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            T hree-dimensional metamorphosis (or morphing) establishes a smooth transi- tion from a source object to a target object. The prima- ry issue in 3D metamorphosis is to establish surface correspondence between the source and target objects, by which each point on the surface of the source object maps to a point on the surface of the target object. 1 Hav- ing established this correspondence, we can generate a smooth transition by interpolating corresponding points from the source to the target positions. We handle 3D geometric metamorphosis between two objects represented as triangular meshes. To improve the quality of 3D morphing between two tri- angular meshes, we particularly consider the following two issues: 1. Metamorphosis of arbitrary meshes. In general, the two meshes have different topologi- cal structures, that is, vertex/edge/face graph struc- tures. Moreover, meshes may have complicated geometric shapes such as nonconvex regions. We must establish sur- face correspondence between two such different or complicat- ed meshes. 2. Metamorphosis with user control . We need an appropriate method for the user to control surface correspondence. For example, the user may wish to map a bunny’s nose onto a tiger’s nose. We need a method to incorpo- rate such user-speciﬁed surface correspondence with minimum user intervention. We can address the ﬁrst issue using our recently pro- posed method based on harmonic mapping. 2 In our ear- lier work, 2 we developed each of the two meshes— topologically equivalent to a disk and having geometri- cally complicated shapes—into a 2D unit circle by har- monic mapping. 3 Combining those two embeddings produces surface correspondence between the two meshes. However, this method doesn’t consider the sec- ond issue: how to let the user control surface corre- spondence. In this article we develop an effective method for 3D morphing between two arbitrary mesh- es of the same topology. We extend our previously pro- posed method 2 to achieve user control of surface correspondence. Background First, we begin with a problem statement, as follows. Then we consider related work and its relevance to our goal. Problem statement We deal with 3D morphing between two topological- ly equivalent, two-manifold, arbitrary meshes, from the source mesh M 1 to the target mesh M 2 . A mesh M refers to a piecewise linear surface consisting of a set of trian- gular polygons. A mesh consists of two realizations: topological realization K is a vertex(v)/edge(e)/face(f) graph structure, and geometric realization V is a set of vertex coordinates V = {v1, v2, …, vn} ∈ R 3 (3D real space). The mesh can be arbitrary, that is, no special restrictions are imposed on those realizations. We can also handle a mesh with boundaries. A boundary of a mesh ∂M is a closed loop consisting of a set of edges, each having only one neighbor face. We call two meshes topologically equivalent if a con- tinuous, invertible, one-to-one mapping between points on the two meshes exists. We refer to such a mapping as homeomorphism. We call a mesh Euler-valid if its topol- ogy obeys Euler’s formula: nv - ne + nf = 2 - 2g where nv, ne, and nf denote the number of vertices, edges, and faces, respectively, and g denotes the genus of a mesh. If two meshes are topologically equivalent, the 0272-1716/00/$10.00 © 2000 IEEE Feature Article 62 March/April 2000 Metamorphosis of 3D objects achieves shape transformation between objects. We present an efﬁcient framework for morphing between two topologically equivalent, arbitrary meshes with user control of surface correspondences. Takashi Kanai Institute of Physical and Chemical Research, Japan Hiromasa Suzuki and Fumihiko Kimura University of Tokyo Metamorphosis of Arbitrary Triangular Meshes 
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Three-dimensional metamorphosis (ormorphing) establishes a smooth transi-
 tion from a source object to a target object. The prima-ry issue in 3D metamorphosis is to establish surfacecorrespondence between the source and target objects,by which each point on the surface of the source objectmaps to a point on the surface of the target object.1 Hav-ing established this correspondence, we can generate asmooth transition by interpolating correspondingpoints from the source to the target positions.
 We handle 3D geometric metamorphosis betweentwo objects represented as triangular meshes. Toimprove the quality of 3D morphing between two tri-angular meshes, we particularly consider the followingtwo issues:
 1. Metamorphosis of arbitrarymeshes. In general, the twomeshes have different topologi-cal structures, that is,vertex/edge/face graph struc-tures. Moreover, meshes mayhave complicated geometricshapes such as nonconvexregions. We must establish sur-face correspondence betweentwo such different or complicat-ed meshes.
 2. Metamorphosis with user control.We need an appropriate methodfor the user to control surfacecorrespondence. For example,the user may wish to map abunny’s nose onto a tiger’s nose.We need a method to incorpo-rate such user-specified surfacecorrespondence with minimumuser intervention.
 We can address the first issue using our recently pro-posed method based on harmonic mapping.2 In our ear-lier work,2 we developed each of the two meshes—
 topologically equivalent to a disk and having geometri-cally complicated shapes—into a 2D unit circle by har-monic mapping.3 Combining those two embeddingsproduces surface correspondence between the twomeshes. However, this method doesn’t consider the sec-ond issue: how to let the user control surface corre-spondence. In this article we develop an effectivemethod for 3D morphing between two arbitrary mesh-es of the same topology. We extend our previously pro-posed method2 to achieve user control of surfacecorrespondence.
 BackgroundFirst, we begin with a problem statement, as follows.
 Then we consider related work and its relevance to ourgoal.
 Problem statementWe deal with 3D morphing between two topological-
 ly equivalent, two-manifold, arbitrary meshes, from thesource mesh M1 to the target mesh M2. A mesh M refersto a piecewise linear surface consisting of a set of trian-gular polygons. A mesh consists of two realizations:topological realization K is a vertex(v)/edge(e)/face(f)graph structure, and geometric realization V is a set ofvertex coordinates V = {v1, v2, …, vn} ∈ R3 (3D realspace). The mesh can be arbitrary, that is, no specialrestrictions are imposed on those realizations. We canalso handle a mesh with boundaries. A boundary of amesh ∂M is a closed loop consisting of a set of edges,each having only one neighbor face.
 We call two meshes topologically equivalent if a con-tinuous, invertible, one-to-one mapping between pointson the two meshes exists. We refer to such a mapping ashomeomorphism. We call a mesh Euler-valid if its topol-ogy obeys Euler’s formula:
 nv − ne + nf = 2 − 2g
 where nv, ne, and nf denote the number of vertices, edges,and faces, respectively, and g denotes the genus of amesh. If two meshes are topologically equivalent, the
 0272-1716/00/$10.00 © 2000 IEEE
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left-side members of Euler’s formula (called Euler’scharacteristic) are equal for both meshes. Here, weassume that g equals zero. We discuss the extendabilityto the case for non-zero g later, in the “Results” section.
 In this article, 3D metamorphosis means to interpo-late two given meshes M1 and M2. Its more precise def-inition appears later.
 Related workTechniques known as metamorphosis or morphing
 were originally referred to as image metamorphosis orimage morphing. These popular techniques create asmooth transition between two images by approxi-mately interpolating both color information and geo-metric shapes (for details, see Gomes et al.’s survey4).To establish metamorphosis between two 3D objectsusing image-based techniques requires at least twoimages, one displaying one object and another display-ing the other object. Whenever viewing or lighting para-meters change, all processes of 2D morphing must berecomputed.
 Direct geometric interpolation of two 3D objects—3D metamorphosis (or morphing)—is independent ofsuch viewing or lighting parameters. Therefore, it hasbecome an area of active research in recent years.4,5
 Approaches for establishing 3D metamorphosis divideinto two categories: volumetric and mesh-based.
 Volumetric metamorphosis. One class of 3Dmetamorphosis algorithms deals with sampled or volu-metric representation of the objects.
 Hughes6 proposed transforming objects into the Fouri-er domain and then interpolating low frequencies overtime while slowly adding in the high frequencies, thusminimizing the object distortion caused by the high-fre-quency components. Intermediate objects are obtainedfrom the inverse transform of the interpolated results.Cheung et al.7 proposed a similar method for use in sim-ulating a metal-forming process. A wavelet-basedapproach proposed by He et al.8 for use instead of Fouri-er transformation would further improve performance.
 Lerios et al.9 extended Beier and Neely’s feature-basedimage metamorphosis method10 to volumetric repre-sentation. Two objects are translated into volumes, andeach corresponding pair of volume values is interpolat-ed according to the primitive shapes, defined by the user.Lucas et al.11 proposed a very similar method, using a3D line set directly for controlling interpolation betweentwo volumetric objects.
 Cohen-Or et al.12 proposed an approach based on thedistance field interpolation (DFI) method. Thisapproach divides into two phases, warp and interpola-tion. In the warp phase, each object is first decomposedinto contour-level volume sets, then at each level a vol-ume space is deformed so that two sets of feature points,extracted by the user, are coincident with each other. Inthe interpolation phase, volumes are transformed to adistance field, and linear interpolation is establishedbetween the two distance fields deformed in the previ-ous phase.
 These methods can deal with the topological changesin the surface mesh during transformation. It’s also pos-
 sible to apply these methods for meshes if you transformthem to volumes. However, the intermediate shape isrepresented as a volume, and obtaining meshes requiresextraction to an isosurface by such means as the march-ing cubes method.13 Moreover, these objects may not behomogeneous with their original shapes.
 Mesh-based metamorphosis. Another class ofalgorithms deals with polyhedron-based objects. In thisclass, an approach to the transformation from M1 to M2
 usually involves two problem steps. The first step estab-lishes a correspondence from each point of M1 to a pointof M2. Using this correspondence, the next step createsa series of intermediate objects by interpolating corre-sponding points from their original positions on M1 tothe target positions on M2. These steps are called the cor-respondence problem and the interpolation problem,respectively.1 Our approach falls in this class and followsthese steps. We primarily discuss the former issue.
 Kent et al.1,14 offered an algorithm for morphing twopolyhedral objects topologically equivalent to a sphere(g = 0). First, two objects are mapped onto a sphere andmerged by clipping one sphere to another. Then, a newshape is created that has combined graph information(vertices, edges, and faces) for the two objects. Howev-er, the technique described14 applies only to star-shapedpolyhedral objects. It was further extended1 to othertypes of objects such as tubular (swept or revolutionary)objects, which involve objects reconstructed from cylin-drical scan-type range images. To establish correspon-dences over these types of objects, the user must specifyskeletons along the center of the contour of an object andproject it to a convex-hull as an intermediate object. Thisapproach can handle various types of objects, but itseems rather troublesome for the user to specify suchskeletons so as to establish correspondences—especial-ly for geometrically complicated objects.
 Parent15 presented a recursive algorithm that auto-matically finds a correspondence between the surfacesof two objects of equivalent topologies. This algorithmuses several sheets to cover the whole object. The twoobjects must have an equal number of sheets, and sheetboundaries must consist of the object’s edges. Objectsof genus g are automatically subdivided into 2(g+1)sheets, with each sheet recursively subdivided down tothe face level. This approach completely establishes ver-tex-to-vertex interpolations and thus deformationsbetween the two objects.
 Delingette et al.16 used a simplex mesh. They proposedbasic mesh operations to alter shape topologies, thusrestricting their method to this type of mesh. The inter-polation is performed using a physically based defor-mation approach in concert with a method derived froma data-fitting process. The process, however, seems time-consuming.
 DeCarlo and Gallier17 described another frameworkfor the metamorphosis between two objects with dif-ferent topologies, for example, the metamorphosis froma sphere to a torus. This method has a methodology sim-ilar to ours. To make the surface correspondencebetween two objects with different topologies, each oftwo meshes is divided into a set of submeshes accord-
 IEEE Computer Graphics and Applications 63
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ing to a set of the user-specified triangular or quadrilat-eral reference faces, called a control mesh. Metamor-phosis between two objects with different topologiesresults from ensuring that each triangular face in onecontrol mesh changes to the corresponding quadrilat-eral face in the other.
 One difference between DeCarlo’s method and oursis that our approach establishes correspondences moreeasily for the user. For example, we impose no restric-tion on the number of edges of the control mesh. Anoth-er difference involves the relationship betweensubdividing meshes and parameterizing each submesh.DeCarlo and Gallier’s method uses Kent et al.’s param-etrization,1 which limits the type of meshes. In ourmethod, the user need not consider whether or not eachsubmesh can be parameterized successfully. Thus, ourmethod presents a more sophisticated approach for theuser to establish correspondences.
 Recently, Gregory et al. presented a similar approach,18
 treating the metamorphosis between two objects withthe same topological types. First the user specifies a net-work of curves, called a feature net, on each mesh. Eachcurve consists of vertices and edges of the mesh. The meshis divided into several submeshes according to this net.Then area-preserving mapping establishes surface cor-respondences between each submesh of two objects. Theuser can generate desirable metamorphoses based onlocal refinements of a feature net.
 One difference between Gregory et al.’s method andour method is an approach for “cutting” the mesh todivide into submeshes. We use an approximate geodes-ic curve on the mesh, whereas they use the shortest pathof the vertices/edges graph on the mesh. The other dif-ference is the parametrization of meshes. We use a har-monic mapping for parameterization, while Gregory etal. proposed an alternative parameterization approachcalled area-preserving mapping. We discuss these issueslater in this article.
 Surface correspondence problemIn this section we overview a central part of construct-
 ing the surface correspondence we proposed earlier.2 Ourbasic idea is to construct the surface correspondence bycombining two meshes in a common domain. First, weembed each of the two meshes in an n-gonal region lyingon a unit circle in R2 by harmonic mapping as the param-etrization of the mesh. Second, those two n-gonalembeddings are combined with each other for the con-struction of surface correspondences. Third, anothermesh Fc is created for interpolation based on these sur-face correspondences. Fc has the merged graph structureof F1 and F2 so that it can represent both shapes by alter-nating the vertex positions. Finally, by smoothly transi-tioning the vertex positions of Fc from positions of F1 tothose of F2, we achieve 3D metamorphosis.
 Harmonic mappingTo achieve the surface correspondence between two
 meshes, we prepare H ⊆ R2 in the 2D unit circle forembedding. We map a 3D topological disk F ⊂ M to H,where F is a subset of M and is homeomorphic to thetopological disk. Harmonic mapping, h: F → H, is one of
 the mappings that realizes such an embedding. Notethat F and H have the same graph structure of vertices,edges, and faces, and thus have a one-to-one corre-spondence between their vertices, edges, and faces.
 Note that a polyhedron M is usually homeomorphic tothe topological sphere or torus of genus n. However, byinserting proper “cuts” to M, we can divide M to a set ofF, each of which is homeomorphic to the disk. Wedescribe our approach for cutting meshes in the section“Partitioning meshes.”
 To construct this mapping, we adopt a method pro-posed by Eck et al.3 Strictly speaking, their mappingmethod is a piecewise linear approximation method forrealizing embedding from F to H. Our method for cre-ating an embedding H from F divides into two steps:
 1. boundary mapping g: ∂F → ∂H where ∂F is theboundary of F and ∂H is the boundary of H, and
 2. harmonic mapping h, which maps internal verticesof F into H.
 At the boundary-mapping step, n vertices are chosenfrom ∂F and positioned to a regular n-gon on the unitcircle in R2 whose center lies at the origin. We call sucha vertex a corresponding vertex (CV) (see the section“Partition control mesh”). The rest of the vertices in ∂Fsit on the edges of the n-gon in the same order and insuch a way that the ratios of the mapped edge lengths in∂H equal those of their original edge lengths in ∂F.
 At the harmonic mapping step, the positions of therest of the vertices are calculated to minimize a totalenergy function E. E can be a sum of the elastic energyof springs placed along the edges of H:
 (1)
 (2)
 where Vi, Vj denote 2D positions of the two end vertices ofan edge {vH
 i , vHj } in H and li,j denotes the length of edge {vF
 i ,vF
 j } as measured in F. Ai,j,k1, Ai,j,k2 denote the areas of faces{vF
 i , vFj ,vF
 k1}, {vFi , vF
 j ,vFk2} as measured in F respectively.
 An unique solution that minimizes E comes from solv-ing a linear system ∇ E = 0, where ∇ E is the gradient ofE over V, because E is a positive quadratic function overV. We order x, y components of V into a 2N-dimension-al vector V:
 V ≡ (V1.x, V1.y, V2.x, V2.y,…, VN.x, VN.y) (3)
 where N denotes the number of vertices in H. E is a qua-dratic function of every component in V, so it can be rep-resented as the quadratic form E = VTHV. Then thegradient of E can be expressed as ∇ E = ∂E/∂V.
 As just mentioned, vertices on the boundary are fixed.
 κ i ji k j k i j i j k
 i k j k i j i j k
 l l l A
 l l l A
 ,, , , , ,
 , , , , ,
 /
 /
 = + −
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To solve a linear system, we first divide a variable vectorV into two parts: a free part Vh and a fixed part Vg; theconstant matrix H is also divided accordingly. Thus, theenergy function E is rewritten as follows:
 (4)
 Since this energy function remains constant for a fixedpart, we only have to solve a linear equation for the freeparts Vh to minimize E:
 (5)
 Note that in Hhh a non-diagonal element at the ith rowand jth column is non-zero only when there exists someedge connecting vertices related to the ith and jth col-umn. Since the number of edges connecting to a vertexis much less than the total number of vertices of H, Hhh
 is a sparse matrix. We use a biconjugate gradientmethod19 to solve a sparse linear system in Equation 5.Its computation time is approximately O(n).
 Figure 1 illustrates an example of embedding. An orig-inal 3D “hand” model F(n F
 v=2,414, n Ff=4,760) is topo-
 logically equivalent to a disk and has a closed boundary∂F along its wrist. It has 36 vertices. Boundary mappingg positions the three CVs {vF
 i , vFj ,vF
 k} in ∂F (the big spheres
 in Figure 1) on the regular triangle as shown. The rest ofthe 33 vertices of ∂F (the small spheres in Figure 1) arepositioned on the edges of the triangle. Internal verticesin F are mapped into the triangle by harmonic mappingh. The result shows that fingers—which include concaveregions—develop into a disk without self-intersections.The computation time for this example is about five sec-onds on a 250-MHz MIPS R4400.
 Combining two embeddingsWe combine two embeddings H1 and H2 to generate
 a combined embedding Hc, as shown in Figure 2. Hc hasa combined graph structure of H1 and H2. Surface cor-respondence between H1 and H2 and thus between F1
 and F2 can be established by using Hc.An algorithm for generating Hc consists of the fol-
 lowing four steps:
 1. Investigate intersections between edges of H1 and H2.2. Sort intersection points to split edges of H1 and H2
 for generating vertices and edges of Hc.3. Create a clockwise edge cycle at each vertex in Hc.4. Create faces of Hc.
 We use Kent et al.’s algorithms1 to implement steps 1and 2. Step 2 uses topological information generated instep 1. When an intersection point is found in step 1, weobtain information about which adjacent faces the inter-
 ∇ = ∂
 ∂= + =E
 E
 hhh h hg g
 VH V H V2 2 0
 E h
 TgT hh
 gh
 hg
 gg
 h
 g= [ ]
 V V
 H
 H
 H
 H
 V
 V
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 x
 y
 F
 VjH
 VkH
 vjF
 viF
 vkF
 δF
 ViH
 H
 1 An embedding H from “hand”model F. ∂F, a closed boundary of F,consists of 36 vertices, of whichthree are corresponding vertices.
 H1
 H 2 Hc
 2 Combining two embeddingsgenerates Hc. It has a combinedgraph structure of H1 and H2.
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secting edge crosses. We record this information for sort-ing intersection points along edges to be split.
 The vertices and edges of Hc are generated in step 2.The vertices of Hc consist of the vertices of H1 and H2
 (original type) and intersection points between theedges of H1 and H2 (split type). The edges of Hc consistof the edges of H1 and H2, some of which are subdivid-ed by intersection points.
 At step 3 a clockwise edge cycle is generated at eachvertex of Hc for creating faces in step 4. This is carriedout according to the vertex type, original or split. Anoriginal vertex inherits its edge cycle from its originaledge cycle of H1 or H2. For a split vertex, its edge cycle isgenerated for intersection edges (Figure 3a) by usinglinks to the four intersecting edges. These links are setto the vertices at step 1.
 In step 4 faces of Hc are created with those vertices,edges, and clockwise edge cycles (Figure 3b). The fol-lowing traversal method creates faces of Hc: We start fromsome vertex of Hc and traverse one of its incident edges.Then we arrive at the other vertex of that edge and choosethe next edge connected counterclockwise by using theedge cycle information. We repeat these steps until wearrive at the start vertex. Consequently, a counterclock-wise vertex loop is identified to generate a face. The facesthis method creates may not be triangular faces. There-fore, we finally triangulate those faces. The subdivision isstraightforward because the faces are all convex.
 Interpolation meshFor an interpolation between F1 and F2, it is not
 enough to create Hc. We need a mesh for interpolating
 between the two meshes. Interpola-tion mesh Fc has the same graphstructure as Hc. We first determinethe geometric realization of Fc for F2
 and call it Fc2. The idea here is to letFc take on the same shape as F2.While the graph structure of Fc2 dif-fers from that of F2, we can make thetotal shape of Fc2 the same as F2. Wealso define Fc1, which is the geomet-ric realization of Fc for F1.
 To do this, we must determinevFc2
 , the 3D coordinates of Fc in F2.Some of the vertices of Fc come fromF2. We define the positions of those
 vertices as the original positions in F2. The other verticeseither come from F1 or are generated by edge intersec-tion in step 1. We have to compute the 3D coordinates forthose vertices (see Figure 4). Each of the vertices com-ing from F1 corresponds to a vertex in F1, which ismapped to a vH1
 in H1. Since H1 and H2 are just overlap-ping, a triangle face of H2 involving vH1
 exists. We com-pute the barycentric coordinates of vH1
 in this triangle.In this figure, f H2={vH2
 α, vH2β, vH2
 γ } denotes the faceinvolving vertex vH1
 , and (α, β, γ) (α+β+γ= 1) denotesits barycentric coordinate. vF2
 α, vF2β, vF2
 γ denotes corre-sponding 3D coordinates of vertices vH2
 α, vH2β, vH2
 γ in F2. Wecalculate coordinates vFc2
 for vF1by
 For each vertex generated by edge intersection, weobtain its vFc2
 from the barycentric coordinates of its cor-responding VHc
 in a similar manner as those coming fromF1. We can compute vFc1
 in the same way as vFc2.
 Metamorphosis over Fc
 Now we can represent two different shapes of F1 andF2 in a new mesh structure of Fc. While Fc1 and Fc2 havethe same shape as F1 and F2, they also have the samegraph structure as Fc. So by interpolating vertex posi-tions from vFc1
 to vFc2, F
 c1gradually changes its shape to
 Fc2. Applying a simple linear interpolation method to thevertex positions realizes the 3D metamorphosis from F1
 to F2. For interpolation parameter t(0≤ t ≤1), vFc(t) can be
 computed by using two 3D coordinates vFc1 (t),vFc2
 (t) asfollows:
 v v v vF F F Fc 2 2 2 2
 = + +α β γα β γ
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 Intersection point
 (a) (b)
 3 (a) Fourintersectingedges create anedge cycle at anintersectionpoint. (b) Facesof Hc are creat-ed by vertices,edges, andedge cyclesalong a vertexin Hc.
 F 1 F 2 H 1, H 2
 vF 1
 vF 2
 α
 VH 2
 β
 VH1
 VH 2
 α
 VH 2
 γ
 f H2vF c2
 vF 2
 γ
 vF 2
 β
 (α, β, γ)
 4 Calculating3D coordinatesof vertices in Fc
 from thebarycentriccoordinates inthe face involv-ing a vertex.
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(7)
 Fc represents an intermediate shape at t with the geo-metric realization vFc
 (t).
 Surface correspondence with usercontrol
 Here, we extend the method for establishing surfacecorrespondence between the two M1 and M2 meshes justdiscussed, so that (minimum) user control of corre-spondence can be achieved.
 Though we can think of many kinds of user control,we focus only on control of vertex correspondence. Thevertex correspondence is a set of vertices pairs, one fromthe source mesh and the other from the target. We callthis pair the corresponding vertex pair. CVP is con-strained so that the source vertex is transferred to thetarget vertex. It can be regarded as the most primitivecontrol method.
 One straightforward way to incorporate such con-straints is to add constraint equations to Equation 5. Forinstance, for vF1 to correspond with vF2, their images of har-monic mapping, vH1 and vH2, must be coincident. We couldadd the contraint equation of VH1=VH2 to Equation 5 toachieve the vertex correspondence. Unfortunately, ourexperiments showed that this method does not work well.
 If we solve Equation 5 with the condition that sever-al internal vertices of H are on the fixed constraint, anundesirable self-intersection usually occurs along fixedvertices. Instead, we take another approach. We dividethe mesh into several regions named tile and establishsurface correspondence for each tile. By allocating suchcorresponding vertices to the boundaries of those tiles,we automatically satisfy the vertex correspondence.
 Figure 5 is an overview of our proposed method. Theprocess consists of user definition and system calculation.In the user definition process, the user specifies corre-sponding vertex CV for the control of a desired interpo-lation. Using CVs, the user also defines the partition
 control meshes (PCMs) C1 and C2. In the system calcula-tion process, each of the two M1 and M2 meshes is par-titioned by grouping its faces according to C1 and C2 toobtain M̂1 and M̂2:
 (8)
 We apply the method discussed in the “Surface corre-spondence problem” section to each pair of F1
 j ⊆ M̂1 andF2
 j ⊆ M̂2. Merging partial interpolation meshes F cj creates
 interpolation mesh Mc.
 Partition control meshFigure 6 shows the basic elements of this approach.
 In Figure 6a the user first selects pairs of CVs, one fromeach of the two meshes M1 and M2 to define the CVP.
 ˆ , ˆM F M Fj
 j
 n
 j
 j
 nfc
 fc
 1 1 2 2= =U U
 v v vF F Fc c c
 t t t( ) = −( ) +11 2
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 H1jj
 Combinedembeddings
 H cj
 Partialinterpolation mesh
 F cj
 F 2Tiles
 F 1j F 2
 j
 Embeddings
 H2jH1
 j
 M1 M2
 Meshes
 C1 C2
 Partitioncontrol meshes
 M c
 Interpolationmeshes
 User definition
 System calculation
 Vertexcorrespondence
 5 An overviewof our methodfor 3D meta-morphosisbetween twomeshes M1 andM2 with usercontrol of sur-face correspon-dence.
 6 Surface correspondence controls: (a)-(c) and (d)-(f) are different controls specified by the user. (a) shows fiveCVPs, the green spheres, while (d) shows 16 CVPs. (b) shows PCMs C1,C2 with five vertices, nine edges, the yellowpipes, and six faces. (e) shows PCMs C1,C2 with 16 vertices, 38 edges, and 24 faces. (c) and (f) show partitionedmeshes M̂1 and M̂2 with red lines indicating the shortest paths.
 (a) (b) (c)
 (d) (e) (f)
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Next, as shown in Figure 6b, the user connects CVs tocreate C1 and C2 PCMs. By sequentially picking CVs toform a vertex loop, we define the faces of PCMs. Thefaces are not necessarily triangular. The directions oftheir vertex loops must be the same as those of the faceson the original meshes (in a counterclockwise direc-tion). C1 (C2) is designed to be topologically equivalentto its original mesh M1 (M2). C1 and C2 must have thesame graph structure with only the 3D coordinates ofthe vertices differing. As Figure 6c and 6f show, accord-ing to C1 (C2), the mesh M1 (M2) is partitioned into tiles.For each face of C1 (C2), one tile is defined.
 How much control of surface correspondence is nec-essary depends on the number of CVPs. Their minimumnumber is determined by the parameterization we adopt.For the mesh topologically equivalent to a sphere, weneed at least two faces in a PCM to divide a topologicalsphere into two topological disks. As the minimum com-ponent of such a disk is a triangle, we need at least threeCVPs per each face of a PCM. If the number of CVPs isonly three, the user must define two faces that have thesame three vertices. In our current implementation, weadded a restriction that more than four CVPs are need-ed to define a tetrahedral PCM. Such a definition seemsuseful for the user to understand a PCM intuitively.
 Partitioning meshesAccording to the topology of PCMs C1 and C2, M1 and
 M2 are automatically divided into tiles F1j ⊆ M̂1 and
 F2j ⊆ M̂2 (j =1…nc
 f , where nFf = nc
 f )respectively. Themethod for partitioning a mesh consists of the follow-ing three steps:
 1. Each edge of C is projected onto its original mesh Mto generate a path on the mesh so that its two endpoints are CVs.
 2. Each face of M over which those paths cross is sub-divided into triangular faces.
 3. Applying a mesh-grouping algorithm gathers thefaces of M as a tile.
 Projecting edges of C to M. One approach to“cut” the mesh—that is, to project edges of C onto M—is to use a vertex-edge graph of M and calculate a short-est path on a graph as described in Gregory et al.18
 However, our experiment showed that a set of suchpaths composed by original vertices and edges of Mcauses some problems. First, it usually occurs that twoclose paths overlap each other. Moreover, it is quite ahard task for the user to specify vertices so they do notoverlap. Especially important is that the finer we createa PCM, the more frequently overlapping occurs.
 We regard the projecting edges of C onto M as a cal-culation of the shortest path (also called a geodesic curve)between two vertices of M. However, in general, findingthe exact shortest path between two vertices on a meshis a difficult problem.20 For example, Chen et al.21 pro-posed a method for an exact solution of this problem inO(n2) time. They based their method on transformingthe faces of meshes onto a plane. As 3D rotations areused, numerical errors for the paths or geometric struc-tures can occur. Instead, we use a method for calculat-ing an approximate shortest path between twovertices.22 Before the calculation, intermediate edges arecreated on the faces of M. First, several intermediate ver-tices (called a Steiner point) are created on the edges ofM. The number of added vertices per edge is determinedaccording to its length so that more vertices are addedto a longer edge.
 Now each face f Mi (i=1…nM
 f ) of M has intermediatevertices on its edges in addition to the original vertices.From the total set of these vertices, we choose every pairof vertices ⟨va, vb⟩ and create an intermediate edge forthe face if the pair satisfies either of two conditions:
 ■ va and vb are on the different edges, or■ va and vb are on the same edge and adjacent.
 Approximate shortest paths are calculated based on agraph composed of vertices and edges of M and inter-mediate vertices and edges using Dijkstra’s algorithm.23
 Feature Article
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 Shortest path
 (a)
 (b)
 7 (a) Subdivi-sion of faces ofM on a shortestpath. (b) Threepatterns for aface subdivi-sion.
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The computation time for this method is approximate-ly O(n log n).
 This method does not compute the shortest pathexactly, but the difference is too small to recognize visu-ally. Moreover, compared to Chen et al.’s method thatcalculates real paths, this method is not only fast butalso reduces the accumulation of numerical errorscaused from frequent 3D rotation computations. Fig-ures 6c and 6f show the calculated shortest paths.
 In all approaches (ours included) cutting the meshbased on calculating shortest paths does not always holdup well in all situations. For an extreme example, thenumber of shortest paths between a north pole and asouth pole of a sphere clearly are infinite. A path far fromthe desirable one for the user can be generated, if thegeodesic distance between the two user-selected ver-tices of a mesh is long. In our implementation, if anundesirable path is generated, we avoid such inconve-niences by specifying more CVPs along failure paths.This recomputes shorter distance paths.
 Subdivision of faces in M. Next, we subdivide intotriangular faces the faces that these shortest paths cross(Figure 7a). Such faces can be classified into three sub-division patterns, as shown in Figure 7b. Subdivision isneeded for the middle and right cases. Subdivided facesare not always triangular faces, and those faces must betriangulated. The triangulation is trivial because thosefaces are planar convex quadrilaterals. We repeat thisprocess for each edge of C. At each repetition, we recom-puted the intermediate edges of those subdivided faces.After the process is finished, the intermediate edges andvertices that do not contribute to the paths are removed.
 Mesh-grouping algorithm. After inserting all theshortest paths according to the PCM’s edges and subdi-viding/triangulating faces, we define the tiles boundedby some shortest paths. A tile is a set of continuous facesand is thus obtained by grouping faces. Here we describeour mesh-grouping algorithm.
 Before applying the mesh-grouping algorithm, wehave to prepare some data structures. We represent amesh M with a half-edge data structure24 (See Figure8a). In addition to this structure, we also define a datastructure for the edges of the shortest path and call thempath edges (Figure 8b). We define edge direction as the
 direction from a start vertex to an end vertex. It also hastwo links to left_halfedge and to right_halfedge based onthis direction. In addition, we define a link from a pathedge to each corresponding half-edge.
 As shown in Figure 8c, a shortest path is generatedfor an edge of C. For a face of C we can think of a loop ofedges that turns around a tile in a counterclockwisedirection. Referring to these edge directions, we candetermine the directions of the shortest paths. We alsoset a direction for each path edge to the same directionas the direction of the path. Then, the left half edges ofthose path edges are subject to grouping.
 Figure 9 shows a pseudocode of our mesh-groupingalgorithm called GroupingMesh. This algorithm canpartition faces into tiles and attach a certain identifier idto the faces in the same tile.
 In GroupingMesh, the search of grouping faces beginsfrom the left face of a path edge in a tile. For this face,recursive function GroupingFace is executed. Group-ingFace traces the half-edges of a face. GroupingFace isrecursively executed to a face that the mate of a half-edge has. The traced face is marked id.
 This algorithm totally traces all faces in H once. At theworst case, all half-edges of each face are traced. How-
 IEEE Computer Graphics and Applications 69
 vertex vertex
 start_halfedge
 nextnext
 Vertex
 HalfEdge
 (Edge)
 Face PathEdge
 end_vertex
 HalfEdge
 Vertex
 A path edge
 The direction ofa shortest path
 face
 mate right_halfedge
 left_halfedgestart_vertex
 (a) (b) (c)
 8 (a) Half-edgedata structure.(b) Data struc-ture of a pathedge for group-ing meshes. (c) Createdirections ofpath edgesalong a tile.
 vvooiidd GroupingMesh (Mesh M, Id id)
 {
 e ← one of path edges of group id;
 f ← e.left_halfedge.face;
 GroupingFace (f, id);
 }
 vvooiidd GroupingFace (Face f, Id id)
 {
 f.group_id ← id;
 he ← f.start_halfedge;
 ddoo iiff ((he.mate ≠ nil)
 && (he.pathedge = nil))
 nf ← he.mate.face ;
 iiff (nf.group_id ≠ id)
 GroupingFace (nf, id);
 }
 he ← he.next ;
 wwhhiillee (he ≠ f.start_halfedge);
 }
 9 Pseudocodeof the mesh-grouping algo-rithm.

Page 9
						

ever, the number of half-edges in a face is always threebecause a face is a triangle. It is quite smaller than thenumber of faces of a mesh in general. Thus, the executiontime of this greedy-like algorithm is approximately O(n).
 In practice, the partitioning of M1 and M2 occurs sep-arately. The faces of M1 and M2 that have the same idare stored as a tile F1
 id and F2id respectively. Vertices and
 edges that consist of faces of a tile are also stored togeth-er. Vertices that consist of CVP and path edges belongto more than two tiles.
 Generating a partial interpolation meshWe apply our method for each pair of tiles F1
 j and F2j of
 partitioned meshes M̂1 and M̂2 (Figure 10). First, wecreate H1
 j and H2j by developing F1
 j and F2j into the 2D unit
 circle respectively. ∂F1j and ∂F2
 j are mapped onto the
 edges of the n-gonal region on the unit circle. CVs in ∂F1j
 and ∂F2j are mapped into the same vertices of the n-gon.
 Next, those two embeddings are combined, creating acombined embedding H c
 j. Third, a partial interpolationmesh F c
 j is created. We compute 3D coordinates of ver-tices in F c
 j for F 1j and F 2
 j from barycentric coordinates ofthe face, which involves the vertex of H 1
 j or H 2j. Finally,
 we create the total interpolation mesh Mc by merging allthe F c
 j. CVs and path edges belonging to several parti-tions are unified.
 Surface correspondence for meshes withboundaries
 Our proposed method can also apply to the mesh Mthat has closed boundaries ∂M provided that we defineproper CVPs, PCMs, and shortest paths.
 The user must create more than three CVs on a closedboundary and also an edge loop of C using those verticesalong the boundary. Moreover, when the edges of C—both of whose end vertices consist of CVs on a closedboundary—are projected to M, these paths must consistof part of the boundary edges. To create those paths, wesimply search the boundary edges of M.
 ResultsWe implemented a prototype system on a graphics
 workstation, an SGI Indigo2 High Impact (MIPS R4400,250-MHz CPU, 128 Mbytes of memory). We examinedseveral different examples using our proposed methodfor 3D metamorphosis. Table 1 summarizes the num-ber of vertices, faces, and three computation times forthose examples.
 First, we used two different controls of 3D metamor-phosis between the bunny’s head model and tiger’s headmodel, as shown in Figure 6. These two meshes are topo-logically equivalent to a sphere. Figure 6a through 6cshows an example of the control with only 5 CVPs anda PCM that has 6 faces. Figure 11a illustrates the
 results—in the middle of an inter-polation, the tiger’s left ear grows inthe middle of the bunny’s ear! Insuf-ficient control causes such a poorresult. Figure 6d through 6f showsan example of finer control using 16CVPs and a PCM of 24 faces. Tointerpolate between the bunny’s earand the tiger’s ear, we specify 4 CVPsaround the base of both ears. Figure11b illustrates the results, where weachieved more sophisticated controlof the interpolation.
 Next, we examined a 3D meta-morphosis between two car bodies,from the Delorean model to thePorsche 911 Carrera model, asshown in Figure 12a. These twomeshes are topologically equivalentto a disk. Figure 12b shows an exam-ple of the control with 40 CVPs anda PCM of 29 faces. Figure 13a illus-trates the result of the metamor-phosis. The tires aren’t included in
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 F j1
 F j2
 vc
 F j2
 vb
 F j2
 vaF j1
 va
 Vb
 F j1
 Hj1
 Hj1
 Vc
 Hj1
 Va
 Hj1
 Vb
 Hj2
 Hj2
 Vc
 Hj2
 Va
 Hj2
 vb
 F j2
 F j1
 vc
 10 Creatingembeddings oftiles Fj
 1 and Fj2.
 Table 1. Statistics for 3D metamorphosis examples. Ts, Th, and Tc denote the calculationof shortest paths, of embeddings, and of combining two embeddings, respectively. Allof the time data were collected on a 250-MHz MIPS R4400.
 Examples Figure 11a Figure 11b Figure 13 Figure 14 Figure 15
 M1 nM1v 188 188 400 5,534 480
 nM1f 372 372 738 11,064 960
 M2 nM2v 254 254 1,726 12,344 474
 nM2f 504 504 3,311 24,684 948
 C nCv 5 16 40 28 17
 nCe 9 38 68 55 35
 nCf 6 24 29 29 18
 Mc nMcv 1,865 2,320 9,724 77,269 4,965
 nMcf 3,726 4,636 19,265 154,534 9,930
 Time Ts 24.6 104.4 99.7 169.23 109.1
 (seconds) Th 0.1 0.1 0.7 11.95 0.2
 Tc 0.4 0.5 2.1 18.77 1.3
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 11 Result of metamorphosis fromthe bunny’s head model to thetiger’s head model. (a) and (b)indicate the results of metamorpho-sis with the user control shown inFigure 6a through 6c and in Figure6d through 6f, respectively. In theupper right of (a), the tiger’s earsticks out of the middle of thebunny’s ear. Refining the PCM asshown in Figure 6e removes thisundesired deformation (b).
 (a)
 (b)
 12 Metamorphosis from theDelorean model to the Porsche 911Carrera model. (a) Original meshesM1 and M2. (b) PCMs C1 and C2 (40vertices, 68 edges, and 29 faces).
 (a)
 (b)
 13 Result of metamorphosis fromthe Delorean model to the Porsche911 Carrera model. (a) Views of thewhole shape. (b) Magnifications ofa headlight region. (c) Magnifica-tions of a door mirror region.
 (a)
 (b)
 (c)

Page 11
						

the interpolation objects; we translated and scaled themby offline editing. Figure 13b and 13c show magnifiedresults of the metamorphed right headlight and right-door mirror. For an interpolation of both headlights, wespecified 4 CVs at the rims of the shapes. Figure 13bshows successful interpolation of the metamorphosisbetween different shapes. For the interpolation betweenthe mirror and the flat shape, we specified 4 CVs at thebase of the mirror and at the corners of a rectangulararea of the other flat shape. Figure 13c shows that themirror grows from a flat shape.
 To test the robustness of our approach, we examineda metamorphosis between two large meshes. Figure 14ashows a star model and a pai (a karate fighter) model.Both models are topologically equivalent to a sphere andhave more than 10,000 polygons. We created the starmodel with a commercial modeling system, while thepai model was reconstructed from range imagesscanned by a 3D digitizer. Figure 14b denotes an exam-ple of the control by 28 CVPs and 29 faces of a PCM,which involves nontriangular faces. Figure 14c showsthe result of the metamorphosis.
 The three examples discussed match the case wherethe genus of a mesh equals zero (g = 0)—topologicallyequivalent to a sphere (which may include boundaries).But it’s also possible to show the result of metamorpho-sis between the torus model and the bottle model. Thegenus of these two models equals 1 (g = 1). We defineda PCM that has 17 CVPs and 18 faces. In addition to thehomeomorphism condition, those two models must be“tamely homeomorphic.”25 M1 is tamely homeomorphicto M2 if there exists a homeomorphism of E3 onto itself
 that carries M1 onto M2. This condi-tion relates to mesh “knots.” More-over, we have to define proper PCMs.Although we cannot at this momentdemonstrate the complete conditionof the proper PCMs for transformingg ≠ 0 objects, we can say—at leastfrom Figure 15—that the PCMs mustcover the object’s “holes.”
 DiscussionIn evaluating our method, we
 considered robustness, quality ofthe metamorphosis, and perfor-mance, as follows.
 RobustnessOne part of our approach for
 which we should consider therobustness is the generation ofembeddings. As described else-where,3 the parameterization basedon harmonic mapping for generat-ing embeddings occasionally does-n’t work well if the number of facesis large. In our implementation, thenumber of faces to be computed forthe parameterization is much small-er than that of the original mesh,because a PCM partitions it to a set
 of tiles. In Figure 14, the average number of faces in eachtile is approximately 1,000; the maximum is less than3,000. In all of the tiles for generating embeddings, aself-intersection occurs only at a tile having the largestnumber of faces. In our current approach, if such a self-intersection occurs, the algorithm checks it before pro-ceeding to the next step and avoid it by recomputing anembedding with κi,j in Equation 2 set as a uniform con-stant. It produces a good result.3 (Recently proposedmethods26,27 can parameterize robustly and fast.)
 The other geometric algorithm in our method for whichwe should ensure robustness is the combination of twoembeddings. Kent et al.1 pointed out that for large mesh-es, small numerical inaccuracies in the geometric com-putations cause construction of the combined embeddingto fail. Our algorithm only needs to judge an intersectionbetween two edges in the 2D unit circle essential for thecombined embedding construction, while Kent et al.’s con-struction algorithm needs to judge intersections betweentwo arcs. We think it’s also possible to apply an exact-arith-metic approach such as in Sugihara and Iri.28 Even in ourimplementation for combining embeddings using doublefloating-point calculations, such numerical inconsisten-cies don’t occur for all our examples.
 QualitySeen from the viewpoint of the correspondence, we
 can divide the main components of our method havingsignificant influences on the metamorphosis’ qualityinto two different levels: user-specified vertex corre-spondence and surface correspondence. The latterdepends heavily on the parameterization.
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 14 Metamor-phosis from thestar model tothe pai model,both of whichhave largefaces. (a) Ori-ginal meshes M1 and M2. (b) PCMs C1 andC2 (28 vertices,55 edges, and29 faces). (c) Result ofmetamorphosis.
 (a) (b)
 (c)
 15 Result of metamorphosis from the torus model to the body of thebottle model as a simple example of the nonzero genus (g = 1) objects. Wedefined 17 CVPs and a PCM (17 vertices, 35 edges, and 18 faces) for controlof the surface correspondence.
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In the vertex correspondence level, we can improve thequality of correspondences by adding CVPs or by suitablyrearranging CVs on the mesh. Our experiment indicatesthat we can establish a rough correspondence betweeneach feature part of two original meshes by specifyingonly several (three to four) vertices along the boundaryof such a feature part (the base of the ear or the shoulderjoint, for example). A user wishing more sophisticatedcorrespondences should add additional CVPs in the inter-nal region of a feature part (the top of the ear, an elbowjoint, or the wrist) or along a feature part’s boundary.However, too many CVPs densely specified in a certainregion don’t improve the quality, they only require extratime-consuming work. Moreover, it seems that a largernumber of CVPs aren’t always needed for a larger num-ber of faces in the original mesh. If anything, the numberof features in one mesh mainly determines the numberof CVPs. The more complicated shapes need a larger num-ber of CVPs to establish a high-quality correspondence.
 Our current strategy in creating the PCM follows.First, the user creates a rough PCM with as small a num-ber of faces as possible. Next, a metamorphosis resultfrom a current PCM is displayed. CVPs are added alonga part of a PCM, causing a visually poor interpolation.Finally, faces of a PCM that involve added CVPs are sub-divided. These operations repeat until the user achievesa satisfactory result.
 In the surface correspondence level, the parameteri-zation based on harmonic mapping minimizes the met-ric distortion of a triangle or preserves the aspect ratio ofa triangle, but doesn’t preserve the area. Because of this,a large number of triangles can become crowded in a nar-row region (for example, fingers in Figure 1). We recog-nize that this property causes the wrong effect—thesurface correspondence of a tile tends to be unbalancedwithin a particular region. (Gregory et al. proposed analternative parameterization approach called area-pre-serving mapping.18) In our method, we can avoid such animbalanced parameterization by specifying additionalCVPs in the corresponding region. For the shape in Figure1, specifying CVPs onto the base of a finger and also ontoa second joint, or onto the top, offers a better way to estab-lish a uniformly sampled surface correspondence.
 PerformanceFor users, the performance achieved by specifying
 CVPs or by creating a PCM depends largely on that ofthe graphics display and thus on the number of faces inthe original mesh. The specification of CVPs itself is nota difficult task because the user need only pick verticeson the mesh. Moreover, the user picks CVPs sequential-ly to create a PCM while looking at the original mesh,so creating a PCM isn’t a hard task either. Finally, theuser only needs to create a PCM for one of two originalmeshes because a vertex of a PCM (CVP) correspondsto each vertex of two meshes.
 In our experiment with the prototype system, it tookseveral minutes to create the PCM in Figure 6b and 6e.Even the PCM in Figure 14b for large meshes can be cre-ated within 30 minutes. In this example, a bottleneck isthe time needed for displaying the original mesh.
 From the user’s point of view, two issues should be
 taken into consideration to determine whether ourapproach for creating a PCM really proves useful.
 First, it may seem a rather cumbersome undertaking,since the user must specify not only CVPs but also aPCM. We think, however, that the work needed is deter-mined case by case. Creating a PCM plays an importantrole for the grouping of meshes used in the surface cor-respondence. When a user wants to establish the sur-face correspondence between a feature region of onemesh to a region of the other, creating a face in PCM isequivalent to clearly specifying the surface correspon-dence between two (rough) regions of the feature. Wealso think that it’s both natural and important for theuser to understand the surface correspondence intu-itively. If the user doesn’t need a clear specification suchas a region unit, a method for creating such a regionautomatically from a feature net (proposed by Gregoryet al.18) seems useful for reducing the user’s tasks.
 Second, it might seem difficult to select vertices oneach mesh so that two sets of submeshes divided by aPCM are topologically equivalent. The more CVPs thereare, the clearer this difficulty appears. We could improvethe situation to some extent by specifying a certain con-straint in our strategy for creating a PCM. In our strate-gy, once a rough (few CVPs) PCM is created, a constraintcan be added for selecting a vertex of M in the next addi-tion of CVPs as follows. When a vertex on a submesh inone mesh is selected, a corresponding vertex selectedby the user must be on a corresponding submesh in theother mesh. For the user, this constraint can be a guide-line to select a vertex for creating a CVP. On the otherhand, the process of creating a rough PCM puts a burdenon the user. This issue invites future work.
 Future workWe believe the following future work is essential for
 improving the quality of these metamorphoses.In our method the number of faces of Mc becomes very
 large. Therefore, it is slow in displaying animation dur-ing metamorphosis. To establish real-time animation ofmetamorphosis, we need a method for decreasing thenumber of faces without losing the surface features ofthe original objects.
 We have primarily discussed the correspondenceproblem, but we haven’t spent much time on the inter-polation problem. We noticed that our linear interpola-tion method can cause some problems (self intersection,shape distortion, and so forth). Some approachesaddress this problem for 2D polygon cases29 and for 3Dpolyhedron cases.30 Unfortunately, these prove usefulonly for cases where two models have quite similarshapes. We hope to find an interpolation algorithm thatcan work well with our correspondence algorithm. Wealso think it quite difficult to avoid self-intersections dur-ing the animation in any case. However, it seems possi-ble to reduce them or make them unremarkable.
 In this article, we partitioned the mesh into tiles andapplied the interpolation uniformly to all the tiles. Nowwe are extending the mesh to make nonuniform inter-polation, by which each tile is interpolated individual-ly. This gives us more flexibility for deforming theobjects’ shapes. ■
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 JAN/FEB — Top 10 Algorithms of the MillenniumJack Dongarra, [email protected], University of Tennessee, and Francis Sullivan, [email protected], IDA Center for Computing Sciences The 10 algorithms that have had the largest influence on the development andpractice of science and engineering in the 20th century (also the challenges facing usin the 21st century).
 MAR/APR — ASCI CentersRobert Voigt, [email protected], and Merrell Patrick, [email protected] Status report on the five university Centers of Excellence funded in 1997 along withtheir accomplishments.
 MAY/JUN — Earth Systems ScienceJohn Rundle, [email protected], Colorado Center for Chaos and Complexity The articles featured in this special issue will document the progress being made inmodeling and simulating the earth as a planet.
 JUL/AUG — Computing in MedicineMartin S. Weinhous, [email protected], Cleveland Clinic, and Joseph M. Rosen, [email protected] medicine, computational methods have let us predict the outcomes of ourprocedures through mathematical simulation methods. Modeling the human bodyremains a challenge for computational mathematics.
 SEP/OCT — Computational ChemistryDonald G. Truhlar, [email protected], University of Minnesota, and B. Vincent McKoy, [email protected], California Institute of TechnologyOverviews of the state of the art in diverse areas of computational chemistry with anemphasis on the computational science aspects.
 NOV/DEC — Materials ScienceRajiv Kalia, [email protected], Louisiana State UniversityThis issue will focus on the impact of multiscale materials simulations, parallelalgorithms and architectures, and immersive and interactive virtual environments onexperimental efforts to design novel materials.
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