CMSC 425 Dave Mount

CMSC 425: Lecture 12

Texture Mapping
Thursday, Mar 14, 2013

Surface Detail: We have discussed the use of lighting as a method of producing more realigiesiniais
is fine for smooth surfaces of uniform color (plaster walls, plastic cuptlhimsobjects), but many of
the objects that we want to render have some complex surface finish thedwie like to model. In
theory, it is possible to try to model objects with complex surface finishesdghrextremely detailed
models (e.g. modeling the cover of a book on a character by characisy tiat define some sort
of regular mathematical texture function (e.g. a checkerboard or modeitiglin a wall). But this
may be infeasible for very complex unpredictable textures.

Textures and Texture Space: Although originally designed for textured surfaces, the procedsxitire
mappingcan be used to map (or “wrap”) any digitized image onto a surface. Fon@rasuppose
that we want to render a picture of the Mona Lisa, or wrap an image of titte @@und a sphere, or
draw a grassy texture on a soccer field. We could download a digitizeédgraph of the texture, and
then map this image onto surface as part of the rendering process.

There are a number of common image formats which we might use. We will nosdititese formats.
Instead, we will think of an image simply as a 2-dimensional array of RGB saluet us assume for
simplicity that the image is square, of dimensiansn (OpenGL requires that is a power of 2 for its
internal representation. If you image is not of this size, you can pad witlnunused additional rows
and columns.) Images are typically indexed row by row with the upper lefieta@s the origin. The
individual RGB pixel values of the texture image are often catéeels short fortexture elements

Rather than thinking of the image as being stored in an array, it will be a little nhegard to think

of the image as function that maps a pdisitt) in 2-dimensionatexture spacéo an RGB value (see
Fig. 1). That is, given any pais, t), 0 < s,t < 1, the texture image defines the valuelifs, t) is

an RGB value. Note that the intervial, 1) does not depend on the size of the images. This has the
advantage an image of a different size can be substituted without the feedifying the wrapping

process.
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Fig. 1: Texture space.

For example, if we assume that our image aff@y[n] is indexed by row and column from O to— 1
with (as is common with images) the origin in the upper left corner. Our textaeesfys, t) has two
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axes, labeled (horizontal) and (vertical), such that the origin is in the lower-left corner. We could
then apply the following function to round a point in image space to the camnetsipg array element:

T(s,t)=I[[(1—t)n]][[sn]], for0<s,t<1.

In many cases, it is convenient to think of the texture is an infinite functiondd\this by imagining
that the texture image is repeated cyclically throughout the plane. This id ugefn applying a small
repeating texture to a very large surface (like a brick pattern on a wallk iFlsometimes called a
repeated textureln this case we can modify the above function to be

T(s,t) =1I[[(1—t)n] mod n]||sn] mod n], foranys,t.

I nver se Wrapping Function and Parametrization: Suppose that we wish to “wrap” a 2-dimensional tex-
ture image onto the surface of a 3-dimensional ball of unit radius, thatuisitaphere. We need to
define a wrapping function that achieves this. The surface residedimeéhsional space, so the wrap-
ping function would need to map a poif, ¢) in texture space to the corresponding pdinty, z) in
3-space. That is, the wrapping function can be thought of as a funidficn¢) that maps a point in
2-dimensional texture space to a painty, z) in three dimensional space.

Later we will see that it is not the wrapping function that we need to computeather its inverse.
So, let us instead consider the problem of computing a fundfiort that maps a pointz, y, z) on
the sphere to a poirfk, ¢) in parameter space. This is called theerse wrapping functian

This is typically done by first computing a 2-dimensiopatametrizatiorof the surface. This means
that we associate each point on the object surface with two coordifiatesin surface spacelm-
plicitly, we can think of this as three functions(u, v), y(u, v) andz(u, v), which map the parameter
pair (u, v) to thex, y, z-coordinates of the corresponding surface point.

Our approach to solving the inverse wrapping problem will be to map a peint z) to the corre-
sponding parameter pait, v), and then map this parameter pair to the desired gein} in texture
space. At the end of this lecture, we present an example of how to depegametrization for a
sphere.

Texture Mapping in OpenGL: Recall that all objects in OpenGL are rendered as polygons or generally
meshes of polygons. This simplifies the texture mapping process becausmi that we need only
provide the inverse wrapping function for the vertices, and we can rekirople interpolation to fill
in the polygon’s interior. For example, suppose that a triangle is beingndrévihen the vertices of
the polygon are given, the user also specifies the correspofigitigcoordinates of these points in
texture space. These are called the vertitesture coordinatesThis implicitly defines the inverse
wrapping function from the surface of the polygon to a point in textureespa
As with surface normals (which were used for lighting computations) textertices are specified
beforeeach vertex is drawn. For example, a texture-mapped object in 3-spidcghading might be
drawn using the following general form, whete= (n,,n,,n.) is the surface normals, t) are the
texture coordinates, and= (p., p,, p-) is the vertex position.

gl Begi n(G._POLYGON) ;
gl Nor mal 3f (nx, ny, nz); gl TexCoord2f (s, t); gl Vertex3f(px, py, pz);
1.,

gl End();
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Interpolating Texture Coordinates. Given the texture coordinates, the next question is how to interpolate
the texture coordinates for the points in the interior of the polygon. An obvémproach is to first
project the vertices of the triangle onto the viewport. This gives us thrieespg, p1, andp, for the
vertices of the triangle in 2-space. Lggt g1 andg. denote the three texture coordinates, corresponding
to these points. The simplest approach is to apply a simple linear interpolaticedpire, mapping
each point of theA\pgp1ps to its corresponding point ik gogi ¢o.

What is wrong with this simple approach? The first problem has to do witlpeetigse. The problem
is that projective transformations are not linear transformations, but arlinéerpolation is. An
illustration of what can go wrong is shown in Fig. 2(c).

Texture Surface Linear Perspective

(triangulated) interpolation corrected

(a)
Fig. 2: Perspective correction.

There are a number of ways to fix this problem. One approach is to use aomopex formula for
interpolation, which corrects for perspective distortion. (See the texddtails. An example of the
result is shown in Fig. 2(d)). This can be activated using the followingnGihecommand:

gl Hi nt (GL_PERSPECTI VE_CORRECTI ON_HI NT, G._NI CEST) ;

(The other possible choice &._FASTEST, which does simple linear interpolation.)

The other method involves slicing the polygon up into sufficiently small polygoieaes, such that
within each piece the amount of distortion due to perspective is small. RecalvitaGauroud
shading, it was often necessary to subdivide large polygons into sme#ipfer accurate lighting
computation. If you have already done this, then the perspective distotmmodtexture mapping
may not be a significant issue for you.

Aliasing and mipmapping: A second problem with the aforementioned simple approach to interpolating
texture coordinates has to do with something cadigising After determining the region of texture
space onto which the pixel projects, we should blend the colors of the texhkls region to determine
the color of the pixel. The problem with the above procedure does noihtgnitl determines the
color on the basis of just a single texel. In situations where the pixel gmnels to a point in the
distance and hence covers a large region in texture space, this may@noely strange looking
results, because the color of the entire pixel is determined entirely by a gioigiein texture space
that happens to correspond to the pixel's center coordinates (seddiy. 3

Dealing with aliasing in general is a deep topic, which is a main issue in the géiedaaf signal
processing. The process of blending samples together to smooth ovéfettis ef aliasing is called
filtering. In the field of signal processing there are many techniques (some gphésocated) for
filtering in general. OpenGL applies a very simple method for dealing with tharajia$ this sort.
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Fig. 3: Aliasing and mipmapping.

The method is callednipmapping (The acronym “mip” comes from the Latin phrasmiltum in
parvo, meaning “much in little.”)

The idea behind mipmapping is to generate a series of texture images asitegteeels of resolution.
For example, if you originally started withi28 x 128 image, a mipmap would consist of this image
along with a64 x 64 image, a32 x 32 image, al6 x 16 image, etc. All of these are scaled copies
of the original image. Each pixel of th&l x 64 image represents the average @f a 2 block of the
original. Each pixel of th&2 x 32 image represents the average df a 4 block of the original, and
so on (see Fig. 4).
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Fig. 4. Mipmapping.

Now, when OpenGL needs to apply texture mapping to a screen pixel tedaps many texture
pixels (that is, when “minimizing” the texture), it determines the mipmap in the hieyaiat is at
the closest level of resolution, and uses the corresponding averagtdalue from that mipmapped
image. This results in more nicely blended images (see Fig. 4(b)).

Warning: If you use mipmapping in OpenGL (and this is not only a good idea, but treulddor
texture minimization), youmustconstruct mipmaps for your texture. This can be done automatically
for you by the commandluBuild2DMipmaps. (We will not discuss this command explicitly, but an
example is given below.) If you fail to build mipmaps when they are needeglhGp will not produce

an error message, it will simply disable texture mapping.

Texture mapping in OpenGL: OpenGL supports a fairly general mechanism for texture mapping. The
process involves a bewildering number of different options. You dernad to the OpenGL docu-
mentation for more detailed information. By default, objects are not texture edapip you want
your objects to be colored using texture mapping, you need to enable texaymging before you
draw them. This is done with the following command.

gl Enabl e( GL_TEXTURE_2D) ;
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After drawing textured objects, you can disable texture mapping.

If you plan to use more than one texture, then you will need to request geat@L generate texture
objects. This is done with the following command:

gl GenTextures(G.si zei n, G.uint* texturel Ds);

This requests that new texture objects be created. Theaew texture id’'s are stored as unsigned
integers in the arrayexturelDs. Each texture ID is an integer greater than 0. (Typically, these are
just integers 1 through, but OpenGL does not require this.) If you want to generate just owe ne
texture, set = 1 and pass it the address of the unsigned int that will hold the texture id.

By default, most of the texture commands apply to the “active” texture. Howelgpecify which

texture object is the active one? This is done by a process dailteting and is defined by the
following OpenGL command:

gl Bi ndText ure(G.enum target, G.uint texturelD);

wheretarget is one of GL_TEXTURE_1D, GL_TEXTURE_2D, or GL_TEXTURE_3D, andtezturelD is
one of the texture IDs returned lyGenTextures. The target will be GL_.TEXTURE_2D for the sorts
of 2-dimensional image textures we have been discussing so farttetheelD parameter indicates
which of the texture IDs will become the active texture. If this texture is betumd for the first time,
a new texture object is created and assigned the given texture #&tifreID has been used before,
the texture object with this ID becomes the active texture.

Presenting your Textureto OpenGL: The next thing that you need to do is to input your texture and
present it to OpenGL in a format that it can access efficiently. It wouldiceif you could just point
OpenGL to an image file and have it convert it into its own internal format, lpgnGL does not
provide this capability. You need to input your image file into an array of R&B¢ssibly RGBA)
values, one byte per color component (e.g. three bytes per pixel)d stiweby row, from upper left
to lower right. By the way, OpenGL requires images whose height and wagéhsowers of 2.

Once the image array has been input, you need to present the textyréoa@penGL, so it can be
converted to its internal format. This is done by the following procedureerd are many different
options, which are partially explained in below.

gl Texl mage2d( G._TEXTURE 2D, |evel, internal Fornat, wi dth, height,
border, format, type, inage);

The procedure has an incredible array of options. Here is a simple exénplesent OpenGL an
RGB image stored in the arrayyPixelArray. The image is to be stored with an internal format
involving three components (RGB) per pixel. It is of widtiCols and heightnRows. It has no
border porder = 0), and we are storing the highest level resolution. (Other levels of resolare
used to implement the averaging process, through a method caifgdaps) Typically, the level
parameter will be Ol¢vel = 0). The format of the data that we will provide is RGBL(RGB) and
the type of each element is an unsigned b@e UNSIGNED_BYE). So the final call might look like
the following:

gl Texl mage2d( G._TEXTURE 2D, 0, G._RGB, nCols, nRows, 0, G._RGB,
GL_UNSI GNED_BYTE, nyPi xel Array);
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In this instance, your arrayy Pizel Array is an array of siz856 x 512 x 3 = 393, 216 whose elements
are the RGB values, expressed as unsigned bytes, f@sthe 512 texture array. An example of a
typical texture initialization is shown in the code block below. (The caljit@uild2DMipmpaps is
needed only if mipmapping is to be used.)

Initialization for a Single Texture
GLui nt texturel D /1l the ID of this texture
gl GenTextures(1, & exturelD); /1 assign texture ID
gl Bi ndText ure( GL_TEXTURE 2D, texturelD); // make this the active texture
11
/1 ... input inmage nRows x nCols into RGB array nyPi xel Array
/1
gl Texl mage2d( G._TEXTURE 2D, 0, G._RGB, nCols, nRows, 0, G._RGB,

GL_UNSI GNED_BYTE, nyPi xel Array);

/1 generate m pmaps - very inportant!

gl uBui | d2DM pmaps( GL_TEXTURE 2D, G._RGB, nCol s, nRows, GL_RGB,

GL_UNSI GNED_BYTE, nyPi xel Array);

Texturing Options. Once the image has been input and presented to OpenGL, we need to reBIOpav
it is to be mapped onto the surface. Again, OpenGL provides a large nwhbiierent methods to
map a surface. These parameters are set using the following function:

gl TexParanmeteri (target, param nane, paramval ue);
gl TexPar aneterf (target, param nane, paramval ue);

The first form is for integer parameter values and the second is fongdats. For most options, the
argumentiarget will be set toGL_TEXTURE_2D. There are two common parameters to set. First, in
order to specify that a texture should be repeated or not (clampedpliweihg options are useful.

gl TexParaneteri (GL_TEXTURE 2D, GL_TEXTURE WRAP_S, GL_CLAMP);
gl TexPar anet eri (GL_TEXTURE_2D, GL_TEXTURE WRAP_S, GL_REPEAT);

These options determine what happens ofdiparameter of the texture coordinate is less than 0 or
greater than 1. (If this never happens, then you don’t need to wbaoytahis option.) The first causes
the texture to be displayed only once. In particular, valuestbft are negative are treated as if they
are 0, and values of exceeding 1 are treated as if they are 1. The second causes the texiare to
wrapped-around repeatedly, by taking the value afodulo 1. Thuss = 5.234 amds = 76.234

are both equivalent te = 0.234. This can independently be set for hparameter of the texture
coordinate, by settinGL_TEXTURE _WRAP_T.

Filtering and Mipmapping: Another useful parameter determines how rounding is performed duaigg
nification (when a screen pixel is smaller than the corresponding texture pixel) ramifitatior!
(when a screen pixel is larger than the corresponding texture pixeb.siflplest, but not the best
looking, option in each case is to just use tigarest pixeln the texture:

gl TexPar anet eri (GL_TEXTURE_2D, GL_TEXTURE_MAG FI LTER, GL_NEAREST);
gl TexPar anet eri (GL_TEXTURE_2D, GL_TEXTURE_M N_FI LTER, G._NEAREST);
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A better approach is to use linear filtering when magnifying and mipmaps wherymgifAn exam-
ple is given below.

Combining Texture with Lighting: How are texture colors combined with object colors? The two most
common options ar6&L_REPLACE, which simply makes the color of the pixel equal to the color
of the texture, andsL_MODULATE (the default), which makes the colors of the pixel the product
of the color of the pixel (without texture mapping) times the color of the textlitee former is for
painting textures that are alreagyelit, meaning that lighting has already been applied. Examples
include skyboxes and precomputed lighting for the ceiling and walls of a rokdm. latter is used
when texturing objects to which lighting is to be applied, such as the clothing o/anghcharacter.

gl TexEnvi (GL_TEXTURE_ENV, GL_TEXTURE_ENV_MODE, GL_MODULATE):
gl TexEnvi (GL_TEXTURE_ENV, GL_TEXTURE_ENV_MODE, GL_REPLACE):

Drawing a Texture Mapped Object: Once the initializations are complete, you are ready to start drawing.
First, bind the desired texture (that is, make it the active texture), set thedgxarameters, and
enable texturing. Then start drawing your textured objects. For eatdxwdrawn, be sure to specify
the texture coordinates associated with this vertex, prior to issuing\thgex command. If lighting
is enabled, you should also provide the surface normal. A generic ex@égblewn in the code block
below.

Drawing a Textured Object

gl Enabl e( GL_TEXTURE _2D); /1l enable texturing

gl Bi ndText ure( GL_TEXTURE 2D, texturelD); // select the active texture
/1 (use GL_REPLACE bel ow for skyboxes)

gl TexEnvi (GL_TEXTURE_ENV, G._TEXTURE_ENV_MODE, G._MODULATE);
/1 repeat texture

gl TexParamet eri (GL_TEXTURE_2D, G._TEXTURE_WRAP_S, GL_REPEAT);

gl TexParaneteri (G._TEXTURE 2D, G._TEXTURE WRAP_T, G._REPEAT);
/'l reasonable filter choices

gl TexPar amet eri (GL_TEXTURE 2D, G._TEXTURE _MAG FI LTER, GL_LI NEAR);

gl TexPar amet eri (GL_TEXTURE_2D, G._TEXTURE_M N_FI LTER,

GL_LI NEAR_M PMAP_LI NEAR) ;

gl Begi n( G._PCLYGQON) ; /1 draw the object(s)
gl Normal 3f( ... ); /1 set the surface nornal
gl TexCoord2f( ... ); /] set texture coords
gl Vertex3f( ... ); /1 draw vertex
[l ... (repeat for other vertices)
gl End()
gl Di sabl e(G._TEXTURE 2D); /1 disable texturing
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Parametrization of a Sphere (Optional): Let's make this more concrete with an example. Our shape is a
unit sphere centered at the origin. We want to find the inverse wrappimgiéniv —! that maps any
point (x, y, z) on the of the sphere to a poify, ¢) in texture space.

We first need to come up with a surface parametrization for the sphereaiiepresent any point
on the sphere with two angles, representing the point’s latitude and longiteleuill use a slightly
different approach. Any point on the sphere can be expresseddsrngles» andd, which are some-
times calledspherical coordinates(These will take the roles of the parameterandv mentioned
above.)

6

Fig. 5: Parametrization of a sphere.

Consider a vector from the origin to the desired point on the sphere. dehote the angle in radians
between this vector and theaxis (north pole). So is related to, but not equal to, the latitude. We
have0 < ¢ < 7. Letd denote the counterclockwise angle of the projection of this vector onto the
zy-plane. Thud) < 0 < 2x. (This is illustrated in Fig. 5.)

Our next task is to determine how to convert a pdinty, z) on the sphere to a paié, ¢). It will be
a bit easier to approach this problem in the reverse direction, by deterntivérig, y, =) value that
corresponds to a given parameter géiry).

The z-coordinate is justos y, and clearly this ranges fromto —1 as ¢ increases from O tar.

To determine the value &, let us consider the projection of this vector onto theg-plane. Since
the vertical component is of lengtdwos ¢, and the overall length is 1 (since it's a unit sphere), by
the Pythagorean theorem the horizontal length is /1 — cos? ¢ = sinp. The lengths of the
projections onto the andy coordinate axes are = £ cos § andy = ¢sin §. Putting this all together,

it follows that the(x, y, z) coordinates corresponding to the spherical coordin#es) are

z(p,0) = cos, x(p,0) = sinp - cosb, y(p,0) = sing-sind.

But what we wanted to know was how to méap v, z) to (6, ¢). To do this, observe first that =
arccos z. It appears at first that will be much messier, but there is an easy way to get its value.
Observe that/x = sin/ cos § = tan . Thereforef) = arctan(y/z). In summary:

@ = arccos z 0 = arctan(y/x),

(Remember that this can be computed accurateffaa(y, ).)

The final step is to map the parameter géirp) to a point in(s, t) space. To get thecoordinate, we
just scale from the rang€0, 27| to [0, 1]. Thus,s = 6/(2).

The value oft is trickier. The value ofp increases from 0 at the north pateat the south pole, but
the value oft decreases fron at the north pole to at the south pole. After a bit of playing around
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with the scale factors, we find that= 1 — (¢/7). Thus, asp goes from0 to =, this function goes
from 1 down to0, which is just what we want. In summary, the desired inverse wrappingifumis
W(z,y, 2) = (s,t), where:

0
s = —, where 0 = arctan £
x

t = 1-— f, where ¢ = arccos z.
T

Note that at the north and south poles there is a singularity in the sense tbahmat derive a unique
value ford. This is phenomenon is well known to cartographers. (What is the longitutie north
or south pole?)

To summarize, thimverse wrappindunction’ —!(x, y, ) maps a point on the surface to a pdinitt)

in texture space. This is often done through a two step process, firanilgtey the parameter values
(u,v) associated with this point, and then mappingv) to texture-space coordinatés, t).This
“unwrapping” function, maps the surface back to the texture. For this siexaleple, let’s just set
this function to the identity, that i)’ ~!(u, v) = (u, v). In general, we may want to stretch, translate,
or rotate the texture to achieve the exact placement we desire.

Lecture 12 9 Spring 2013



