texture coordinates remain valid until you change
them or exit texture mode via 

glDisable (GL_TEXTURE_2D)

The drawing itself

glEnable(GL_TEXTURE_2D)

glBegin(GL_QUADS);

glTexCoord2f(0.0,0.0);  glVertex3f(0.0,0.0,0.0);

glTexCoord2f(0.0,1.0);  glVertex3f(2.0,10.0,0.0);

glTexCoord2f(1.0,0.0);  glVertex3f(10.0,0.0,0.0);

glTexCoord2f(1.0,1.0);  glVertex3f(12.0,10.0,0.0);

glEnd();
glDisable(GL_TEXTURE_2D)



9

Color blending

• Final pixel color = f (texture color, object color)

• How to determine the color of the final pixel?

– GL_REPLACE – use texture color to replace object color 

– GL_BLEND – linear combination of texture and object color

– GL_MODULATE – multiply texture and object color 

• Example:  

– glTexEnvf(GL_TEXTURE_ENV, GL_TEXTURE_ENV_MODE,   
GL_REPLACE); 
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What happens if texture coordinates
outside [0,1] ?

• Two choices:

– Repeat pattern (GL_REPEAT)

– Clamp to maximum/minimum value (GL_CLAMP)

• Example:

– glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, 
GL_CLAMP)

– glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_WRAP_T, 
GL_CLAMP)
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What happens if texture coordinates
outside [0,1] ?

repeatclamp

glTexCoord2f(0.0, 0.0);  glVertex3f(0.0, 0.0, 0.0);

glTexCoord2f(0.0, 3.0);  glVertex3f(0.0, 10.0, 0.0);

glTexCoord2f(3.0, 0.0);  glVertex3f(10.0, 0.0, 0.0);

glTexCoord2f(3.0, 3.0);  glVertex3f(10.0, 10.0, 0.0);
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Texture Value Lookup
• For given texture coordinates (s,t), we can find a unique 

image value, corresponding to the texture image at that 
location 

!"#"$

!%&'(#%$ !%&(#%$ !%&)(#%$ !"#%$!%#%$

P(x,y,z)

3D geometry

Texture (5x5):

T(s,t) !%#%$ !"%#%$

!%#"%$ !"%#"%$
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Interpolating colors

• Some (s,t) coordinates not directly at pixel in the texture, but in 
between
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Interpolating colors

• Solutions:

– Nearest neighbor

» Use the nearest neighbor to determine color

» Faster, but worse quality

» glTexParameteri(GL_TEXTURE_2D, 

GL_TEXTURE_MIN_FILTER, GL_NEAREST);

– Linear interpolation

» Incorporate colors of several neighbors to determine color

» Slower, better quality

» glTexParameteri(GL_TEXTURE_2D,

GL_TEXTURE_MIN_FILTER, GL_LINEAR)



Other solutions

• Signal processing.

• What is wrong with 
linear interpolation...

Antialiasing...
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Texture Levels
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Texture mapping in OpenGL

• In init():

– Specify texture

» Read image from file into an array in memory or generate the 
image using the program

– Specify texture mapping parameters

» Wrapping, filtering, etc.

– Define (activate) the texture

• In display():

– Enable GL texture mapping

– Draw objects: Assign texture coordinates to vertices

– Disable GL texture mapping
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// texture wrapping on

glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, 
GL_REPEAT); // repeat pattern in s texture coordinate

glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_WRAP_T, 
GL_REPEAT); // repeat pattern in t texture coordinate

// use nearest neighbor for both minification and magnification

glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, 
GL_NEAREST);

glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER, 
GL_NEAREST);

Specifying texture 
mapping parameters

• Use glTexParameteri

• Example:
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Defining (activating) texture
• Do once in init() to set up initial pattern

• To use another texture, make further calls in display() 
to glTexImage2D, specifying another image
– But this is slow: use Texture Objects itself

• The dimensions of texture images must be powers of 2
– if not, rescale image or pad with zeros

• glTexImage2D(Glenum  target, Glint level, 
Glint internalFormat, int width, int height, Glint border, 
Glenum format, Glenum type, Glvoid* img)

• Example:

– glTexImage2D(GL_TEXTURE_2D, 0, 
GL_RGBA, 256, 256, 0, 
GL_RGBA, GL_UNSIGNED_BYTE, pointerToImage)
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Enable/disable texture mode

• Can do in init() or successively in display()

• glEnable(GL_TEXTURE_2D)

• glDisable(GL_TEXTURE_2D)

• Successively enable/disable texture mode to switch 
between drawing textured/non-textured polygons

• Changing textures: 

– Only one texture active at any given time

– make another call to glTexImage2D to make another pattern active
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• Use GLTexCoord2f(s,t) to specify texture coordinates

• State machine: Texture coordinates remain valid until 
you change them or exit texture mode via 

glDisable (GL_TEXTURE_2D)

• Example:

The drawing itself

glEnable(GL_TEXTURE_2D)

glBegin(GL_QUADS);

glTexCoord2f(0.0,0.0); glVertex3f(-2.0,-1.0,0.0);

glTexCoord2f(0.0,1.0); glVertex3f(-2.0,1.0,0.0);

glTexCoord2f(1.0,0.0); glVertex3f(0.0,1.0,0.0);

glTexCoord2f(1.0,1.0); glVertex3f(0.0,-1.0,0.0);

…

glEnd();
glDisable(GL_TEXTURE_2D)
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Everything together
void init(void):

{

…

put image into 2D memory array; // can use libpicio library

// specify texture parameters

glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, GL_REPEAT); // repeat pattern in s

glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_WRAP_T, GL_REPEAT); // repeat pattern in t

// use nearest neighbor for both minification and magnification

glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, GL_NEAREST);

glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER, GL_NEAREST);

// make the pattern at location pointerToImage the active pattern

glTexImage2D(GL_TEXTURE_2D, 0, GL_RGBA, 256, 256, 0, 
GL_RGBA, GL_UNSIGNED_BYTE, pointerToImage)

…

}
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Everything together (contd.)
void display(void):

{

…

// no blending, use texture color directly

glTexEnvf(GL_TEXTURE_ENV,GL_TEXTURE_ENV_MODE, GL_REPLACE); 

// turn on texture mode

glEnable(GL_TEXTURE_2D);

glBegin(GL_QUADS); // draw a quad

glTexCoord2f(0.0,0.0); glVertex3f(-2.0,-1.0,0.0);

glTexCoord2f(0.0,1.0); glVertex3f(-2.0,1.0,0.0);

glTexCoord2f(1.0,0.0); glVertex3f(0.0,1.0,0.0);

glTexCoord2f(1.0,1.0); glVertex3f(0.0,-1.0,0.0);

…

glEnd();

// turn off texture mode

glDisable(GL_TEXTURE_2D);

// draw some non-texture mapped objects

…

// switch back to texture mode, etc.

…

}





Generalizations of 
Texture Mapping?
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Better Color Models?

Scanned
Paint

8 Samples
IMPaSTo

3 Samples
RGB w/ K-M

3 Samples
RGB Linear

101 Samples
Riemann Sum

Figure 10: The left column shows graded mixtures of Yellow Ochre
and Prussian Blue under a 5600K light. The right four columns
show computer simulations of the mixtures using different numbers
of sample wavelengths and differing techniques. As can be seen,
linear RGB blending wrongly predicts brown. Although our im-
plementation of K-M blending does not match the scanned colors
exactly, the important feature to note is that the result of using our
8-sample Gaussian quadrature is almost identical to that using 101
samples. Thus, given more accurate reflectance data as initial in-
put, we should be able to match the real samples very closely. See
Fig. 16(b) for a color version of this figure.

vious layers using

Rtot = R +
T 2Rprev

1−RRprev
. (10)

These three stages use the eight wavelengths chosen via Gaussian
quadrature, and are iterated over once for each layer of pigment. In
our implementation, only the wet paint is represented as pigments
in the runtime data, requiring these multi-pass iterations. As paint
dries, its reflectance is calculated and added into the base canvas.
To change the light spectrum when dry layers are present, we do
as many passes as are necessary in order to “bake” the dry paints
into the base canvas’ reflectance, and then need only perform these
calculations once for the wet paints. Stage 4 uses our weights de-
rived via Gaussian quadrature and the XYZ integrating functions
in order to transform these 8 wavelength values into RGB space
for display. Since the K-M calculations only give us the diffuse
reflectance, we complete the lighting computation with per-pixel
dot-product bump-mapping and Blinn-Phong specular highlights.

5.6 Color Comparison

Figure 10 shows the results of our rendering algorithm and com-
parisons of the blending results for our method and a number of
alternatives. Note that we achieve nearly the same results with
our 8-wavelength Gaussian quadrature as are obtained using all 101
wavelength samples, at greatly reduced runtime computational cost.
Also note that the results when using fewer samples, as previous re-
searchers have, are noticeably different.

Figure 11: A painting created with IMPaSTo, after a painting by
Vincent Van Gogh.

6 Results

We have tested our viscous paint model implementation on a
2.5GHz Pentium IV machine with an NVIDIA GeForceFX 5900
Ultra graphics card. Note that the CPU speed is not critical for in-
teractive response, and IMPaSTo has also been used successfully
on CPUs of less than 1GHz. The time required to draw a stroke
is almost completely dominated by the physical paint model, since
the cost of the optical model is greatly reduced by our tiling and
lazy evaluation. For a brush footprint of approximately 26×26,
our paint simulation pipeline shown in Fig. 5 is able to run about
116 times per second, processing an average of 77,000 canvas cells
per second (i.e. texels/sec). For a larger brush footprint of about
88×88, we can run the pipeline only 68 times per second, but texel
throughput increases to 519,810 canvas cells per second. At these
speeds we are able to keep up with the user for strokes of moderate
speed. For faster strokes the input data is buffered and the stroke
lags slightly behind the user. The improved texel throughput for
bigger brushes is a strong indication that much of our time is spent
in per-pass setup overhead and GPU context switches.

We have integrated our paint model with a prototype painting sys-
tem to simulate an oil-like painting medium. We provide the user
with a large canvas, then run the fragment programs only in the
bounding rectangle of the region of brush contact. For the render-
ing we mark the canvas tiles through which a stroke passes as dirty
and recompute reflectances and relight the canvas on a tile-by-tile
basis as needed each time through the main display loop.

Fig. 17 shows examples of various styles, effects and paint textures
that our paint model is capable of creating. These and other paint-
ings shown in Fig. 18 demonstrate the range of paint-like effects
our model achieves. Most of these paintings were created by ama-
teur artists within a couple of hours, without much training or elab-
orate instruction. The footage in the supplementary video demon-
strates the interactive performance and behavior of our model. The
video is available at http://gamma.cs.unc.edu/IMPaSTo.

7 Summary and Conclusion

In this paper, we presented an interactive paint model for the oil-
or acrylic-like paints used most commonly in fine art painting. The
main characteristics of our paint model include:

source:
IMPaSTo: a realistic, interactive model for paint
William Baxter, Jeremy Wendt, Ming C. Lin
NPAR 2004, June 2004, pp. 45-56.
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GLfloat white8[] = {.8, .8, .8, 1.}, white2 = {.2,.2,.2,1.},black={0.,0.,0.}; 

GLfloat mat_shininess[] = {50.};            /* Phong exponent */

glMaterialfv(GL_FRONT_AND_BACK, GL_AMBIENT, black);

glMaterialfv(GL_FRONT_AND_BACK, GL_DIFFUSE, white8);

glMaterialfv(GL_FRONT_AND_BACK, GL_SPECULAR, white2);

glMaterialfv(GL_FRONT_AND_BACK, GL_SHININESS, mat_shininess);
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GLfloat white[] = {1., 1., 1., 1.};

GLfloat light0_position[] = {1., 1., 5., 0.}; /* directional light (w=0) */

glLightfv(GL_LIGHT0, GL_POSITION, light0_position);

glLightfv(GL_LIGHT0, GL_DIFFUSE, white);

glLightfv(GL_LIGHT0, GL_SPECULAR, white);

glEnable(GL_LIGHT0);

glEnable(GL_NORMALIZE);     /* normalize normal vectors */

glLightModeli(GL_LIGHT_MODEL_TWO_SIDE, GL_TRUE);    /* two-sided lighting*/

glEnable(GL_LIGHTING);
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