
Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Illumination Models IV: Global Di�use

RadiosityThe whole philosophy of our previous letures on illumination were based on what we alled\quik-and-dirty" methods: eÆient approahes that manage to \fool the eye". The loalillumination is entral to the eÆieny of these approahes.A global illumination model is a model whih take into aount the fat that light is not justoming from a few point light soure, but that light is arriving indiretly form many di�erentdiretions.What are the elements of a global illumination model?The basi idea is vewing eah objet as being a potential light soure. Some objets (lightsoures) radiate light diretly, but others (nonblak surfaes) an radiate light indiretly.Radiosity is another example of a global illumination model.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Example for indiret illumination using RayTraing
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Example for indiret illumination using Radiosity
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Example for ombined illumination
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Radiosity Overview

Radiosity: the intensity of eah point on the surfae of some objet in our environment.This intensity of the point P is a funtion of� the emittane of light from this point (if it is a light soure),� the reetion of light oming from other surfaes in the environment.The seond omponent is quite ompliated, beause it depends on the radiosity of pointson surfaes throughout the environment, whether these points are visible from P, and howreetive the surfae is that P lies on.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)SamplingRadiosity omputations are quite expensive sine for every point we need to know theillumination of all the surfae elements that this point an see. A ommon way is to hoosesome sampled points in the environment.How to seleted?The most ommon way is based on a generalization of the �nite element method.� Subdivide eah of the objet surfae into a number of small polygonal pathes (surfaemesh)� For eah path, ompute an approximation of the radiosity of this path. For example,this ould be done by omputing the radiosities at eah of its verties and then averagingthese.How to onstrut these pathes?� Small pathes an give good auray, but expensive.� Large pathes an give speed, but lost of auray.The University of Texas at Austin 6



Department of Computer Sienes Graphis { Fall 2005 (Leture 17)The best method is to use an adaptive approah:� First start with a oarse mesh, determining in whih areas the radiosity is varying mostrapidly.� Then re�ning these ares and trying again.� When the radiosity values are fairly onstant in the neighborhood of a path of the mesh,or when the pathes are deemed to be \small enough" then we do not need to re�nefurther.
More sophistiated methods, like disontinuity meshing atually attempt to align the edgesof the mesh with sharp hanges in radiosity (e.g. as happens along the edge of a shadow).
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Who Comes First?The radiosity at point A depends on the radiosity from all visible points B. And visa versa.Then how to ompute radiosities?There are two general approahes.� De�ne a large linear system of equations, that \enodes" all of the radiosity dependenies.By solving this equation, we an determine all the radiosities at all the points.The problem is the size of this linear equation is enormous.n surfae pathes =) n2 � n2 matrix.� Progressive re�nement radiosity: The idea is:{ starting with the brightest light soure and shooting its radiation around to the entiresene.{ Then we move to the next brightest light soure and repeat this proess.Note that as we do this, surfae that were initially blak start piking up more and moreintensity. Eventually a non-emitting light soure an start aumulating more and moreintensity, until it beomes the brightest light soure, and then it shoots its intensity tothe surrounding sene.The University of Texas at Austin 8



Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Energy Balane Equation

Lo(x; �ox; �ox; �o) = Le(x; �ox; �ox; �o)+Z �20 Z 2�0 Z �max�min �bd(x; �ix; �ix; �i; �ox; �ox; �o)os(�ix)Li(x; �ix; �ix; �i)d�i sin(�ix)d�ixd�ix� Lo(x; �ox; �ox; �o) is the total radiane{ at wavelength �o{ leaving point x{ in diretion �ox; �ox� Le(x; �ox; �ox; �o) is the (exitane) radiane emitted by the surfae from the point� Li(x; �ix; �ix; �i) is the inident radiane impinging on the surfae point� �bd(x; �ix; �ix; �i; �ox; �ox; �o) in short BRDF, desribes the diretional reetiveproperties at the surfae point.The University of Texas at Austin 9



Department of Computer Sienes Graphis { Fall 2005 (Leture 17){ desribes the surfae's interation with light at the point� the integration is over the hemisphere above the point� the standard property used to desribe light soures is exitane, or radiant emitted uxdensity, de�ned as energy radiated per unit time and unit area (similar to radiany).
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Basis of Radiane

The most basi onept of radiosity is radiane.Radiane L: the amount of energy per unit time (or equivalently power) emitted from apoint x in a given diretion per unit area (perpendiular to diretion) per unit solid angle.De�ne:� �: the angle with respet to the surfae normal,� �: the angle of the projetion onto the surfae.� !: the resulting diretional vetor.Thus L = L(x; �; �) = L(x; !)

dw
dq

f

dx
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)

The energy radiating during time interval dt from a small path dx2 in some small solidangle dw an be expressed as: L(x; �; �) dx os �| {z }projetedarea d!dtRadiane is measured in watts per square meter per steradian.Then the radiosity, denoted by B, the total power (energy per unit time) leaving a point ona surfae, per unit area on the surfae is as followsB(x) = Z
L(x; �; �) os �d!where 
 is the hemisphere's surfae lying on the above the surfae.A orresponding quantity alled irradiane is expressed in the same units as B, representsthe total inident ux density at a point and is measured in Watts/m2.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Simple Radiosity Equation

If surfaes are Lambertian (idea di�use surfae), then we an simplify L(x; �; �) and justwrite L(x). The radiosity at the point x is given by

B(x) = Z
L(x; �; �) os �d!= L(x) Z
 os �d! where d! = sin �d�d�= L(x) Z �0 Z 2�0 os � sin �d�d�= �L(x):This means simply that depends only on the radiane, the light power, at the point.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Radiosity equation (for Lambertian reetors):L(x) = Le(x) + �d(x)� Z
Li(x; �; �) os �d!where Le denotes emitted radiane and Li denotes the inoming irradiane, �d(x) denotesthe oeÆient of di�use reetion (earlier we had written this as kd).We annot eliminate the diretional omponent from the Li term, beause we still need toonsider Lambert's law for inoming radiation.If we de�ne H(x) = Z
Li(x; �; �) os �d!and let E(x) denote the emitted radiosity �Le(x), and reall that B(x) = �L(x) thenwe an write this as B(x) = E(x) + �d(x)H(x)The term H(x) essentially desribes how muh illumination energy is arriving from all otherpoints in the sene.To simplify H(x) we an use the Lambertian assumption. Rather than integrating overthe angular spae surrounding x, instead we will integrate over the set of points on theThe University of Texas at Austin 14



Department of Computer Sienes Graphis { Fall 2005 (Leture 17)surfae, denoted S. Let y 2 S be suh a surfae point visible from x in diretion! =< �; � >=< �0; �0 >. Let �0 denote the angle between the surfae normal at y andthe line-of-sight vetor from y to x(�!), and let �0 be de�ned similar to � but for y. Letr denote the distane from x to y.

r

dx
φ

θ

θ

φ

’

’

By symmetry of radiane, we have L(x; �; �) = L(y; �0; �0).Sine all surfaes are Lambertian, we haveL(y; �0; �0) = B(y)� :And d! = os �0dyr2 :

The University of Texas at Austin 15



Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Putting these together, we an de�ne H(x) in terms of an integral over surfae points:H(x) = Zy2S B(y)os � os �0�r2 V (x; y)dy:where V (x; y) = (1; if x an see y0; otherwiseis the visibility funtion.Hene the radiosity equation (Lambertian)B(x) = E(x) + �d(x) Zy2S B(y)os � os �0�r2 V (x; y)dy:
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)

Radiosity Equation (Lambertian Surfaes)

In pratie, we annot expet to be able to solve this integral equation. As mentioned before,most radiosity methods are based on subdividing spae into small pathes, and assumingthat the radiosity is onstant for eah path. Thus, in the equation for H(x) above, we anassume that B(y) is onstant for all points y in a surfae path.The radiosity equation beomesB(x) = E(x) + �d(x) NXj=1 Zy2Pj B(y)os � os �0�r2 V (x; y)dy:

and sine B(y) = Bj;8y 2 Pj,B(x) = E(x) + �d(x) NXj=1 Bj Zy2Pj os � os �0�r2 V (x; y)dy:
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Note: Even though B(x) varies over a path Pi, we onsider B as onstant over apath only for purpose of illuminating other surfaes. The onstant radiosity value is anarea-weighted average of the pointwise radiositiesBi = 1Ai Rx2PiB(x)dx; similarly exitaneEi = 1Ai Rx2PiE(x)dx and Pd(x) = Pi (onstant).Hene Bi = Ei + �i NXj=1 Bj 1Ai Zx2Pi Zy2Pj os � os �0�r2 V (x; y)dxdyor more ompatly, Bi = Ei + �i NXj=1 FijBjor Ei = Bi � �i NXj=1 BjFijwhere Form fator Fi;j: the fration of light energy leaving Pi that arrives at path Pj:Fi;j = 1Aj Zx2Pi Zy2Pj os � os �0�r2 V (x; y)dydx
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Fi;j is a dimensionless quantity. If pathes are lose, large, and faing one another, Fi;j willbe large.Here Bi is the radiosity of path i (the amount of light reeted per unit area), Ei is theamount of light emitted from this path per unit area, �i is the reetivity of path i (� � 0means a dark non-reeting objet and � � 1 means a bright highly reeting objet). Aiand Aj are the areas of pathes Pi and Pj, respetively.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Form Fators

Its matrix form is0BB� 1� �1F1;1 ��1F1;2 � � � ��1F1;n��2F2;1 1� �2F2;2 � � � ��2F2;n... ... ... ...��nFn;1 �nFn;2 � � � 1� �nFn;n
1CCA0BB� B1B2...Bn
1CCA = 0BB� E1E2...En
1CCA

The values �i are dependent on the surfae types. The hard thing to ompute are the valuesof Fi;j. The linear system is sparse. Iterative tehniques from numerial analysis, suh asGauss-Seidel, an be used to solve this type of system.It an be shown that there is a fairly simple geometri interpretation of Fi;j.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)

r =
 1

1. Break the i-th path into small di�erential elements.2. For eah element onsider a hemisphere surrounding this element, and projet path jonto this hemisphere through its enter.3. Then projet this projetion orthographially onto the base irle of the hemisphere.4. The value of Fi;j is the area of this projetion, divided by the area of the irle.Thus intuitively, pathes that oupy a larger �eld of view ontribute more to Fi;j andpathes that are more nearly orthogonal to the surfae ontribute more.The University of Texas at Austin 21



Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Computing this orthogonal projetion of a spherial projetion is somewhat triky (onsideringthat it must be repeated for every tiny element of every path), so it is important of speedthis omputation up, at the ost of the introdution of approximation errors. We anapproximate the hemisphere by a hemiube, and disretize the surfae of the hemiube intosquare (pixel-like) elements. We projet all the surrounding pathes on to eah of the faesof the hemiube. (Note that this is essentially a visible surfae elimination task, whih an besolved with hardware assistane, e.g. using a z-bu�er algorithm.) Eah ell of the hemiubeis now assoiated with a path, and we apply a weighting fator that depends on the squareof the hemiube, and sum these up.Needless to say, this proess is extremely omputationally intensive. We are basially solvinga visible surfae determination problem at every point on the surfae of our objets. Muh ofthe researh in radiosity is devoted to mehanisms to save omputations, without sari�ingrealism.
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Department of Computer Sienes Graphis { Fall 2005 (Leture 17)Reading Assignment and News

Chapter 12 pages 638 - 646, of Reommended Text.Please also trak the News setion of the Course Web Pages for the most reentAnnounements related to this ourse.(http://www.s.utexas.edu/users/bajaj/graphis25/s354/)
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