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Listing 7.6. This pixel shader function fetches the x and y components of a normal vector from the
2D texture map specified by normalMap at the texture coordinates given by texcoord. The z com-
ponent of the normal vector is reconstituted with Equation (7.44).

uniform Texture2D normalMap;

float3 FetchNormalVector(float2 texcoord)

{

float2 m = texture(normalMap, texcoord).xy;
return (float3(m, sqrt(1.0 - m.x * m.x - m.y * m.y)));

7.6.2 Rendering with Normal Maps

To shade a surface that has a normal map applied to it, we perform the same cal-
culations that we would perform without a normal map involving the view direc-
tion v, light direction 1, and halfway vector h. The difference is that we no longer
take any dot products with the interpolated normal vector n because it is replaced
by a normal vector m fetched from a normal map. Before we can take dot products
with m, though, we have to do something about the fact that it is not expressed in
the same coordinate system as v and I. We need to either transform v and 1 into
tangent space to match m or transform m into object space to match v and 1.

To transform any vector u from object space to tangent space, we multiply it
by the matrix M jy,ze given by Equation (7.32). The rows of this matrix are the per-
vertex tangent t, bitangent b, and normal n, so the components of u simply become
t-u,b-u, and n-u in tangent space. This is applied to the object-space view direc-
tion v and light direction 1 by the vertex shader function shown in Listing 7.7 after
it calculates the bitangent vector with Equation (7.40). The resulting tangent-space
view direction V yge, and light direction I, should then be output by the vertex
shader so their interpolated values can be used in the pixel shader.

Shading can also be performed in object space by fetching the vector m from
a normal map and then multiplying it by the matrix M e in the pixel shader. The
columns of M g are the vectors t, b, and n, so the transformed normal vector
m i 1S given by

m e = m, t+m,b+m.n. (7.45)

To perform this operation in the pixel shader, we need to interpolate the per-vertex
normal and tangent vectors in addition to the view direction v and the light direc-
tion 1, which now remain in object space. The handedness ¢ of the tangent frame
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Listing 7.7. This vertex shader function calculates the tangent-space view direction V g, and light
direction I 4, for a vertex having object-space attributes position, normal, and tangent and re-
turns them in vtan and 1tan. The w coordinate of the tangent contains the handedness ¢ of the
tangent frame used in the calculation of the bitangent vector.

uniform float3 cameraPosition; // Object-space camera position.
uniform float3 lightPosition; // Object-space light position.

void CalculateTangentSpaceVL(float3 position, float3 normal, float4 tangent,
out float3 vtan, out float3 ltan)

{
float3 bitangent = cross(normal, tangent.xyz) * tangent.w;
float3 v = cameraPosition - position;
float3 1 = lightPosition - position;
vtan = float3(dot(tangent, v), dot(bitangent, v), dot(normal, v));
ltan = float3(dot(tangent, 1), dot(bitangent, 1), dot(normal, 1));
}

also needs to be passed from the vertex shader to the pixel shader. Since handed-
ness is always constant over a triangle, it can be flat interpolated to save some
computation. After interpolation, the normal and tangent vectors may not have unit
length, and it’s possible that they are no longer perpendicular. To correct for this,
we have to orthonormalize them in the pixel shader before we calculate the bi-
tangent vector with Equation (7.40). The pixel shader function shown in Listing 7.8
carries out these steps to construct the tangent frame. It then applies Equation
(7.45) to transform a normal vector m fetched from a normal map into object space.

Listing 7.8. This pixel shader function fetches a normal vector from the 2D texture map specified
by normalMap at the texture coordinates given by texcoord using the function in Listing 7.6. It then
transforms it into object space by multiplying it by the matrix M ... The interpolated object-space
normal, tangent, and handedness values are given by normal, tangent, and sigma.

uniform Texture2D normalMap;

float3 FetchObjectNormalVector(float2 texcoord, float3 normal, float3 tangent,
float sigma)
{
float3 m = FetchNormalVector(texcoord);
float3 n = normalize(normal);
float3 t = normalize(tangent - n * dot(tangent, n));
float3 b = cross(normal, tangent) * sigma;
return (t * m.x + b * m.y + n * m.z);
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7.6.3 Blending Normal Maps

There are times when we might want to combine two or more normal maps in the
same material. For example, a second normal map could add finer details to a base
normal map in a high-quality version of the material. It’s also possible that texture
coordinate animation is causing two normal maps to move in different directions,
as commonly used to produce interacting ripples on a water surface. We might also
want to smoothly transition between two different normal maps. In general, we
would like to have a function fy., (m,,m,, a, b) that calculates the weighted sum
of two normal vectors m, and m, with the weights a and 5. The sum must behave
as if the original height maps from which m, and m, were derived had been added
together with the same weights a and b, allowing a new normal vector to be calcu-
lated with Equation (7.43). We cannot simply calculate am, + bm , because it does
not satisfy this requirement. In particular, if one height map contains all zeros, then
it should have no effect on the sum, but blending the normal vectors directly would
cause the results to be skewed toward the vector (0,0, 1).

Fortunately, we can easily recover the slopes d, and d , to which a normal vec-
tor corresponds. All we have to do is scale a normal vector by the reciprocal of its
z coordinate to match the unnormalized vector in the numerator of Equation (7.43),
effectively undoing the previous normalization step. These slopes are nothing more
than scaled differences of heights, so they are values that we can blend directly.
This leads us to the blending function

fblend(ml,mz,a,b):nrm(aﬂ+bﬁ,a&+b&,1), (7.46)

Z ) Zy Z3

wherem; =(xy, y;,z;)and m, =(x,, y1,2,).

By setting a =1—¢ and b =¢, we can smoothly transition from one normal map
to another as the parameter # goes from zero to one. To combine two normal maps
in such a way that they have an additive effect without diminishing the apparent
size of the bumps encoded in either one, we apply Equation (7.46) with the weights
a =b=1. Since the result is normalized, we can multiply all three components by
z,z,, in which case the additive blending function is given by

Saaa (m],mz)znrm(zzx, tZ1X2,20Y1 t21Y2, 222 ) (7.47)

The weights a and b do not need to be positive. Using a negative weight for one
normal map causes it to be subtracted from the other so that its bumps appear to
be inverted.
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7.7 Parallax Mapping

Plain bump mapping has its limitations. While it often looks good when a surface
is viewed from a nearly perpendicular direction, the illusion of bumpiness quickly
breaks down as the angle between the surface and the viewing direction gets
smaller. This is due to the fact that the same texels are still rendered at the same
locations on the surface from all viewing directions, betraying the flatness of the
underlying geometry. If the surface features encoded in the normal map actually
had real height, then some parts of the color texture would be hidden from view by
the bumps, and other parts would be more exposed, depending on the perspective.
A technique called parallax mapping shifts the texels around a little bit to greatly
improve the illusion that a surface has varying height.

Parallax mapping works by first considering the height # and normal vector n
mapped to each point on a surface. As shown in Figure 7.15, these values can be
used to establish a plane [n | d ] that is tangent to the bumpy surface at that point.
This plane serves as a local approximation to the surface that can be used to calcu-
late a texture coordinate offset that accounts for the viewing direction and produces
the appearance of parallax. Since we need only the offset, we can assume that the
original texture coordinates are (0,0) for simplicity. The value of d is then deter-
mined by requiring that the point (0, 0, /2) lies on the plane, from which we obtain

d=-n.h. (7.48)

For a particular tangent-space view direction v, the point where the ray o + tv
intersects the plane [n | d ] is approximately the point p that would be visible from
the direction v if the surface actually had the height # at the point sampled on the
flat geometry. The parameter ¢ is calculated by solving the equation

[n|d]-(o+tv)=0, (7.49)

and the point p is thus given by

potlty, (7.50)

n-v
The x and y coordinates of p provide the offset that should be added to the original
texture coordinates. All texture maps used by the pixel shader, including the nor-

mal map, are then resampled at these new coordinates that include the parallax
shift.
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Figure 7.15. The height /4 and normal vector n sampled at the point o are used to construct
a plane that approximates the bumpy surface shown by the blue line. For a tangent-space
view vector v, the parallax offset is given by the x and y coordinates of the point p where
the ray o + #v intersects the plane.

In practice, the offset given by Equation (7.50) is problematic because the dot
product n- v can be close to zero, or it can even be negative. This means that the
offset can produce an arbitrarily large parallax shift toward or away from the
viewer when n and v are nearly perpendicular. The usual solution to this problem,
even though it has little geometric significance, is to gradually reduce the offset as
n - v becomes small by simply multiplying by n - v! This effectively drops the divi-
sion from Equation (7.50) and gives us the new offset formula

po =n.hv,,. (7.51)

This offset generally produces good results, like those shown in Figure 7.16, and it
is very cheap to calculate. Because we are no longer dividing out their magnitudes,
however, we must ensure that both n and v have unit length before applying this
formula.

The value of n.4 in Equation (7.51) is precomputed for every texel in the nor-
mal map and stored in a separate parallax map having a single channel. To mini-
mize storage requirements, an 8-bit signed format can be used in which texel
values fall in the range [—1,+1]. Unsigned values / from the original height map
are remapped to this range by calculating 2/ —1 before multiplying by 7. and stor-
ing the results in the parallax map. A signed format is chosen so that texture coor-
dinates are shifted both toward and away from the viewer when the full range of
heights is well utilized. An original height of 4 =1/2 corresponds to no offset, larger
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Figure 7.16. Two flat surfaces are rendered with only normal mapping in the left column. A parallax
shift has been applied to the same surfaces in the right column. Texture coordinate offsets are cal-
culated using Equation (7.51) with four iterations.

heights cause a surface to appear raised, and smaller values cause a surface to ap-
pear depressed. In the pixel shader, the sampled values of 14 are multiplied by 1/2
to account for the doubling when they were converted to the signed format. They
must also be multiplied by the same scale used when the normal map was gener-
ated so that the heights used in parallax mapping are the same as those that were
used to calculate the per-texel normal vectors.

For bump maps containing steep changes in height, offsets given by Equation
(7.51) can still be too large because the tangent plane becomes a poorer approxi-
mation as the size of the offset increases. Shifted color samples taken too far away
from areas having a steep slope often produce visible artifacts. This problem can
be eliminated in most cases by using & iterations and multiplying the offset by 1/k
each time. A new value of n_4 is fetched from the parallax map for each iteration,
allowing each incremental parallax shift to be based on a different approximating
plane.
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The pixel shader code shown in Listing 7.9 implements parallax mapping with
Equation (7.51), and it uses four iterations to mitigate the appearance of artifacts
produced by steep slopes. The two-component scale value u passed to the function
is given by

u=| > > | (7.52)
2kr,  2kr,

and it accounts for several things that can be incorporated into a precalculated
product. First, the it includes the height scale s that was originally used to construct
the normal map. Second, since the heights are measured in units of texels, the par-
allax offsets must be normalized to the actual dimensions (7., r, ) of the height map,
so the scale is multiplied by the reciprocals of those dimensions. (This is the only
reason why there are two components.) Third, the scale includes a factor of 1/2 to
account for the multiplication by two when the heights were converted from un-
signed to signed values. Fourth, the scale includes a factor of 1/k, where & is the
number of iterations, so that each iteration contributes its proper share of the final
result. Finally, the scale may include an extra factor not shown in Equation (7.52)
that exaggerates the parallax effect.

Listing 7.9. This pixel shader function applies parallax mapping to the texture coordinates given by
texcoord using four iterations and returns the final result. The texture specified by parallaxMap
holds the signed values n_ 4 belonging to the parallax map. The vdir parameter contains the tangent-
space view direction, which must be normalized to unit length. The value of scale is given by
Equation (7.52), where k£ = 4 in this code.

uniform Texture2D parallaxMap;

float2 ApplyParallaxOffset(float2 texcoord, float3 vdir, float2 scale)

{

float2 pdir = vdir.xy * scale;
for (int i = 0; i < 4; i++)

{

}

// Fetch n.z * h from the parallax map.
float parallax = texture(parallaxMap, texcoord).x;
texcoord += pdir * parallax;

return (texcoord);



