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Reflectance Models and Bi-directional Reflectance Distribution Functions


Reflectance models capture the dynamics of light reflecting off of complex surfaces, taking into account the material properties of that surface.  The incident light that hits a surface is the sum of its reflected light, absorbed light and transmitted light.  This sum is a total of the light’s energy and light follows a conservation of energy law that the sums of the energy of its parts never exceed the total energy.  In opaque solids, most light is turned into reflected and absorbed light when it strikes a surface.  The type of light that we observe is reflected light.


Most models of computer lighting treat reflected light as having three components: ambient, diffuse, and specular light.  Ambient and diffuse light was always assumed to be the color of the material they reflected from.  The theories stated that the reason we saw certain colors was because objects reflected light in those colors, i.e. a red ball is red because it reflects red light and suppress blue and green light.  Specular light was always believed to be the color of the light source.  These lighting assumptions produced realistic lighting for some materials, but overall gave objects a smooth, shiny, plastic look.  Robert Cook and Kenneth Torrance presented a reflectance model at SIGGRAPH in 1981 that took into account rough surfaces and produced more realistic looking reflectance lighting.


When light arrives or leaves a surface from a given direction, the light is described as a quantity passing through a given area of space.  Light is measured as energy, which is measure in terms of energy per unit area, or the flow, or flux, of energy through an area.  Light is also discussed as arriving from a small region vice a point direction.  This concept brings into notion the differential solid angle.  The differential solid angle is a small area on the surface of a unit sphere.


The bi-directional reflectance is “the ratio of reflected intensity in a given direction to the incident energy from another direction.”  The intensity of the reflected light is then the product of the bi-directional reflectance and the energy of the incident light (incoming light).  The bi-directional reflectance, or bi-directional distribution function (BRDF) is comprised of ambient and diffuse components, which are reflected equally in all directions and a specular component, which is dependent on the location of the observer.


Cook and Torrance’s model attempted to capture some of the dependent variables of the basic reflectance model, namely the wavelength of the light source, the material properties of the surface, the reflectance geometry, and the surface roughness.  They noted that the spread of reflectance of the specular component could be described by modeling the affect of microfacets on the surface of an object.  The reflectance component of the BRDF was comprised of a Fresnel term, a geometric term, and a facet slope distribution function, or roughness term.  The Fresnel term described the reflectance of light from each microfacet.  The Fresnel equation in the reflectance model can capture the change in the color of the reflected light with the incidence angle.  The geometric term captured the shadowing and masking of facets by other facets and the roughness term modeled the fraction of facets that were oriented in a certain direction (capturing the grain of the surface).


Several models were considered for the roughness term, namely those of Blinn and Beckmann.  These models included a term called the root mean square (rms) slope of the facets.  Small values indicated facets with gentle slopes and created a reflectance distribution that is highly directional.  Facets with steep slopes created a distribution that was spread out.  Here are some examples:
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The pictures on the top are of facets with gentle slopes and the bottom ones have steep slopes.  Beckmann’s distributions are on the left and Blinn’s Gaussian distributions are on the right.


BRDFs are either isotropic or anisotropic.  Isotropic BRDFs are used for materials that have reflectance properties that don’t change with the rotation of the object about a given surface normal vector.  Typical isotropic objects are smooth plastics.  Anisotropic BRDF have reflectance properties that change with the rotation of an object about a give surface normal, such as brushed metal, satin, and hair.  BRDFs also have the properties of reciprocity and conservation of energy.  The reciprocity property states that if the light source and the observer positions are swapped, the value of the BRDF stays the same.  The conservation of energy property states that the sum of the energy of the reflected light is equal to the energy of the incoming light.


The Cook-Torrance reflectance model and other BRDFs give graphics programmers a way to better model light reflecting off of complex surfaces.  By attempting to model the changes in reflected light as a function of incidence angle and wavelength and the interaction of light at the microfacet level, more realistic images of real world objects can be created.  While reflectance calculations are computationally expensive, some real-time methods do exist.  Real-time BRDF-based lighting has been accomplished by nVidia in OpenGL.  For more info see http://www.nvidia.com/view.asp?IO=BRDFbased_Lighting and http://www.nvidia.com/view.asp?IO=BRDF_based_Illumination.







