
Rendering Polygonal Scenes with Di�raction AccountLilian Aveneau, Michel M�eriauxIRCOM SIC, UMR 6615 CNRSBoulevard 3 - T�el�eport 2 - BP 17986960 Futuroscope Cedex, Franceaveneau@sic.sp2mi.univ-poitiers.frABSTRACTGlobal processing of di�raction phenomena by a half-plane was proposed by Aveneau and M�eriaux, usingthe Geometrical Theory of Di�raction. In this theory, di�raction rays are emitted by di�raction pointsbelonging to the half-plane edge (or dihedron edge). The solution given for �nding these points beingnumerical, it is di�cult to implement and leads to low precision solutions with a slow algorithm. Inthis paper we �rst propose a new geometric solution for �nding the dihedron di�raction points, whichleads to an e�cient analytic algorithm. Next we present an implementation of a Ray-Tracing softwarefor polygonal scenes with an automatic di�raction treatment. Since this implies di�raction by dihedra,we present the dihedron data structure and the corresponding algorithm which solves two problems : theexistence of di�raction paths, and the impossibility for dihedra to share their edge. These elements leadto an implementation of a Ray-Tracing software with �rst di�raction account for any polygonal scenes.Keywords: Rendering Techniques, Di�raction, GTD, Ray-Tracing.1 INTRODUCTIONThe quest for realism has always been a major preoc-cupation among the image rendering community. Toachieve this goal, researchers have added physicallybased e�ects, from re
ection on perfect mirrors withray-tracing to glare e�ects [Spenc95].All observable optic phenomena are described byone or more physical theory. Thus realism in imagerendering can be achieved by including these theoriesin computational models, if possible.In this way multiple re
ections on di�use sur-faces can be compared to thermal exchanges andleads to radiosity computation [Goral84]. Polariza-tion [Wol�90], birefringence [Tanne94] and interfer-ences [Calle94] [Dias94] can be added to a ray-tracersince the phenomena can be modelled by Geometri-
cal Theory of Optics. Caustics can be understoodlike Fermat's principle e�ects [Mitch92] and leadsto numerical computations or Monte-Carlo methods[Jense97]. Atomic scattering can be taken into ac-count with phase functions and geometrical optics,and is used in Monte-Carlo based processes [Blasi94][Perez97].Like in global illumination, local rendering meth-ods intensively use the concept of ray, i.e. geometri-cal optic theory, for instance the Cook-Torrance'smodel [Cook81]. Simulation of the subsurface scatter-ing leads to skin or leaf re
ections [Hanra93]. Di�rac-tion by a subsurface structure leads to a model basedon Kirchhoff's law [He91].Eye, eyelash, and eyebrow di�raction were also de-scribed using a ray-tracer method and a �ltering pro-cess [Nakam90]. This method has been augmented



for lenticular halo, bloom and 
are lines [Spenc95].However, global di�raction models are usually con-sidered as too complex for their use in image render-ing, for a small bene�t. Nevertheless, powerful lightsources imply visible di�raction phenomena (e.g. sunthrough a shutter on a wall).In this way, the Geometrical Theory of Di�raction[Kelle62] was introduced in computer graphics andleads to di�raction by a half-plane or a slit [Avene97].Therefore this solution was limited to very simple ge-ometries. The next step for a global treatment ofwave propagation e�ects is to allow di�raction by anypolygonal objects. Fortunately, the GTD describesdihedron di�raction as an extension of the half-planedi�raction.In this paper we present an implementation of aRay-Tracing software which supports di�raction bydihedron. First, we present a new solution for �ndingoptical paths with one edge di�raction point. Thisanalytical solution is more e�cient and much simplerto implement than the previous one [Avene97], whichinvolves numerical computations. Next we introducethe dihedron data structure which allows us to dealwith the problem of optical path existence in a polyg-onal geometry.We �nish with a discussion on the e�ciency of oursolutions, and conclude with further works.2 SINGLE DIFFRACTION BY A DI-HEDRONGlobal processing of di�raction by a half-plane wasintroduced by L. Aveneau and M. M�eriaux in[Avene97], using the Geometrical Theory of Di�rac-tion [Kelle62] [Kouyo74]. This particular theory ex-tends the principle of Fermat [Born80] by introducingdi�raction points along light paths. These new pointsare localized on geometric objects responsible fordi�raction phenomena. Each geometric shape needsspeci�c treatment. In [Avene97], half-plane di�rac-tion and, by extension, dihedron di�raction, were in-troduced. In these cases, because surface di�ractionsare similar to surface re
ections, only di�raction byedges needs to be dealt with.2.1 Geometric Theory of Di�ractionThe theoretical basis of the Geometric Theory ofDi�raction is the extended Fermat's principle, orFermat's principle for edge di�raction : an edge-di�racted ray from a point P to a point Q is a curvewhich has stationary optical length among all curvesfrom P to Q with one point on the edge. This principleimplies that di�racted rays, emitted from di�ractionpoints on an edge, are localized on a cone surfacewith, as axis, the edge itself, and with an openingangle � equal to the incident one (see �gure 1).If we know the radiance of the incident ray, the
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DihedronFig. 1 Di�raction by a dihedron : di�racted rays are oncone surfaceradiances of the new rays can be deduced easily by useof di�raction coe�cients. We express the polarizedincident radiance with a coherence matrix [Wol�90]Jinc = � Jxx JxyJyx Jyy �= K: < �!Ex:�!E�x > < �!Ex:�!E�y >< �!Ey:�!E�x > < �!Ey:�!E�y > !where K is a constant due to the quadratic receptor(e.g. eye, camera), the angle brackets denotes val-ues averaged over time, �!Ex and �!Ey are respectivelythe parallel and the perpendicular components of theelectric �eld �!E , and starred superscript denotes thecomplex conjugate. With these notations, the ra-diance is equal to the coherence matrix trace. Thedi�racted coherence matrix is then :Jdif = � Jxx �D2k Jxy �DkD?Jyx �DkD? Jyy �D2? �where Dk and D? are respectively the parallel andperpendicular di�raction coe�cients. For a dihedronof angle � = (2 � n)�, J.B. Keller has proposed[Kelle62] :D = p� cos �4 sin �n2n�sin� " 1cos �n � cos � ���n �+C: 1cos �n � cos � �+�+�n �#where � is the wavelength ; � (�gure 1) is the an-gle between the incident vector �!V and the edge unitvector �!u (�gure 2) ; �!n is the unit vector normal tothe dihedron incident face ; � is the di�raction anglebetween �!n and �!Dp, which is the projection of thedi�racted vector �!D into �, a plane perpendicular tothe edge ; � is the incident angle1 between �!n and1For continuity of di�raction coe�cients, and thereforedi�racted rays radiance, � can have positive or negative value ;in our implementation we take a negative value for � when�!P :�!V � 0, with �!P = �!n ^ �!u (see �gure 2).
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δFig. 2 Angles of di�raction in a plane perpendicular tothe dihedron edge�!Vp , which is the projection of �!V into � ; C = +1 forDk or C = �1 for D?.In an implementation without polarization states,the expression of the di�racted radiance Ldif can besimpli�ed as :Ldif = Linc:�: cos �4 sin �nn� sin � �cos �n � cos � ���n ��!2where Linc is the incident radiance.2.2 Di�raction and Ray-TracingThe main advantage of the GTD is that it is an ex-tension of the Geometrical Optic Theory which is thebasis of the Ray-Tracing algorithm [Whitt80] and ex-tended methods [Blasi94] [Jense97] [Perez97]. Includ-ing the di�raction treatment into such algorithms im-plies to extend them in a relatively simple way. Thesolution presented in [Avene97] is based on a classicalRay-Tracing implementation.For evaluating the radiance received at the eye, raysare emitted through the image pixels from the eye.These rays can lead to a scene object at a point P.So we must compute the emitted radiance at P inthe observer direction. In this way, we �rstly castrays from P to each light source points, and secondlyrecursively compute the radiance received at P fromthe re
ected and the refracted ways.This work, which consists in evaluating the emit-ted radiance at P, was done in the Shade functionof the Ray-Tracer. Aveneau and M�eriaux's solu-tion [Avene97] consists in adding new possibilities tothis function. They introduce the di�raction algo-rithm, which consists in �nding the di�racted rays,and so di�raction points on edges. For all edges, theysearch for a di�raction path. If such a path exists thedi�racted radiance is computed and added to the re-ceived radiance at point P. So they consider that thevisible di�raction is mainly due to paths which begin
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Fig. 3 Geometric based algorithmat source points, continue with one edge di�ractionpoint and some re
ections.2.3 Di�raction path searchPrevious analytical solution. The main problemhere is to �nd the single di�raction point on the di-hedron edge. In [Avene97], a �rst algorithm wasproposed, based on the extended Fermat's principle.This solution is based on the search of the shortestoptical path between two �xed points E and R, withone unknown point P on that edge. This distance andits �rst derivative are expressed with the parametriccoordinates of P. Therefore a recursive interpolationgives the solution for P, if such a solution exists. Un-fortunately, this algorithm has two 
aws : �rstly, notime computation control can be done, and, secondly,it is relatively complex to code. For these reasons, anew algorithm is proposed here, based on a geomet-rical approach.New geometric solution. Let E and R be twopoints in 3D space, and P a point on an edge AB(see �gure 3) so that (EPR) is a good path in accor-dance with extended Fermat's principle (angles � and� seem di�erent, but it is only because of perspectivedistortion). If Rp and Ep are the projections of Eand R on edge AB respectively, it is obvious that Plies between them. So if te and tr are the paramet-ric coordinates of these points on the edge, the angleequality givestan� = tan � ) dr(tr � t) = de(t� te)) t = tedr + trdede + drA simple algorithm for determining the di�ractionpoint on a dihedron edge can be derived from thisequality. All we need to do is to compute the pro-jected points Rp and Ep (with dot products), andthe length of vectors ��!RRp and ��!EEp. The computed
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PolygonsFig. 4 A 2D view of the adjacency problem and for thetopological partionment one.solution P is a good one if it is between the two edgeextremities A and B. So a small optimization consistin testing if the projected points Ep and Rp are bothbefore A or after B. Indeed, if it is the case, then Pis not on the edge.The pseudo-code for this function is :Function SolveDiff (AB as edge;E, R, &P as point) as BoolCompute :te as the projected point Ep coordinatetr as the projected point Rp coordinateIf both Ep and Rp are before A or after BReturn FalseCompute :t = (te*dr + tr*de) / (de + dr)If P is not between A and BReturn FalseReturn TrueEnd3 DIHEDRON DIFFRACTION INIMAGE RENDERINGNow, the goal is to allow image computation withdi�raction treatment for any polygonal scene. Sincethe �nal user cannot �nd a priori which dihedronedges produce visible di�raction e�ects, we havesearched for an algorithm which automatically �ndsall the solutions. The dihedron data structure has�rst to be de�ned. A naive structure cannot be usedsince there are two problems which, then, cannot besolved.3.1 What are the di�culties ?The �rst problem appears when three or more poly-gons are incident to the same edge. This is the casefor instance when an object is put down under an-other one, or, in general, when two objects are adja-cent. In this case it seems di�cult to construct the
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urFig. 5 Projected points and de�nitions in the plane �corresponding dihedron. The �gure 4 allows us toclarify this problem. With these three polygons ad-jacent to the same edge and a naive dihedron datastructure, three di�erent dihedra have to be con-structed. So, since a di�raction path exists betweenthe points P1 and P2, the di�raction algorithm im-plies �rstly to verify this point three times, and sec-ondly to compute the di�raction point three times. Itis obvious that two of these computations should beomitted, since only one is necessary. But these casescannot be easily detected with a naive data structure.The second problem is very easy to understandwith the same �gure 4. We have to verify if the com-puted path between the points P1 and P2 really exists.Indeed, like in the �gure, sometimes the di�ractionpath crosses the di�racted dihedron. In other terms,a dihedron cuts the 3D-space into two topological vol-umes. So we must check that the optical path fullybelongs to one of them.3.2 Dihedron Data StructureSince the naive dihedron data structure does not al-low us to solve the two previous problems, we havede�ned a more complex structure : it contains a 3D-straight line for the edges support, and a list of dihe-dron faces.The construction of such objects can be done easilyif the scene is made of polygons and if it is core�ned2(or subdivided) [Rossi90].In order to solve the two previous problems withthis data structure, we need some new de�nitions.Let E and R be two �xed points, and let P be thedi�racted point on edge e so that EPR is a correctextended optical path. Let � (see �gure 5) be theplane which contains P and is normal to the edgeunit vector �!u (which points outward the page). LetEp (resp. Rp) be the projection of point E (resp. R)onto the plane �. Let �!ue (resp. �!ur ) be the unit vector��!PEp=jj��!PEpjj (resp. ��!PRp=jj��!PRpjj). Let �!up be the2makes two objects \compatible" by subdividing the cells ofeach object at their intersectionswith cells of the other objects
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1Fig. 6 Example of the dihedron computation at the fourthiterationunit vector so that �!up = �!ue ^�!u where ^ denotes thevector product. Let 
t (resp. 
b) be the half-spaceso that P 0 is in 
t (resp. 
b) if and only if �!up:��!PP 0 �0 (resp. �!up:��!PP 0 < 0). With these de�nitions andthe dihedron data structure previously de�ned, wecan write an algorithm which �nds the true dihedronon which di�raction appears, and determines if thepoints E, P and R belong to the same topologicalvolume.3.3 Validity of the extended optical pathThe key idea of this algorithm is the iterative con-struction of the true dihedron ; this one must becomposed by the two faces which are the limits ofthe topological volume which encloses the points Eand R. Each face belongs to one half-space 
t or 
b,and is described by a coe�cient ci which is equal tothe dot product �!ue :�!P if , where �!P if is the outward unitvector perpendicular to the edge e and parallel to theface plane.A loop, on the dihedron list faces which containthe di�raction point P , builds the true dihedron iter-atively. At the step i, the current dihedron is knownby its two faces (if they exist). The method consistsin computing, at each iteration i, the extrema of theset (cj)1�j�i in 
t and in 
b, and the correspondingfaces. Let tmax and tmin be the extrema into 
t,and let bmax and bmin be the extrema into 
b. Anexample of such a process is given in �gure 6.At the end of the loop, it is easy to know if thepath is fully in a given topological volume. We havea dihedron di�raction if at least one face edge con-tains di�raction point P , and if one of the followingassertions is veri�ed :� R is contained in 
b (resp. 
t), and 
b (resp.
t) contains no face,� 
b (resp. 
t) does not contain any face, R iscontained in 
t (resp. 
b), and (c < tmin) or(c > tmax) (resp. (c < bmin) or (c > bmax)),

� 
t and 
b contain faces and either R is containedin 
b and (c > bmax), or R is contained in 
tand (c > tmax),where c = �!ue :�!ur .The pseudo-code of this algorithm is :Function FindDihedron(D as Dihedron;E, R, P as Point;F[2] as Face) as BoolInitialisation:tmin, tmax, tFmin, tFmax,bmin, bmax, bFmin, bFmaxCompute:Vectors �!ue and �!upFor All Faces containing P DoCompute : Ci = �!ue � �!P ifIf P if is in 
b3 ThenIf Ci < bmin Thenbmin = Ci, bFmin = iElseIf Ci > bmax thenbmin = Ci, bFmin = iEndIfElseIf Ci < tmin Thentmin = Ci, tFmin = iElse If Ci > tmax thentmin = Ci, tFmin = iEndIfEndIfEndDoIf at least one Face contains P ThenIf the solution is a good oneInitialise F[1] and F[2]Return TrueEndifReturn FalseEndThis treatment may appear costly, but in fact thereare rarely more than three or four faces which containthe same di�raction point. So the problem is whichfaces contain this point, and it is easy to solve.4 DISCUSSIONThe new algorithmpresented in the second section fore�ciently searching the dihedron di�raction pointshas been implemented and compared with the previ-ous one. The results of this comparison (see �gure 7)show that the new version is more e�cient than theprevious one, with an acceleration factor between 2.6and 5.8. We have taken 10,000 random points E andR, and computed each solution 1,000 times. Com-puting a solution with the new algorithm requiresless than 1:15�s on a SGI-Origin 200 (monoproces-sor R10000). Thus we ensure the fact that this sec-ond method is always more e�cient than the previousone. Furthermore the computation time has an upperlimit which is 1:15�s (computation time is constant3i.e. �!up � �!P if < 0:
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NewFig. 7 Experimental comparison of the two search algo-rithmsif one removes the conditional at line 6 of the pseudo-Code). Therefore the most important improvementwith this new analytic algorithm is that we always�nd the good solution, which was not true with theold numerical algorithm.Next, we have implemented the dihedron datastructure and the last algorithmpresented here. Theyallow us to produce some images with dihedrondi�ractions (with one di�raction between two �xedpoints). For example �gure 8 shows an interior scenewhich is mainly illuminated by the sun through ashutter. The camera looks at a wall which is in frontof the window with the shutter. So we can directlyobserve the di�raction e�ect.This image computation costs 13 minutes, with aresolution of 700x500 pixels, with 16 jittered rays perpixel on a SGI-Origin 200 (monoprocessor R10000).As everyone can notice, this image is not realistic :indeed, the sun through the shutter must producessome ellipses, but with a classical Ray-Tracing soft-ware they look like rectangles.In �gure 9 the same scene has been computed withdihedron di�ractions. This second image looks reallymore realistic than the previous one. Everybody canverify at home or at work that this solution is morein accordance with the physical reality. There is alittle problem with the rendering of the ellipses bor-der. This is due to the absence of corner di�ractiontreatment : indeed, with rectangles, we have di�rac-tion on the edges. But this implies a discontinuitybetween two edges treatment. The solution for solv-ing this problem is to add di�racted rays emergingfrom the intersection of these two edges that we callcorner. Yet this is not implemented at the moment,since the di�raction coe�cients for the corner remainunknown.The computation of this second image costs 46times more than without di�raction computation.This scene contains 270 polygons, and 378 dihe-dra have been created from 1080 half-plane edges.

This method is still expensive, and needs to be opti-mized. This expensive computation time is directlyconnected to the di�raction algorithm (section 2.2),and so to the edge number. In [Avene99], we presenta solution to improve the computation times with acomplexity study.The main di�erence with the previous algorithm[Avene97] is that we obtain di�raction e�ects onlywhere it is necessary, even though the old solutionproduces di�raction even where it is impossible. Thiscomes from the fact that we consider now the scenetopology, thus eliminating all the bad di�raction ef-fects.5 CONCLUSION AND FUTUREWORKA new algorithm was presented which solves thesearch of the di�raction point between two �xedpoints. Its complexity is always better than the oneof the previous algorithm. Moreover it is easily im-plementable. Furthermore we present the dihedrondata structure which allows us to solve the di�cultproblem of di�raction path existence. This structureallows an easy implementation of the global di�rac-tion by dihedra in a ray-tracer based system.We have implemented these algorithms in our li-brary and used them for image synthesis and wavepropagation purposes. Therefore, as it can be ob-served on the image shown in �gure 9, our methodmust be extended with the introduction of cornerdi�raction : indeed, when two di�raction edges sharea vertex and so make a corner, the edge di�ractiontreatment induces discontinuity e�ects (for instancethe discontinuous illumination at the left of the whitestrips). The solution of this problem is to include cor-ner di�raction. Nevertheless the di�culty is to �ndthe expression of the di�raction coe�cient for such ageometrical shape.Future works include also the optimization of thedi�raction path search. First investigation leads tovery e�cient results [Avene99], with, for the di�rac-tion process, an acceleration factor up to 44300 onour test scenes. Finally we would extend this methodto other geometrical shapes, like cylinders, spheres,quadrics, etc. This requires the search for compre-hensive di�raction coe�cients for each new shape.



Fig. 8 Interior scene mainly illuminated by the sun through a shutter without di�raction

Fig. 9 Same scene with dihedron di�ractions



ReferencesAvene97. Lilian Aveneau and Michel M�eriaux.Ph�enom�enes ondulatoires en synth�esed'images. Revue internationale de CFAOet d'informatique graphique, 12(4):405{425,1997 (in french).Avene99. Lilian Aveneau and Michel M�eriaux. The Dis-crete Tube : A Spatial Acceleration Techniquefor E�cient Di�raction Computation. Pro-ceedings of DGCI'99, Noisy le Grand, March1999, France.Blasi94. Philippe Blasi, Bertrand Le Saec, andChristophe Schlick. An Importance DrivenMonte-Carlo Solution to the Global Illumina-tion Problem. In Fifth Eurographics Work-shop on Rendering, pages 173{183, Darm-stadt, Germany, June 1994.Born80. M. Born and E. Wolf. Principles of Optics.Pergammon Press, New York, 6th edition,1980.Calle94. Patrick Callet. Interf�erences, couches minceset peintures m�etallis�ees. Revue internationalede CFAO, 9(1):251{264, 1994. (in french)Cook81. R. L. Cook and K. E. Torrance. A re-
ectance model for computer graphics. Com-puter graphics, Aug 1981, 15(3):307{316, 1981.Dias94. Maria Lurdes Dias. Ray tracing interferencecolor. IEEE Computer Graphics and Applica-tions, 14(3):17{20, May 1994.Goral84. Cindy M. Goral, Kenneth E. Torrance, Don-ald P. Greenberg, and Bennett Battaile. Mod-elling the interaction of light between di�usesurfaces. In Computer Graphics (SIGGRAPH'84 Proceedings), volume 18, pages 212{222,July 1984.Hanra93. Pat Hanrahan and Wolfgang Krueger. Re-
ection from layered surfaces due to subsur-face scattering. In Computer Graphics (SIG-GRAPH '93 Proceedings), volume 27, pages165{174, August 1993.He91. Xiao D. He, Kenneth E. Torrance, Fran�cois X.Sillion, and Donald P. Greenberg. A com-prehensive physical model for light re
ection.Computer Graphics, 25(4):175{186, July 1991.Jense97. Henrik Wann Jensen. Rendering caustics onnon-lambertian surfaces. Computer GraphicsForum, 16(1):57{64, 1997. ISSN 0167-7055.Kelle62. Joseph B. Keller. Geometrical theory ofdi�raction. Journal of the Optical Society ofAmerica, 52(2):116{130, February 1962.Kouyo74. Robert G. Kouyoumjian and Prabhakar H.Pathak. A uniform geometrical theory ofdi�raction for an edge in a perfectly con-ducting surface. Proceedings of the IEEE,62(11):1449{1461, November 1974.Mitch92. Don P. Mitchell and Pat Hanrahan. Illumina-tion from curved re
ectors. In Edwin E. Cat-mull, editor, Computer Graphics (SIGGRAPH'92 Proceedings), volume 26, pages 283{291,July 1992.Nakam90. Eihachiro Nakamae, Kazufumi Kaneda,Takashi Okamoto, and Tomoyuki Nishita. Alighting model aiming at drive simulators.Computer Graphics, 24(4):395{404, August1990.

Perez97. Frederic P�erez, Xavier Pueyo, and Fran�cois X.Sillion. Global illumination techniques for thesimulation of participating media. In Eu-rographics Rendering Workshop 1997, pages309{320, New York City, NY, June 1997.Springer Wein.Rossi90. J. R. Rossignac and M. A. O'Connor.SGC: A dimensional-independent model forpointsets with internal structures and incom-plete boundaries. In Geometric Modeling forProduct Engineering, pages 145{180. ElsevierScience Publishers B.V., North Holland, 1990.Spenc95. Greg Spencer, Peter Shirley, Kurt Zimmer-man, and Donald Greenberg. Physically-basedglare e�ects for digital images. In SIGGRAPH95 Conference Proceedings, pages 325{334.Addison Wesley, August 1995.Tanne94. David C. Tannenbaum, Peter Tannenbaum,and Michael J. Wozny. Polarization and bire-fringency considerations in rendering. In Pro-ceedings of SIGGRAPH '94 (Orlando, Florida,July 24{29, 1994), pages 221{222. ACM Press,July 1994.Whitt80. Turner Whitted. An improved illuminationmodel for shaded display. Communication ofthe ACM, 23(6):343{349, June 1980.Wol�90. Lawrence B. Wol� and David J. Kurlan-der. Ray tracing with polarization parame-ters. IEEE Computer Graphics and Applica-tions, 10(6):44{55, November 1990.


