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Peter-Pike was not able to come to GDC to give the talk because… 
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…of his most recent research project. 
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We see here an example of a real-world scene which has a lot of visual complexity and richness. 

Generating synthetic images that come close to this is an extremely challenging problem. 

Having them animate and respond to a users control is even more daunting. 

We will discuss some of the issues that need to be addressed to meet this challenge. 
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There are many types of scene complexity which operate individually and in synergy with each 

other to generate the visual complexity of the resulting image. 
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Medium-scale, or meso-scale, lies between invisible details which are handled as materials and 

larger details which are handled as geometry. 



11 



12 



13 



14 



15 



16 



17 



18 



19 



20 



21 



22 

The material models in this talk are based on geometric optics (light treated as particles.) Quantum 
and Wave optics model light in a different manner. Some common visual effects can only be 
correctly modeled with one or the other: 
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Diffraction patterns (bright colors you see when you shine a light on a CD) are due to the physical 
structure of the material (pits in the CD) being at the scale of the wavelength of light. 
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Iridescence from soap bubbles or some insect wings is caused by thin films on the surface and 
requires a wave model of light. 
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Polarization refers to light waves being preferentially oriented in a certain direction. 
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Fluorescence is the changing of the wavelength of light that leaves the surface (from the 
wavelength that arrives) – “black lights” are an example of this (certain materials will reflect light 
that is incoming in a part of the spectrum that is not visible into light in the visible spectrum.) 
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We will also assume that the physics happens at a steady state – energy is not stored and released 
later (like “glow in the dark” toys.) 
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In this section we will go over the basic material types that can be seen on common objects, and 

qualitatively describe the physical phenomena underlying their salient visual characteristics. 
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The reflection direction is the light direction mirrored about the surface normal. Note that the light 

direction is the direction to the light, not the direction the light is going. This is a little confusing but it 

is accepted practice and works better for implementation as well. 
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Note that the refractive index depends on the light’s wavelength as well as on the material. 
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The proportion of reflected vs. refracted light obeys the Fresnel equations. As the incidence angle 

increases (going to more glancing angles), the reflectance increases until it is 100% at all 

wavelengths. Note that this is not monotonic, there is a dip before it goes up (causing the shift to 

blue just before it goes white) but the main trend is upwards. Most CG ignores polarization, but it 

can be significant in some cases (skylight is polarized). 
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Most colored metals have a yellow or red tint. All reflectance value are at normal incidence. 
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Like other reflectance numbers, these are at normal incidence – at glancing angles it is higher. 
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Note that the scale is important for issues of subsurface scattering (and many other issues related 

to reflectance). A tiny marble figurine can have appreciable translucency, where a large statue 

made of the same material can be treated as non-translucent.  
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For example a plastic where red pigment particles are suspended in a clear substrate. In this case 

the reflected light will be of the same color as the incident light, where the scattered light will be 

tinted red. 
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If the smallest features are not much larger than a wavelength of visible light (0.4-0.7 

micrometer) then physical optics comes into play, which is beyond the scope of this talk. 
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If the surface is locally flat at wavelength scale, then we can treat it as flat (a Fresnel mirror) at 

that scale. 
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This definition of a ‘semi-rough’ surface is not a standard one in CG, but we find it useful to 

describe surfaces. Semi-rough surfaces can exhibit a continuum of roughness, here we see a 

relatively smooth surface where the reflected light is only spread out a little bit. 
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And here we see a rougher surface where the reflected light is spread out more, but it is not 

completely random. 
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Another way to think about this is to look at a bumpy surface which is locally smooth. Each bump 

has its own little highlight. 



51 

Keeping the same normal distribution, we’ll make the bumps smaller… 
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…and smaller… 
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…and smaller… 
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…and smaller… 
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…until eventually the bumps become too small to see—but they still affect the appearance of the 

surface. 



56 

Besides having a continuous distribution of normals (rather than a single surface normal), the 

micro-geometry affects the reflectance in a few other ways. 

Shadowing is some micro-facets blocking light from others. This depends on the exact shape of the 

micro-geometry, but not directly on the normal distribution. The area with the black dashed arrows 

is shadowed. 
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Masking is some micro-facets ‘hiding’ others from the view position. This also depends on 

properties of the microgeometry other than the normal distribution. The area with the black dashed 

arrows is shadowed. 
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And finally the light that was masked doesn’t just go away – some of it is reflected again and 

bounces off the surface. Light may undergo several bounces before it reaches the eye. 
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Here we define the highlight as the single-bounce reflection – this is not a standard use of the term 

but is useful in discussing reflectance. The highlights size and shape mostly depends on the 

distribution of microfacet normals, and their color is that of the surface material boundary. 
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Like dielectric smooth surfaces, semi-rough dielectric surfaces also exhibit a tradeoff between 

diffuse and specular reflection at glancing angles (the only difference is that the specular reflection 

is less sharp). 
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Of course, we can also have rough metal surfaces, but they are less interesting in themselves and 

can be treated as an extreme case of semi-rough metals. 

Rough dielectrics include surfaces such as dust, rough clay. These are surfaces that we think of as 

“matte” or “diffuse”. Such surfaces appear flat (example; the full moon) and contrary to 

expectations, do not obey Lambert’s law (the retroreflection tends to counteract the cosine falloff). 

Here we have a combination of extreme surface roughness and sub-surface scattering. 
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If we imagine each facet being essentially Lambertian (which is a reasonable approximation to what 

is going on in these surfaces), then when the light and view directions are very different the 

surfaces we can see are the ones which are more dimly lit. 
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When the light and view directions are similar the surfaces we can see are the ones which are more 

strongly lit. 
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These surfaces may be metallic or dielectric; since the microstructure is the interesting thing about 

them we will not distinguish the two cases. 
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One way in which the microgeometry can be structured is if it is not the same in all directions – if it 

is anisotropic. This causes the reflection to exhibit directional behavior. 
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Most retroreflective materials are artificial materials designed for use in street signs, projection 

screens, etc. Some rare natural surfaces also exhibit strong retroreflective behavior (such as cat’s 

eyes). 
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Fabrics are usually structured surfaces, and many of them exhibit interesting reflective properties. 
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Here we will lay the theoretical groundwork needed to understand reflectance from a physical 

standpoint. 
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In this example, we are looking at a window. The power of all the light pouring through the window 

(in all directions) is radiant flux. 
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The power exitant (coming out of) a single point on the window is radiant exitance (also called 

radiosity) – it can be thought of as the surface density of excitant radiant flux. 
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Irradiance is very similar to radiosity, but it measures incident (incoming) light rather than exitant 

light. 
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Unlike radiosity and irradiance, radiance is not tied to a surface, but to a ray. Radiance is important 

because the final pixel RGB color is basically derived directly from the radiance in the rays through 

the pixel sample locations. 
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The surface area here (unlike the other quantities) is projected surface area, or surface area 

perpendicular to the ray direction. 
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A solid angle is a 3D extension of the concept of an angle – it is a sheaf of directions in 3-space. 

Just as an angle can be measured in radians as the length of an arc on a unit circle,  a solid angle 

can be measured as the area of a patch on a unit sphere. Solid angles are measured in steradians, 

of which there are 4π in a sphere. 
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Until now, we have been showing the physics of light bouncing around. From now on, we are 

talking about the math and implementation and there it is both customary and convenient to have 

the ‘light direction’ pointing TO the light. 
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Given a patch of incident directions with solid angle dωi (so small it can be represented by a single 

incident direction ωi), then radiance incident from ωi, times dωi, times cosine of θi (angle between 

ωi and the normal N) gives the patch’s irradiance contribution. Integrating over the hemisphere Ω 

(centered on N) gives total irradiance. Note that to illuminate (contribute irradiance) a light source 

needs non-zero radiance and non-zero solid angle. Note: the cosine is only valid over the 

hemisphere and needs to be clamped to 0 outside it (true for all cosine terms in this talk). 
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Where did the (clamped) cosine factor come from? The cosine is there because radiance is defined 

relative to an area perpendicular to the ray, and irradiance is defined relative to an area parallel to 

the surface.  Another way of looking at it is that the same irradiance, coming in at a more oblique 

angle, contributes a smaller amount to the irradiance because it is ‘spread out’ more. We can also 

see here why it is clamped – if theta-I is under the surface then there is no contribution. 
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ωi is the direction to the incident irradiance, and ωe is the direction to the exitant reflected radiance. 

For every such pair of directions, the BRDF gives us the ratio between incident irradiance and 

exitant radiance.  Since the incident direction and the excitant direction are both 2D quantities (a 

common parameterization is to use two angles: elevation θ relative to the surface normal and 

rotation φ about the normal), the BRDF is a 4D function. Note that the incident and exitant 

directions are usually defined in the local frame of the surface. 
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Directions defined relative to the local surface normal and tangent. 
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For most surfaces, the relation of the incident and exitant directions to a local surface tangent 

doesn’t matter (these surfaces are isotropic and have no local preferred direction). So instead of 

the rotations between each of these two directions and a tangent vector, the BRDF depends on the 

rotation between the two directions, which removes one degree of freedom. 
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From the definition of a BRDF and the relation between irradiance and radiance, we get: 
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The reflection equation. This means to get the exitant radiance in a direction ωe, we need to 

integrate the incident radiance, times the BRDF, times the cosine of the angle with the normal, over 

all incoming directions in the hemisphere around the surface normal.  
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All this means is that the surface must reflect light the same way in both directions – if incoming 

and outgoing directions are changed, the reflectance must remain the same. 
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The directional-hemispherical reflectance is the ratio of differential exitant radiance to differential 

irradiance. It tells us how much of the incoming radiant energy is absorbed and how much is 

reflected. 

The reflected light energy cannot be more than the incident light energy, which means that the 

directional-hemispherical reflectance must be less or equal to 1. 1 means a perfectly reflective 

surface with no absorption at the given incident angle. 
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Bihemispherical reflectance (albedo) is the ratio between exitant radiance and irradiance. Like 

directional-hemispherical reflectance, it’s between 0 (full absorption) and 1 (no absorption). It’s an 

overall measure of reflectivity—how much radiant flux (from all angles) is reflected vs. absorbed. It 

can also be seen as the cosine-weighted average of the directional-hemispherical reflectance. It is 

computed by integrating the BRDF over all incident and exitant directions. The normalization factor 

1/pi shows up a lot, since integrating cosine over the hemisphere yields pi. 
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In high-fidelity offline rendering many more than three spectral samples are often used which would 

require reflectance quantities to be represented as long vectors, but we wont worry about that for 

this talk. 
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In real-time rendering, a simplified model of incident radiance is used (environment maps allow 

complex incident radiance, but they are a special case).  In this model the incident radiance is equal 

to an ambient constant LiA from all directions, except for a small number of directions in which we 

have directional or point lights.  Those lights are characterized by radiance times solid angle and 

direction. This converts the integral in the reflection equation into a sum over the lights, with a 

separate ambient term. 
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If we look at the ambient term, we see that it is the same as the directional-hemispherical 

reflectance, except that the incident and exitant directions are switched. Due to reciprocity, this 

doesn’t make a difference, so we can write the reflection equation in a slightly simplified form: 
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Note that here we use the directional-hemispherical reflectance with the exitant direction instead of 

the incident direction. It is tempting, but somewhat incorrect, to call this the hemispherical-

directional reflectance. 

Finally, it is common to assume that the directional-hemispherical reflectance is constant. This is 

generally incorrect, but it does simplify the equation to the form which is usually used in real-time 

applications: 
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This is the commonly used form. For each light, we evaluate the BRDF at the light and view 

direction, multiply by a light intensity term and the cosine term, sum the results and add an ambient 

term. 

This constant ambient term tends to negatively affect image realism. In the diffuse case this is often 

improved by modulating it with an ambient occlusion term. Later in this talk we will discuss other 

ways to improve this term. 
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We’ve seen a little bit of this in the earlier discussion of semi-rough materials. 

For example, the BRDF of an object like a tree varies depending on whether we are looking at a 

single leaf, an entire tree, or a forest. In each case, the structure covered by a single pixel is very 

different. 
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The same radiance reflected in all directions. Remember that the well-known Lambertian cosine 

factor is actually part of the reflectance equation and not the BRDF. A perfectly Lambertian surface 

would violate physical laws. 
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The Lambertian BRDF is a constant, what is it’s value? We can calculate the bihemispherical 

reflectance, or albedo, and see that the BRDF is equal to the bihemispherical reflectance over pi. 

This is useful, since the bihemispherical reflectance is an intuitive number, between 0 and 1, which 

tells us how reflective the surface is overall. Note since the bihemispherical radiance is wavelength-

dependent, it is an RGB triple, usually thought of as the material’s diffuse color. 
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In game engines, the light intensity value is typically multiplied by diffuse color (albedo) and cosine 

factor to get exitant radiance (result pixel color). Comparing to the radiometric version, we see that 

game engine light intensity corresponds to radiance times solid angle over pi. When using a BRDF 

in a game, you need to either change light intensity to be changed to something more meaningful 

like radiance times solid angle, or multiply the BRDF by pi. This multiplication will tend to cancel out 

the “one over pi” normalization factors which are common in many BRDFs. 
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This is a recap of a previous slide. Note here only that the main effect is to gradually change from 

the spectral reflectance at normal incidence to 100% reflectance at all wavelengths, as the 

incidence angle goes from normal to glancing. The shift is not monotonic however, which causes 

the blue shift seen on the left just before it goes to white. 
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The Schlick approximation is accurate to within a few percent, is much cheaper to compute, and 

has a much more intuitive parameter: RF(0), which is the reflectance at normal incidence. Note that 

the reflectances here are all directional-hemispherical. 

RF(0) is commonly thought of as the materials’ specular color. It is relatively high for metals, and 

low for dielectrics. This cosine factor is also clamped to zero. 
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Colorless metals have RF(0) which is almost constant over the visible spectrum. Colored metals 

tend to have higher RF(0) for longer wavelengths. Dielectrics are usually colorless and have low 

RF(0). 
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We will look at various options for modeling the NDF later. 
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Since each facet is a perfectly smooth mirror, it has to be oriented exactly right to reflect ωi into ωe 

to participate in the reflectance at all. ωh is the half-angle vector, which is the vector exactly half-

way between ωi and ωe. 
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Since each facet is a perfectly smooth mirror, it has to be oriented exactly right to reflect ωi into ωe 

to participate in the reflectance at all. ωh is the half-angle vector, which is the vector exactly half-

way between ωi and ωe. 
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From the previously seen relations and equations, we can derive this form for the microfacet BRDF 

(detailed derivation in the proceedings paper of this talk). We will see a few different options for 

modeling the geometry factor later in this talk. Note that the geometry factor may contain parts that 

will cancel out or modify the cosine factors in the denominator. 



115 

The NDF is the most important parameter. We will learn more about hand-painted NDFs later in the 

talk. 
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The top version is the one commonly used in game engines. It is not in the form of a BRDF (among 

other things, it includes the clamped cosine factor), so we will rewrite the same function as a BRDF 

using the previous notation from this talk. Note that we included the one over pi factor for going 

from “game engine” lighting values to radiometric values. 
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The absence of reciprocity, Fresnel, etc. can be minor issues depending on the material we are 

trying to simulate. The lack of normalization is more of a problem. 
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Making the surface too dark is what commonly happens. 
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If the term already has a reflectance parameter included, you may need to remove it before 

computing the upper bound CR. 

The upper bound needs to be conservative, to enforce conservation of energy. However it also 

needs to be as tight as possible, to ensure that the total reflectance of the material is as close to the 

user-set parameters as possible. There usually isn’t an analytical form for an exact bound, so 

some experimentation and judgment is needed. 
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Actual reflectance will be just a little bit lower than the reflectance parameter due to the 

conservative normalization factor, but it will be close.  



122 



123 

We can see this is in the same form as the microfacet BRDF we saw earlier. S is a factor between 0 

and 1 that controls the relative intensity of the specular and diffuse reflection. 

Quite a bit of energy is lost via the geometry factor which is not compensated for – the actual 

reflectance is quite a bit lower than the parameters would indicate. 
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M is a parameter which controls roughness of the surface. 

But it is suggested that a variety of other NDFs can work. 
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Phong effectively can be seen as using a normal distribution function. These various functions have 

subtle differences – worth trying them out, especially the cheap ones. The non-normalized NDFs 

need to be multiplied by a constant so they are true probability distribution functions (integrate to 1). 

Note that a normalized NDF doesn’t guarantee a normalized BRDF – the BRDF has other factors. 
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This geometry term is based on a shadowing/masking model of long thin V-shaped grooves. It is 

not very consistent given that it it is supposed to be used on isotropic surfaces. 
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Aside from the new normal vector, this is almost exactly the same as Blinn-Phong. One more 

difference is that when the light is not in the hemisphere about the original surface normal, the 

lighting is set to 0 (“self-shadowing” term). This is the only effect the surface normal has on this 

model. 



129 

This is another “pseudo-microfacet model”. It uses a Beckmann NDF, but no explicit Fresnel or 

masking / shadowing. It is well normalized however. 



130 

The only change is in the NDF, which is now anisotropic. 
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This approximation is much faster to compute since it uses mostly dot-products. 
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Although it is missing some of the features of the physically-based BRDFs, the images still look 

quite nice. 
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Another ‘pseudo-microfacet’ model 
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This requires that the light and view direction are in the local frame of the surface (which the BRDF 

definition assumes anyway, it’s just that with many BRDFs you can get away with not actually 

transforming them into that space). 
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Besides the standard cosine lobe, this can handle many other cases. 
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Sigma is a roughness parameter. 0 is smooth (Lambertian), and increasing the number increases 

the roughness. 
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<Show Demo> 
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