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Abstract added, but the appropriate surgery for a particular trans-
This paper presents a framework for generating smootfermation is largely an artistic decision.

looking transformations between pairs of surfaces that The task of transforming an orange into a donut epit-
may differ in topology. The user controls the transformagmizes the general problem of metamorphosis between
tion by specifying a sparseontrol meston each surface two objects, commonly called “morphing”. Morphing
and by associating each face in one control mesh withdarts from acorrespondencéetween the two objects,
corresponding face in the other. The algorithm builds gnat specifies where features on one object end up on the
transformation from this information in two steps. Theother object as a result of the transformation. When the
first step constructs a series of shapes and meshes (gansformation involves topological change, the corre-
cording the theory of topological surgery) that describegspondence must also indicate how the change takes place.
how topological changes should occur at critical point§he morphing engine effects a transition that realizes the
during the transformation. This makes possible the segesired correspondence, using a methddteipolation

ond step, which establishes smooth transformations by | recent years, image morphing techniques have
combining intermediate shapes in this series. Contrghined considerable popularity, especially in the enter-
meshes allow the user precise but intuitive control of thgyinment industry. This success depends in part on al-
morph, while the 3D surfaces that result can be used fgfrithms that allow an animator to specify visually en-
rendering or keyframing. gaging correspondences for image morphs in an intuitive
way. Unfortunately, any intermediate forms produced by

Résuneé . . . T

i , image morphing methods exishly in image form. Sur-
tCet aflrtlclet.presentet_une e’dnotde gour engfendrerddetsface models are often required in animation for keyfram-
ranstormations continues en r? geux surlaces dont; , or to allow shadows or lighting effects to be com-
topologie peut etre difffente. Lutilisateur controle la

: e . uted.
transformation en sxifiant unegrille de controlesur P hile. for th ¢ hosis of 3D surf q
chacune des surfaces, et en associant a chaque face eanwhile, for the metamorphnosis o surtace mod-
S, most research has focused either on morphing be-

I'une des deux grilles une face correspondante de I’autrtg. ricted. tonologically similar ol f sh
Notre algorithme construit une transformateopartir de ween a restricted, topologically simifar class of shapes,

cette information en deustapes. La prerare€tape con- ?rggnatlﬁ]tgrpaé'(ﬁg c;osnfsot:u;trl;lgrthhe Cg;{gﬁp?hnsegg? EZ;
struit une suite de formes et de grilles (suivant ke W W P ph. ’ u

de la chirurgie topologique) qui decrivent la facdont little gr ho say in how the morph takgs p!ace.

les changements de topologie doivent se produire en cer-1Nis paper focuses on the specification of correspon-
tains moments critiques. Ceci rend possible la deme® dence in the presence of topologically different shapes,
&tape, qui construit une transformation continue en cornd the interpolation issues that arise in the presence of
binant lesetapes intermdiaires. Les grilles de controle toPological evolution. In particular, we investigate the
donnenta I'utilisateur un controle precis mais intuitif de USe Of & sparseontrol mestio define the transformation.
la métamorphose, et les surfaces qui esultent peuvent Correspondences between faces qf the control .mesh in-
étre utilisées pour la visualisation ou I'animation. duce correspondences between points on the objects; dis-
crepancies between the structure of corresponding faces
describe the topological evolution that must occur dur-
ing the transformation. The main contribution of this

1 Introduction paper is that the framework described here allows the
Your local topologist will tell you that you cannot de- Smooth transformation between topologically different
form an orange into a donut. But what if you want to dgnodels while providing the animator with control over
this anyway? There is hope, but you'll need more than #e morph.

simple deformation: you must also evolve the topology, The organization of the paper is as follows. After an
adding a hole where there was none. The theory of topasitial introduction of basic concepts and previous work
logical surgery describes several ways this hole might e section 2, the topological and geometric issues in-
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volved in evolution are discussed in section 3. A treatmethods for warping implicit surfaces. Lerios et al [11]
ment of several implementation questions follows in secshow how the Beier and Neely image morphing technique
tion 4. After a brief summary in section 5, we con-can be extended to volume representations. Methods for
clude after illustrating sample transformations involvingaltering the topology of the surface mesh during trans-

the evolution of topology in section 6. formation have also been presented. By introducing du-
plicate or degenerate surface mesh elements, Bethel and
2 Background and Related Work Uselton [2] can produce a transition between two surface

. eshes that differ topologically. Delingette et al [3] use a
When concemned with topology of surfaces erresemé".aimpIex mesh”, and perform basic mesh operations that

by a mesh, there is some terminology that needs to be dé&- . .
fined. Thesurface topologyf the shape is specified by can alter the shape topology. The interpolation was per-

the connectivity of the surface. For example, a sphere a&‘&rmed using a physics-based deformation approach, us-

torus have different surface topologies. Thesh topol- ing a method derived from a data fitting process,

) o . What makes our work different from previous work is
ogyis specified by the graph connectivity of the mGSht'hat we emphasize both user control and smooth transi-

The geometryof a shape is a specification of the loca; jons between topologically different objects. This em-

tions of the nodes in space. Clearly, if two shapes ha is enables results that can | the dramatic charac-
different surface topologies, then their mesh topologie@ asis enables resutts that can equal the dramatic charac

must differ. Also, a simple deformation of a shape (éer seiep u;l:jmsgelmolrphll?%;l th 't i re-
geometric change), does not change either the mesh orBﬁde}n af t (?e yir[1 ]r?ir% evbjr?ieh OnSFE)?ny Cr?1 ?t
surface topology. We will later see how a combination ofPo g features in a age, ch enables complete

geometric deformation and topological surgery yields thglnn;rol byttr;e”user. | Mcl)lrphlng between ihapes using
desired transformation. obs (metaballs) only allows a very rough correspon-

The morphing of images, 2D curves and 3D surface%{ence to be established between blobs. The user con-

is an active area of current research. Beier and Nee ol in [10] provides only rough control over the morph.

[1] describe an image morphing technique which allow one of the previously mentioned 3D shape transforma-
9 phing q Tion work seriously address the user control issue (al-

Fhe user tq speplfy corrgspondmg features between 'tv¥ ough it certainly could be incorporated into some of the
images using directed line segments. For those regions

of the image not covered by line segments, a Weightevc\fork)'
average of features is used. This sparse specification ®f Surface Morphing and Topological Evolution
features seems to allow the user the most intuitive form smooth transformation between topologically different
of control for morphing. Morphing techniques for 2D objects requires botmorphingfor the geometric inter-
curves have also been developed. Addressing the prgsolation, andevolutionof the topology. These two pro-
lem of correspondence, Sederberg and Greenwood [1&dsses are closely linked, and only an appropriate com-
blend between two 2D polygonal shapes using a corrgination of them will yield a smooth transformation. We
spondence extracted by analogy with the bending anféfine a smooth transformation as having the following
stretching of wire. A multiresolution approach to 2Dproperties:
curve morphing was presented by Goldstein and Gots-1. Over the course of the transformation, no discontin-
man [5]. uous jumps in shape are present

Addressing 3D models, Kent et al [8] consider the mor- 2. No undesirable topological changes occur (such as
phing of polyhedral objects topologically equivalentto a  the splitting open of a surface)

sphere. This work primarily concerns the automatic gen- 3, Intermediate stages should not be overly distorted
eration of correspondences between shapes, but also in-

cludes an algorithm to merge the meshes of two polyhe- In virtually all previous morphing work, the first of
dral shapes. Parent [14] improves this method, using a risese is the paramount goal. The second of these was a
cursive algorithm to find a correspondence between ampncern in [6] and [8]. Hughes noted that coarse volumet-
two topologically equivalent shapes. Lazarus and Veric sampling can result in topological features appearing
roust [10] generate a correspondence, while giving theuddenly (such as an instantly appearing hole). Kent et
user rough, high-level control by specifying two axes—al addressed both the second and third points by noting
one in each object. Kaul and Rossignac [7] produce intethat they cannot be satisfied without usimgth geomet-
polations between shapes by combining scaled versioris and topological information during the transformation
of the shapes. Hughes [6] performs morphing on volprocess. Only[3], [7], [8], [10] and [14] use both geomet-
umetrically sampled implicit surfaces, and improves theic and topological information in the morphing process.
smoothness of the transformation by scheduling frequen- To perform the morphing, we are given two surfaces
cies using Fourier analysis. Wyvill [17] describes othes; and Sy, which we will refer to as the source shapes.



For this paper, we will assume that the source shapes aélifferent topology from both a sphere and a torus. How-
triangulated polygon surfaces, although many of the aever, there is an important difference for our purposes. In
guments supplied here will apply to any surface reprehe transformation of Figure 1, the open tube is realized
sentation. We will also assume that the source shapfs an extended period of time while in the transforma-
are orientable surfaces (non-orientable surfaces includien in Figure 2, the pinched sphere exists for only a sin-
Mobius strips and Klein bottles). In the following sec-gle pointin time. In fact, considering the pinched sphere
tions, without loss of generality, we may refer only to theén only geometric terms, we cannot determine whether it
transformation or correspondence frénto S,. is a deformed sphere (formed by pinching) or a torus with
the hole closed. So at the moment of surgery, the topol-
ogy is altered, while thappearancef the shape remains
. unchanged. Itis crucial to the smoothness of the transfor-

h i invol luti  tonol Thi ; Fnation that the intermediate shape exists for only a single
Shapes will Involve an evoiution ot topology. This can IN-, iyt i time. Otherwise, we will violate our second con-

clude adding or removing a hole, or puncturing a closeaition on smooth transformations.
surface so that it develops a boundary. The process of al-

tering the topology of a shape involvesrgery—cutting

3.1 Topological Transformation

| ! p In order to completely specify a smooth transforma-
and gluing of the surface; additiongéformatiormay be  tion petween a sphere and a torus, we must combine the
required to maintain reasonable geometry. surgery with deformation. A first deformation is required
Figure 1 illustrates the role of surgery in topologicako deform the sphere smoothly into a pinched sphere. Af-
evolution; it shows the shapes where surgery is performeg the surgery changes the topology to be that of a torus,
in one transformation from a sphere to a torus. Figanother deformation opens the torus hole. In this mor-
ure 1(a) shows a sphere with two marked points (perhapging application, the morphing is responsible for these
the poles). If we cut through the sphere at these pointgeformations. As we will see in section 3.4, for cer-
and stretch these puncture points into circles, the resultgin topology changes, we must place restrictions on the
the open tube shown in Figure 1(b). By gluing the tWashapes generated by the morphing to ensure the kind of

circles together, we can form the torus in (c). smooth transition shown in Figure 2.
s
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Figure 1: A transformation from a sphere to a torus
An alternative transformation is shown in Figure 2. (¢
Starting with the same sphere with two marked points in

(a), we can push these points into the sphere until they
touch, and then glue them together. The result is the
pinched sphere shown in Figure 2(b). From there we ob- Figure 3: Various transformations
tain the shape in (c) by stretching the pinched point out

) . . ) Three additional examples of smooth transformations
into a circle that becomes the inner ring of the torus. b

are shown in Figure 3. The transformation in (a) shows a
different type of sphere-torus evolution, sometimes called
torus “strangling” [9]. The two points on the sphere are
pulled awayfrom the surface and glued together on the
outside of the sphere. The intermediate shape produced is
similar to that of a croissant. The pinched point stretches
(@) (b) (©) out to become a ring passing through the torus hole. An
example of objects merging or splitting is shown in Fig-
Ldre 3(b). Points on each of the two surfaces are glued
together; then this point is stretched into a circle around
The surgeries of Figure 1 and 2 involiugermediate a single common “blob.” Finally, the simple puncture of
shapes—an open tube or a pinched sphere—which hava sphere in Figure 3(c) shows how it can be unfolded into

Figure 2: Another transformation from a sphere to a tor



a flat plate by poking through at a single point (like popthe constructed moded will have the topology of an
ping a balloon). open tube, as in Figure 4(b). In a sense, the mappings
The transformations in Figures 2, 3(a) and 3(b) aré1; and M, perform the puncturing and gluing opera-
very similar. All three transformations haveo points tions associated with the transformation of Figure 1. The

that are glued together, and then expanded into a circle. thappingM; and M, will be locally invertible every-
Figure 3(c), ssinglepoint on the sphere becomes a closetvhere except on the boundary rings of the tube where
curve (the boundary) of the flat plate. In the descriptiotopology changes occurM; maps each of the ends of
of the control mesh in section 3.2.1, we will see how théhe open tube to its associated pole of the sphere. Basi-
correspondence of points (perhaps multiple points), arwhlly, the circles on the tube boundaries each collapse to
curves is used to specify the topology changes. The meta{oint. This collapse reflects the fact that the poles are
ods presented in this paper handle topological changpsnctured during the transformatiof >, maps the ends
that map between one or two points, or one or two circlesf the tube together into the central ring of the torus. This
(closed curves). Open curves may also be used (sucha®responds to the gluing.

for a “mouth opening”), but will not be discussed here. —
These transformations are qualitatively the same as M Mz

those used in describing Morse theory [12], which de-
scribes the topological changes observed when viewing
cween : () (b) (c)

ping cross-sections of surfaces. The concept of glu-
ing is borrowed from topology and the notion of quotientigyre 4: Mappings from the constructed mode(b) to
space [13]. We know from the classification theorem fok, (a) ands, (c)
compact surfaces that the operation of gluing is very pow-
erful, since all compact (orientable) surfaces can be ob- In order to buildS and the associated mappings, we
tained by gluing together flat disks. This suggests that tHteed to find a merged mesh which contains mesh topol-
surgery operations described here allow transformatio®gy information from bottf; andS. Doing so will al-
between orientable shapes of arbitrary topology. KoedOW Us to associate nodes fwith locations inS; and
derink [9] provides numerous examples of “morphologSz—information necessary to buildf; and.M,. For
ical scripts,” where he attempts to qualitatively classify?oW, we will only be concerned with the locally invert-
shapes based on how they are formed by topological evl€ regions ofM; andM,. In section 3.2.3, the regions
lution. These scripts can be viewed as recipes for peythere topology changes occur will be addressed.

forming evolution, similar in spirit to the examples given T0 constructs, we will adapt the technique from Kent
above. et al [8] which produces a common vertex/edge/face net-

work from the source shapes. For each of the nodes in

S andS», we must add a corresponding nodestoThe

edges of the shapes are overlaid and also add8d To
Brform this algorithm, all that is needed is a correspon-
ence between the two surfaces—for each node in one sur-

bgtweensl and S;. This is a reasonable. construgUonface, the corresponding position of the node in the other
given that the source shapes are topologically equwalegﬁrface is known

(they are both genus 0 in [8]). But from topology we
know that if two surfaces differ topologically (if they are 3.2.1 The Control Mesh
not homeomorphic), then there is no invertible mappingh order to specify the correspondence betwSerand
between them. Nevertheless, we must still establish songg, the user placeseontrol meshon top of” each ofS;
sort of correspondence betwegnandsS;. andS,, which we will callC; andC5 respectively. This
To address this issue, we construct a new mdfiel control mesh is independent of the surface mesh used to
where we can find two surjective (onto) mapst; from  define the surface geometry and topology. The nodes of
S to 51, and M, from S to S». Therefore, each node this control mesh are placed on the surface of the shape,
in S has a unique corresponding point$h and inS>.  and the edges follow the surface of the shape. The exact
If S; andS, are topologically equivalent, thet; and nature of these surface edges is an implementation issue.
M, will also be invertible. Wher§; andS, differ topo-  The faces of this mesh are generally triangular, with some
logically, then eitherM; or M, (or both) will not be quadrilateral faces allowed at locations where the topol-
injective. In general, the mapping®(; and M, will  ogy changes (more details on this later). Example control
be locally invertible everywhere except where topologyneshes for a sphere and torus are shown in Figure 5(a)
changes occur. and (b), which produce the transformation shown in Fig-
For example, ifS; is a sphere, anf, is a torus, then ure 2.

3.2 Surface correspondence
The representation of surface correspondence used in p
vious surface morphing work [8] is a one-to-one mappin



no topology changes should occur, the user constructs a
local graph isomorphism between corresponding parts of
the control meshes. As seen in Figure 6, the control mesh
topologies are the same in the corresponding regions.

For example, the control meshes in Figure 5(a) and (b)

(a) (b) (©) : ;
correspond to the sphere-torus transformation shown in

Figure 5: Sample control meshes for a sphere and torusigure 2. If we examine the regions near the pole of the
sphere, and near the hole of the torus, we will see the cor-
In addition to defining the control mesh, the user alsgespondence shown in Figure 7. On the left, we see how

performs a manual correspondence operation betwegie four patches that touch a pole of the sphere meet at a

pairs of faces—taking one fro; and one fromC; (so  single point. This point will be cut, and stretched into the

C1 andC: will have the same number of faces, as well agijrcle at the center of the torus hole, as in Figure 1. The

having the same topology except where surgery occursight side of Figure 7 shows the corresponding location

An example of a specified correspondence is shown @ the control mesh on the torus (with the corresponding

Figure 6, with corresponding faces tagged appropriateljaces labeled A, B, C and D). Each of the four-sided faces

By defining this correspondence between two faces, thgh the torus control mesh have one edge that is collapsed

user is in effect saying that the portion of the surface inmto a point into the sphere mesh. On the other side of

side one face will be transformed into the surface conhe torus central ring, is another group of four-sided faces
tained within the other face. Thus, the Specification of th@orresponding to the other p0|e of the Sphere_

control mesh gives the user complete control over which .

part of one surface maps to the other surface. Using this 2N

control, the user can add to a morph the dramatic char- ,
acter observed in the many animations produced using * — ‘ !
image morphing. Later, in Figure 13, we will see an ex- J ,

ample of this precise control.

Figure 7: Correspondence involving a topological change

‘V R A For an analogous reason, using the same control mesh

V/ for a sphere (a), and the torus control mesh in Figure 5(c),
o will result in the transformation in Figure 3(a). The ring

Figure 6: Control mesh correspondence of four-sided control mesh faces that collapse into the

. . pinched points on the croissant can be seen near the top
Given two points that correspond on the models, larg the picture

regions on one shape around the point on that shape will

often map to large regions around the point on the other ) i

shape. This coherency information can be used to have?-2 Mapping construction

a fairly sparse control mesh. In general, there will faFirst, consider building the locally invertible portions of
fewer faces of the control mesh than in the actual sufh® mappings\t; and M,. The user specifies a corre-
face mesh describing the shapes. In fact, it is not diPondence by giving two faces and a mapping between
ficult to have the same control mesh used on identic#feir edges, as shown in Figure 8(a). Our correspon-
surfaces triangulated at different resolutions (assumingdnce must associate a point S with each point on
correspondence is available between these two triangdz and vice versa. Moreover, at face boundaries, points
lated surfaces). This can allow more interactive use ¢ihould be mapped to the same surface location—no mat-
the correspondence system, analogous to the use of loW@f Which of the two adjacent control faces determines

resolution images in image morphing [1] to speed up th&e mapping. If this does not occur, then points near
design phase. the boundary can end up overlapping points in adja-

cent control faces, causing local surface kinks and self-
The control mesh also allows the user to decide homtersections. This restriction is actually fairly simple to
and where topology changes occur. Gluing of the sumttain, if the mapping of points on the boundary is de-
face can be accomplished by having the correspondeneendent only on information from the two control mesh
of two faces that are not adjacent (they share no edges)rindes that are on the common edge.
one shape with two faces that share an edge in the otherGiven a triangular surface patch specified by a control
shape. Cutting the surface often involves stretching a simesh face, and a point within the patch, we can find a
gle point on the surface of the shape into a curve. Whereasonable set of coordinates for this point on this patch




1 3 1 3 2 ! ﬁ topology if S is how equivalent to an open tube, as in
AZ - bz AS' 4 — 5 4 Figure 1(b). By collapsing each of the tube ends into
(a) (b) separate points, we can form the poles of the sphere. By

gluing together the tube ends, we can form a torus.
Figure 8: Correspondence specification for control faces

(on the surface). Here, we can use one of the available -

methods which establish a local coordinate system on the

surface of the shape [16]. For the applications here, how-

ever, we use a simple “barycentric’ map, described in

section 4. So given the patch in Figure 9(a) and a pgint

we can find its coordinates inside the patch. Also, given . . ;

the patch in (b), we can find the poipthat corresponds Figure 10: Surface mesh surgery to allow cutting

to pointp. In general, we must always perform the underlying
surface mesh surgery (as in Figure 10) along those con-
trol edges (or at those control nodes) where topological

PN changes occur. We must also count the number of con-

nected components in each control mesh that are present
at the location of topological change (for the types of

(b)

(a) (b) topologial changes addressed, there will be either one or
two components). The duplication operation described
Figure 9: Point-point correspondence above need only be performed if the number of compo-

nents differs. For example, the sphere-torus morph has
two components in the control mesh of the sphere (the

3.2.3 Surface Surgery control mesh nodes at the poles), and one component
Now, consider topology changes, where eittle; or in the control mesh of the torus (a single center ring).
My is not invertible. Such changes arise when the usefence, duplication is necessary (as we already know).
associates a four-sided face with a three-sided face, asFor a sphere morphingto a surface with boundary, such
in Figure 8(b). The key step for such correspondencess in Figure 3(c), we do not need to perform the dupli-
is to add the additional structure # needed to define cation of nodes and edges along the boundary. This is
the mappings\{; andM-. This additional structure lets pecause the components of the the control mesh of the
M (S) andM»(S) overlap on critical features ¢f and  sphere (the single control mesh node where the open-
S». These overlaps can then be pulled apart during topéhg occurs) and the control mesh of the open surface (its
logical evolution. boundary being the single component) each have a single

For example, for the sphere-torus evolution in Figure lgomponent. Node identification is all that is necessary to
a correspondence must be found between the two contbse up the boundary.
nodes at the sphere poles, and the inner ring of the torus.So we see that by the addition of appropriate structure
For the sphere, we add the nodesSimhich correspond to S, we can create a shape that can be easily changed into
to positions of the control mesh nodes on the sphere (what of eitherS; and S, by simple node identifications.
must also subdivide the surface facesimo maintain the It will also be able to represent any of the intermediate
triangulation properly). For the torus, we must also adtbpologies encountered in the morph. During the course
edges (and nodes) along the control edges that speciff/the morph, we can keep track of the current topology
where the torus will be cut. In Figure 10(a), a mesh isf the surface, and perform the appropriate node identifi-
shown with a dotted line indicating the path of the coneations to produce a shape of the correct topology.
trol edge that makes a “cut” along the surface. After cut-
ting, additional nodes are added along this path, as wedl3 Interpolation
as additional edges to preserve the triangulation. The r&nce a correspondence is established, a simple linear
sult is shown in Figure 10(b). In addition, vaeiplicate interpolation of node positions using will produce a
these edges and nodes along this control edge. This is lbeerph fromS; to S;. As always, we can parameterize
cause these two parts of the surface will actually separadsis interpolation using a variable € [0,1], so that
topologically, since the single ring is evolving into twowhent = 0, S has the geometric shape $f, and when
separate points on the sphere. t =1, S has the geometric shape $f.

Now that this additional structure has been added to In addition to linear interpolation, Kent et al [8] sug-
S, we can construct the mappingg; and M,. The gests Hermite interpolation of nodes, using the surface



normals at these nodes as start and end vectors. Altéweation of surgery. For the sphere-torus evolution, the
natively, the control mesh can be used to allow the useesired control curve are those edges along the center
to specify different start and end vectors for each corring of the torus that are identified with the sphere poles.
trol node. For nodes on the surface within control meshlethods for collapsing control curves that lie on surfaces
faces, we can interpolate the vectors at the nearby contrgére presented in [16]. The goal of these methods is to
nodes using the coordinates developed for mapping comaintain the surface while collapsing a control curve into
struction. This additional control can be used to furthethe pointe. For our applications, we use a simple de-
personalize the morphing process, as well as to help tiiermation method, which is described in section 4. Fig-
user avoid surface intersections during the morphing. ure 11(a) shows the result of applying such a deformation
We will see in the next section that the motion of node® the torus in Figure 5(b).
ast goes fronm0 to 1 must be restricted, so that topology

changes occur smoothly.
Pole 1

3.4 Intermediate Geometry

The representation of correspondence developed in sec-
tion 3.2 is powerful enough to describe the transforma-
tion in Figure 1 as well as Figure 2. Additional con-
straints on transformations are required to avoid abrupt (@) (b)

changes in shape and to prevent surfaces from opening.

These constraints are needed when the number of carigure 11: (a) Intermediate shape produced for a torus (b)
nected components in the respective control meshes (dRestricting the motion to allow smooth transitions

scribed in section 3.2.3) are not equal at locations where o ] ] )
topological change will occur. In these cases, direct lin- ONnce this intermediate shape is generated, it can be
ear interpolation between the geometriesSpfand S,  USed to smoothly morph betwesh andS.. Suppose we
will produce an open surface. are doing a torus-sphere morph, whéfeis a torus, and

A simple example will illustrate the problem and moti->2 IS @ sphere. Then if we have generaf&dthe inter-

vate our solution. Consider the evolution of a sphere intg'€diate shape faf,, we can create a deforming model

a torus. If linear interpolation is used, the poles of thd? (s) = S1(1 — ;) + Tit, by simple node position in-

sphere will begin to grow into rings as soon as morpht_erpolatlon (sincd} is simply a deformed version ¢f,).

ing begins, resulting in an open tube. Suppose howev&P€ Parameter, changes with the morphing paramg;t,e(;
that we break the morph into two steps. In the first, wS that s changes frond {0 Zsurgery (the user-specifie

pinch the sphere: in the second, we open the hole. No{n€ that the topology change occurs),changes from
the surface is sure to remain closed. 0 to 1. We can then morph between the geometrieR of

Thus, to keep closed the regions where the surfa@@d S2. Aftert = bsurgery, W€ can be assured that ”“?
might split open, we use a seriesiofermediate shapes morph will proceed ree}sonably, since the torus hole will
These shapes will have “safe” geometries in which anpaxe coltlagsedlfto a pomtr.l f to R0 S d
regions which may potentially open up during morphin s noted earlier, morphs fro, to £ to 5; are unde-

have been collapsed. Denoting these intermediate sha é@ble' Toimprove the quality, we note that we only need

asT; andT, (the safe shapes f6f; andS, respectively), to perform this restriction “near” the surgery Iocati'on—
the following sequence of morphs will not open the syrdll other nodes can move freely. We can define a distance

face: function D(p) which measures if the point is nearby
' the surgery location as follows:

Pole 2

Sl <« T1 <« T2 <« SQ

Performing topology alteration and morphing deforma- 0 if Durg(P) > dinax
tion as separate steps would produce a very restrictive D(P) = { 1 — Dau(®) Giherwise
morph. We will soon see how we can perform both at dmax
the same time by only moderately restricting the morphwhered,,... is a user-specified constant controlling the
ing deformation. extent of the region, anB,¢ (p) is the shortest distance

To generate an intermediate shape, we must perfornfram the pointp to the surgery location measured along
deformation which collapses regions that are ultimatelthe surface.D(p) is 1 for points at the surgery location,
pulled apart during topological evolution. The regionsand0 for points far away.
on the shape where this collapsing must occur are spec-Using D, we can give even more freedom to those
ified by controlcurves which are sequences of controlnodes near the surgery location, by allowing them to
mesh edges formed from the connected component at thve in a “safe” direction—the direction that does not
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spatially separate the duplicated nodes. Figure 11(b)aps all points on this curve tois constructed. Nearby
shows how to compute the safe directiorusinge, and  points are also moved towardto provide a smooth de-

the location of the poles from the control masSh. The formation, andD is used to restrict its effect as distance
idea is as follows. First, ordinary interpolation is perfrom the control curve increases.

formed. Then, the displacement vector between the cur-

rent position and that i, is computed. The tangen-5 Summary

tial component of this displacement in the direction oHere, we briefly summarize the steps necessary to per-
v is then computed, and is cancelled by a factoddf form the evolution of shape given the two source polyg-
Hence, if a node is on the control curve, this tangentianal shapes. The user specifies control meshes on top of
component is completely cancelled. This effect falls ofeéach of the source shapes and specifies correspondences
as one moves away from the curve. This method allowsetween the faces of the control meshes. The user also
the surgery locations to move, even during the topologipecifies times for each topological change. The com-
cal change. puter does the following:

4 Implementation e Computes correspondence information (described in

Figure 12 shows the layout of the user interface used to  section 3.2) from the control meshes in the locations

produce the animations (on an SGI platform). The in-  where surgery does not occur.

terface is similar to those used in image morphing, with ¢ Creates a unified mesH, by combining the meshes

side-by-side object views, and seems intuitive. of the two source shapes [8].

¢ Adds additional edges along control mesh edges (as
in Figure 10) that permit the shape to “split” along
these boundaries (see section 3.2.3). After these
“splitting” nodes have been added, the remainder of
the correspondence information is computed.

e Computes the intermediate shapes for the transfor-
mation (see section 3.4).

e Foranytime € [0,1]:
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— Determines active topological changes

Figure 12: User interface for specifying control mesh _ Identifies the appropriate nodes $ftogether,

Section 3.2.2 described the need for a method for gen- based on the current topology.
erating coordinates within a surface patch—we use a sim- — Interpolates the shapes, restricting the motions
ple projection method. This places a restriction on the of those nodes near surgery locations.

size and shape of the faces of the control mesh: the sur-
face patches specified by the user must be fairly flat, ® Results

the projection is unique. Each of the following polygonal surfaces was rendered
Given the control mesh face correspondences in Figising SGI OpenGL. Because of this method, the sur-
ure 8, we need to perform two operations: faces occasionally show some Mach banding artifacts.

o Given a control mesh face and a pointfind the These objects are texture mapped, with the texture co-
bom ordinates interpolated as suggested by Kent et al [8].

barycentric coordinates of p within the face S : . ; i )
. : Animations described in this section are available at
e Given a control mesh face and barycentric coordi-

- . . http://www.cis.upenn.edu/"dmd/evol.html .
nates), find the pointp on the surface which has Figure 13 shows how the control mesh can be locall
these barycentric coordinates 9 y

altered to vary the correspondence using a transition from
By projecting upward from the surface onto a plane, wa banana (a) to an orange (c). The three intermediate
can determine barycentric coordinates for points on thghapes in Figure 13(b) are produced by varying the con-
shape surface. These barycentric coordinates are unigtre] mesh on the orange (in the area that corresponds to
and also adhere to the boundary restriction mentioned the stem of the banana). The leftmost shape is from a
section 3.2.2. transition that people we asked usually preferred. In the
Section 3.4 describes the need for intermediate shapeanter shape, the stem region is larger than the preferred
to ensure the smoothness of the transition. These ipne; in the right one, it is much smaller.
termediate shapes have control curves which have beerFigure 14 shows two different sequences of a sphere-
collapsed into a poine. We can findc as the evenly torus morph. The transition in (a) corresponds to Fig-
weighted barycenter of the curve. A deformation whichure 2, and (b) to Figure 3(a). Of interest to topology fans,



is the fact that these two transitions are qualitatively difgeneral, self-intersections can cause problems for all sur-

ferent. In both cases, the poles of the sphere are broudate morphing systems, and finding general techniques

together. Yetin (a), the lines pass through the torus holesmains an important research issue.

while in (b) they go around the torus hole. Finally, the extension of this method to spline surfaces
Figure 15 shows morphing from a banana (a) to aand time dependent shapes (perhaps articulated) will pro-

open surface with two holes (e). The three topologgluce even better animations.

changes necessary occur at different times. In (b), the

banana opens up at the tip to form the border of the syfcknowledgments _
face. The central hole pinches in (c), and opens furthd/e would like to thank Herman Gluck for his helpful

in (d) where the ends of the banana have come togethQFCUSSionS- This research is partially supported by NSF
This continues until the resulting final shape in (e). Th@rantIRI-9309917 and ONR grant NOOO14-93-1-1217.

construction of the control mesh for this example tookg aterences
about 45 minutes, with another 30 minutes of controlj] T. Beier and S. Neely. Feature-based image metamorphosis. In
mesh “tweaking” to get the desired look. Proceedings SIGBAPH '92 volume 26, pages 35-42, July 1992.
Figure 16 show samples from “Mutafruit”, which is a [2] E. E_Bethel and SamueI_P. L!selton. Shape distortion in computer-
standard dynamics based animation using shapes gener- 2ssisted keyframe animation. In N. Magnenat-Thalmann and
. . . D. Thalmann, editorsState-of-the-art in Computer Animation:
ated by Sl'frface evolution. The morph'n.g V'Qlatels energy Proceedings of Computer Animation ‘8%New York, 1989.
conservation, and also creates interesting inertial forces, Springer-Verlag.
creating a lively, almost surreal effect commonly associ-[3] Hervé Delingette, Yasuhiko Watanabe, and Yasuhito Suenaga.
ated with image morphing. In each of these examp|esy Simplex based animation. In N. M. Thalmann and D. Thalmann,
PR « editors, Models and Technigues in Computer Animatipages
?he IIlghtlng and shadows present would pe ex'[remel);l Q|f 13-28, Springer-Verlag, 1993.
|cut§md time consuming to produce by image morp iNG[4) M. Eck, T. DeRose, T. Duchamp, H. Hoppe, M. Lounsbery, and
techniques. W. Stuetzle. Multiresolution analysis of arbitrary meshesPio-
ceedings SIGBAPH '95 pages 173-182, 1995.

; [5] E. Goldstein and C. Gotsman. Polygon morphing using a mul-
7 COh(?lUSIOh . . . . tiresolution representation. {Braphics Interface '95pages 247—
The main contribution of this paper is that the frame- 254, 1995,

work described here allows smooth transformations befs] J. F. Hughes. Scheduled Fourier volume morphingPiaceed-

tween topologically different models while providing the ings SIGGRAPH "92volume 26, pages 43-46, July 1992.

animator with control over the morph_ Previous systemﬂ?] A. Kal_JI and J. Rpssignac. Solid-interpolating de_formations: Con-

have not dealt with topology seriously, and many other itlrgcg‘ég;‘”d animation of PIPSomput. & Graphics16(1):107—

systems do not prowdep;gr Fontml' The presenteq exanfé] J. R. Kent, W. E. Carlson, and R. E. Parent. Shape transforma-

ples show the new flexibility in surface transformation. tion for polyhedral objects. IRroceedings SIGRAPH '92 vol-
This technique could be extended in a number of ways. ume 26, pages 47-54, July 1992.

The generation of the control meshes can become rath¢d] J. J. KoenderinkSolid ShapeMIT Press, 1990.

tedious for Iarge objects_ Most of the repetitive efforf10] F. Lazarus and A. Verroust. Feature-based shape transformation

could be eliminated by using a multiresolution repre- for polyhedral objects. If¥ifth Eurographics Workshop on Ani-

. . . . mation and Simulation1994.
sentation of the underlying mesh [4] in which large re_[11] A. Lerios, C. Garfinkle, and M. Levoy. Feature-based volume

gions of the control mesh would duplicate th? fmder!)" metamorphosis. IRroceedings SIGRAPH '95 pages 449456,

ing mesh—at a lower level of detail. Combining this 1995.

method with existing correspondence generators [8, 1] J. Milnor. Morse Theory Princeton University Press, 1969.

would also prove useful. Nevertheless, it is unreasonables] J. W. Milnor. Topology from the Differentiable Viewpointini-

to expect an aesthetically pleasing morph (either surface Versity Press of Virginia, 1965.

or image) without a detailed user specification. [14] R. E. Parent. Shape transformation by boundary representation

Thi Id also b fit f ful f interpolation: a recursive approach to establishing face correspon-

o IS SyStem (?OU a S.O ene 't. rom m‘?fe poweriul fa- dences. I@dournal of Visualization and Computer Animatjwol-

cilities for avoiding self-intersections during morphs. In ume 3, pages 219-239, 1992,

our system, the specification of initial directions at thg15] T. W. Sederberg and E. Greenwood. A physically based ap-

control nodes can help the user avoid some intersections. proach to 2D shape blending. Rroceedings SIGBAPH '92

A more flexible strategy would be to allow the user 0. "WO"\‘/:/”T f]G' pj‘ieflvz_if“;:‘]”'y |1:992' e desian using i

specify additional topology changes not vital to the trang*-61 W. Welch and A. Witkin. Free-Form shape design using triangu-

. . . lated surfaces. IRroceedings SIGBAPH '94 volume 28, pages
formation. For example, in a transformation from atorus  247_256, July 1994.

to a knotted torus (which are topologically equivalent)j17; B. wyvill. Metamorphosis of implicit surfaces. IS8IGGRAPH
the user could avoid self-intersection by cutting the torus  '90 Course 23: Modeling and Animating with Implicit Surfaces
(an extra topological change) and then tying the knot. In 1990



@) (b) (©

Figure 13: Example of correspondence control (banana stem size variation)
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Figure 14: Morphing between a sphere and a torus (a) pinched sphere (b) strangled torus
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Figure 15: Morphing between a banana and a genus 2 bordered surface
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Figure 16: From “Mutafruit”; (a) morphing from an apple to a banana (b) morphing from a mushroom to a donut




