A Fast Shadow Algorithm for Area Light Sources Using Backprojection

George Drettakis^1 Eugene Fiume

Department of Computer Science University of Toronto, Toronto, Ontario CANADA M5S 1A4

Abstract

The fast identification of shadow regions due to area light sources is necessary for realistic rendering and for discontinuity meshing for global illumination. A new shadow-determination algorithm is presented that uses a data structure, called a backprojection, to represent the visible portion of a light source from any point in the scene. A complete discontinuity meshing algorithm is described for polyhedral scenes and area light sources, which includes an important class of light/geometry interactions that have not been implemented before. A fast incremental algorithm for computing backprojections is also described. The use of spatial subdivision, and heuristics based on computed statistics of typical scenes, results in efficient mesh and backprojection computation. Results of the implementation show that the use of the backprojection and discontinuity meshing permits accelerated high-quality rendering of shadows using both ray-casting and polygon-rendering with interpolants. CR Categories and Subject Descriptors: I.3.7-[Computer Graphics] Three-Dimensional Graphics and Realism. Additional Key Words: Shadows, umbra, penumbra, discontinuity meshing, global illumination, backprojection.

1. Introduction

The accurate depiction of shadows has long been a concern to computer graphics (e.g., [BoKe70][Appe68]). Shadow algorithms are sensitive to underlying geometric models and to light sources. Because a point-light source is either occluded by an object or it is not, transitions from light to umbral shadow are abrupt. An arealight source can be partially occluded, which results in graduated penumbral shadow transitions as well. The identification of shadow boundaries is central to computing better-quality discontinuity meshes and to accelerating global-illumination computations.

Shadow algorithms incorporating penumbra for linear and area light sources have been presented in several ray-tracing contexts [Aman84][PoAm90][TaTo91]. Just as visibility algorithms exploit coherence, so too shadows from area sources have coherent structure that can be used by rendering algorithms. Of special interest is the relationship between scene-light geometry and the radiance within shadow regions. Campbell and Fussell [CaFu91] noted that multiple extrema in radiance can arise in a penumbral region. In [LiTG92][Heck92a], it is suggested that reconstruction quality will improve when discontinuity lines are identified.

We shall consider environments of non-interpenetrating, diffusely reflecting polyhedra illuminated by diffusely emitting area

hhhhhhhhhhhhhhhhhhhhh 1. First author’s current address: iMAGIS/IMAG, BP 53, F-38041 Grenoble Cedex 9, FRANCE. E-mail: George.Drettakis@imag.fr.

light sources. We present an algorithm that partitions the scene into a mesh of faces, so that in each face the view of the source is topologically equivalent. This view is represented by a data structure called the backprojection. We develop a set of heuristics based on properties of typical interior scenes that allow this mesh, called the complete discontinuity mesh, to be computed efficiently. Once the mesh has been computed and the backprojection calculated in each face of the mesh, scenes involving area light sources can be quickly rendered. An incremental backprojection calculation algorithm is used to greatly accelerate illumination computations. In other approaches this expense is at least that of computing the mesh.

The use of the backprojection and the generation of a complete mesh are important contributions for several reasons. Backprojection can be used to compute images with exact radiance values in the penumbra cheaply and view-independently. These images are useful as a reference to evaluate the quality of approximations such as those in [LiTG92][Dret94a]. Incremental backprojection is generally so fast that high-quality rendering is achieved even when using interpolation, at speeds competitive with previous lowerquality interpolatory approaches. A complete discontinuity mesh is essential to computing backprojections, and it provides precise information regarding variation in radiance that is unavailable in other approaches that compute incomplete meshes. This information has been used for the study of radiance properties [Dret94a] in penumbral regions, which was previously prohibitively expensive.

In Section 2, we review discontinuity meshing and its relationship to previous work. In Sections 3-6 the new algorithm to compute the mesh and an efficient incremental backprojection calculation algorithm are presented. We conclude in Section 7. We present statistics from our implementation throughout, substantiating the intuitions used to develop the algorithm.

2. The Discontinuity Mesh and Backprojection

Changes in visibility, or visual events, are related to the interaction of edges and vertices in the scene [GiMa90][GiCS91]. The visual events of interest are: EVevents, caused by the interaction of a vertex and an edge; and EEE events, caused by the interaction of three edges in environment. An EV event is shown in Figure 1 and a EEE event is shown in Figure 2. In both, the visual event occurs when crossing from the point P_1 (red cross) to the point P_2 (green cross). For the EV event, visibility changes only when crossing the plane formed by an edge and a vertex, shown as a white triangle. Specifically, vertex v_1 is visible at P_2, but is not at P_1. For EEE events, three edges form a ruled quadric surface shown in white in Figure 2. At P_2, the edge e_1 of the source is visible, while at P_1 it is not. The plane of Figure 1 and the quadric surface of Figure 2 are discontinuitysurfaces.

The visible regions of a source from a point are polygons whose vertices are either formed by the projection of scene edges onto the source, or vertices of the original light source. A backprojection instance at a point P, with respect to a source, is the set of polygons forming the visible parts of the source at that point. In Figures 1 and 2, the polygons with color vertices on the source are the backprojection instances at point P_2. The backprojection in a region is a data-structure containing the set of ordered lists of emitter vertices

- 2 -

and edge pairs such that at every point P in that region, the projection through P of these elements onto the plane of the source form the backprojection instance at P.

Given a polygonal light source s and polygonal scene, the partition of the scene into regions having the same backprojection is the complete discontinuity mesh of s . To generate such a mesh, all EV and EEE surfaces that interact with the emitter must be computed. A region of the complete mesh with the same backprojection is a face of the mesh. Previous algorithms ([LiTG92][Heck92a]) would have missed the EEE curves due to source edges and the corner formed by the two objects in Figure 2 (in red).

Figure 1. EV Discontinuity Surface

Backprojection Elements. Backprojection lists are composed of three types of elements, called bp-elements, and are illustrated in Figures 1 and 2 with different colors. The three types are: 1. Emitter bp-elements, which are vertices of the emitter (in red). 2. Emitter-edge/scene-edge bp-elements. The projection of a non-emitter scene edge (e.g., edge e_1 of the box in Figure 1) through a point P in a face intersects an emitter edge, giving a vertex in the backprojection instance (green vertices).

3. Scene edge/scene edge bp-elements. The projection through a point P of the intersection of two non-emitter edges (e.g., edges e_1 and e_2 of the box) onto the plane of the emitter is a backprojection vertex that lies within the emitter (in yellow).

Figure 2. A EEE Discontinuity Surface Computing the backprojection instance. To compute the instance of a backprojection at a point P, each edge of a Type 2 or 3 bpelement is projected through the point P to a point P¢on the emitter plane. To perform this projection for Type 2 bp-elements, the plane formed by the scene edge and point P is intersected with the emitter edge. P¢is the resulting point of intersection. Similarly, to find the vertex for a Type 3 bp-element the two planes defined by the point P and each of the two scene edges are formed. The intersection of these two planes forms a ray, whose intersection with the emitter plane is P¢. Thus the list of invariant vertices that form the visible portions of the light source at a given point P can be computed at low cost.

The diffuse illumination at P from each resulting polygonal subsource in the backprojection is

L(x,y) =_{i=1}S^n g_i cosd_i, (1)

where g_i is the angle formed by the point P (x,y) and the vertices of the source v_i, v_{i+1}, and d_i is the angle between the normal to the receiver, and the plane formed by v_i , v_{i+1}, and P (e.g., [BaRW89]).

2.1. Related Work The literature contains several partial discontinuity-meshing algorithms. The extremal penumbral boundary is the boundary between completely unoccluded regions and penumbral regions. The extremal umbral boundary is the boundary between penumbra and umbra. Nishita and Nakamae [NiNa83] directly computed these boundaries for simple environments. Campbell and Fussell [CaFu90] approximated area sources by collections of point light sources, and extended the algorithm in [CaFu91] to area light sources. The extremal penumbral boundary is formed by BSP union operations, but umbral boundaries were not always correctly found, because of the need to compute quadric EEE surfaces. The resulting mesh was represented as a 2-D BSP tree on each receiving surface. Similar mesh computations underlie [ChFe92][ChFe90].

Non-extremal EV surfaces were first calculated in [LiTG92], using BSP trees. Only EV surfaces containing a source edge or vertex were considered, and thus mesh elements often contained subregions with different backprojections. Heckbert considered 2- D discontinuity meshing in [Heck92b], which was extended to 3-D in [Heck92a], in which every EV surface is traced, ignoring EEE surfaces. Teller proposed a similar computation [Tell92], which is equivalent to computing the extremal umbral boundary for such configurations. This is the first treatment of EEE surfaces.

An algorithm to compute the full mesh is proposed by Stewart and Ghali [StGa93][StGa94]. In their algorithm a plane parallel to the source is swept through the scene, and the mesh and the backprojection are built incrementally on this plane. This structure changes during the sweep, requiring more intricate 3-D updates and geometric computations, but guarantees better worst-case behavior than our algorithm. In our case, updates are local and are performed in 2-D, requiring simpler data structures. We also exploit heuristics that, as evidenced below, appear to give excellent results for realistic geometry.

3. Efficiently Computing a Complete Mesh

We require some definitions prior to describing our meshing algorithm. A feature is either an edge or a vertex. Any EV surface forms a (planar) wedge. A shadow edge of a polyhedron with respect to a point is an edge that is contained in the silhouette of that polyhedron when viewed from that point. A shadow vertex is a vertex that is attached to at least one shadow edge.

Before computing discontinuity surfaces, we compute the lines at which objects touch. These are D^0 events in [Heck92a]. Each object in the environment is visited, and its neighbors are found using a spatial subdivision structure (see below). Lines are inserted on the faces of objects that touch, denoting radiance discontinuities.

The discontinuity surfaces needed for the complete discontinuity mesh for one emitter are: (a) emitter-EV surfaces, of which one feature is on the emitter; (b) non-emitter EVsurfaces, which do not include an emitter feature, but whose plane intersects the emitter; (c) emitter EEE surfaces, that contain an emitter edge, which we call EeEE surfaces; and (d) non-emitter EEE surfaces, that do not contain an emitter edge, but cut the emitter polygon. We have designed efficient algorithms for each type, and we have made an engineering decision to employ algorithms with feasible data structures and solution methods. In doing so we sacrifice worst-case asymptotic complexity for practical performance. As we present our algorithms, heuristic assumptions about scene behavior will be made, and the effect on the resulting complexity presented. Statistics run on typical scenes will be presented to support the assumptions. We now discuss our mesh data structure, and algorithms to

- 3 -

handle each type of discontinuity surface.

3.1. An Extended Topological Data Structure We employ a topological, winged-edge data structure to store the mesh (cf. [Glass91]). The structure stores vertices that are connected by edges. These edges enclose faces that can contain edge cycles. This face-edge-vertex structure maintains consistent adjacency information. Each edge has a left and right face pointer, and a twin edge running in the opposite direction.

During the computation of the penumbral boundaries, edges can be added so that the faces of the mesh are not closed. We have augmented the standard data structure to handle such intermediate configurations. Each face of the mesh is bounded by an edge cycle, called a face boundary. A chain of edges is a sequence of edges that do not necessarily form a closed loop. The following special edges are identified: lonely edges, which are not connected to a face boundary, and dangly edges, which are connected to a face boundary but are not in any simple cycle. The left and right faces of a lonely or dangly edge are the same, which maintains consistency. Computing the arrangement of edges on a receiver. In Heckbert’s approach [Heck92a], the edges resulting from the intersection of EV-surfaces with receiver objects are associated in an unconnected fashion with the receiver surfaces. A line-sweep step is required to connect these segments. As the sweep-line passes the points, intersections and face structures are built. In our algorithm, the mesh is instead built incrementally as discontinuity surfaces propagate.

EV surfaces are formed by the edges of a blocker polygon and a vertex either of the emitter or other polygon. These edges are traversed in order of the blocker polygon boundary. After each edge insertion, the receiver surface stores the edge as the "last edge inserted". When the next insertion due to the same blocker occurs, it will be connected to the previous vertex (an endpoint of the previous edge), and thus no search time is required to locate the face in which the new edge will be inserted.

When a new blocker is processed, the line connecting the previous insertion point to the current insertion point is followed. In the early stages, no lines will be crossed, and thus the face of insertion will be found without a search. In later stages, the mesh structure may be searched. During this incremental construction, mesh configurations containing lonely and dangly edges often arise. A chain is "closed" to form a closed face, and all dangly and lonely edges are associated with the correct face. The connectivity structure of the faces is thus built incrementally, avoiding some of the numerical robustness problems of the line sweep approach.

In practice, the number of faces traversed to locate the face of insertion is small, as is the number of faces traversed for intersections during edge insertions. Statistics gathered of the number of faces intersected when inserting an edge support this claim. For scenes where s (the total number of faces) was 360, 1256 and 4829 faces, the average number of faces crossed while inserting an edge was 1.19, 1.15 and 1.27 respectively (Table 1). Augmenting the mesh to include curved edges. Since EEE surfaces are being treated, it is necessary to store curved boundaries of faces. These resulting quadratic curves (see below) are stored symbolically and any operation to determine point-in-face inclusion or line/edge intersections, operates using curved boundaries.

3.2. Computing the EV Surfaces Our algorithm to compute all EV surfaces extends Heckbert’s [Heck92a]. Apart from the augmented data structure described above, we also use a voxel-based spatial subdivision structure to greatly decrease the number of intersections of EV surfaces with objects in the environment. The algorithm is completed with the extension to non-emitter EV surfaces. Spatial subdivision is again used to accelerate the computation of these events.

3.2.1. Casting Emitter-EV Surfaces Through the Environment To generate the edges of the discontinuity mesh due to emitter EV surfaces, the general structure of Heckbert’s algorithm is followed. For each vertex of the emitter and every other shadow edge in the environment (e.g. v and e in Figure 3(a)), and for each edge of the emitter and every shadow vertex in the environment a wedge is formed. Each wedge is potentially intersected with every polygon in the environment. For each such wedge, the line segments corresponding to these intersections are then transformed onto the wedge plane, and inserted into a sorted list (Figure 3(b)). A visibility step is performed that results in the correct segments being inserted into the meshes of the surfaces intersected. These are represented as thick lines in Figure 3(c). The visibility algorithm is a modified 2-D Atherton-Weiler algorithm [AWG78].

(a) Initial Casting (b) 2-D Visibility on the Wedge (c) Final Insertion in Meshes

emitter blocker

emitter blocker e e v v

t i c e , n a i v e l y , s m a l l e r t o i n c r e a s i n g

t^i d^i c^1 c^2

c^1 c^2

e^2 e^i e^3

t^i d^i

c^1 c^2

v^1 v^2 v^3 v^4

first edge parameter first edge parameter

(a) (b) (c)

(a) Non-Emitter EV (c) Non-Emitter EEE (b) EeEE Curves

t o i d e n t i fi e d f a c e s face-edge-vertex

[BoKe70]Bouknight,

ftp:ftp.csri.toronto.edu:csri-technical-reports/293),

[GiMa90]Gigus,

[Heck92a]Heckbert,

[Heck92b]Heckbert,

’ 9 2 ,