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Abstract

The problem of creating a sequence of inbetween volumes smoothly
transforming from one given volume to another is referred to as
volume metamorphosis or volume morphing. Several methods that
provide the solution to the problem are described and compared in
this paper. Tests have shown that some of these methods are capable
of produce good quality metamorphosis within an acceptable time.

1 Introduction

Volume data, which is used widely in scientific computation and medical imaging to
represent 3D scalar fields, provides a uniform way of modelling 3D objects. As voxel
caculations are much simpler than polygon calculations, most algorithms for
manipulating and rendering volume data are suitable to be embedded into specid
hardware [1, 2]. For modelling 2D objects in video production, perhaps there is no
doubt that image representations have significant advantages compared with vector
representations. When it comes to the synthesis of 3D models for creating images
sequences, volume-based techniques cannot be overlooked.

Image metamorphosis [3, 4], more commonly caled image morphing, is a
computer animation technique for creating an image sequence smoothly transforming
from one given image to ancther. The technique has recently received much attention,
especialy from the film and television industry. Also relatively more recently,
graphics tools have become widely available for visualising volume datasets [5], ad
such tools have the potential to be deveoped into methods for volume
metamorphosis. In addition to the synthesis of 3D models in video production, the
application areas of such methods include computer animation, scientific
visualisation, medical imaging and many aspects of natural science.

In this paper, several methods for volume metamorphosis are presented, most of
which are devel oped based on the 2D methods widely used for image metamorphosis.
A classification of morphing algorithms is given, and a set of volume distortion
techniques, many of which have not yet been documented in the literature, ae
described. In addition to the static analysis of the complexity and usability of these
methods, some graphical results and data of their run-time performance are presented.



2 The Process of Volume Metamorphosis

A general volumeis collection of scattered voxels, each of which is associated with a
set of values (of size S), that is

V:{(xi,vi)|xi OR3,v, Dks,i:],z,...,n}. (1)

One of the most commonly used volume representations is one where voxels ae
organised in the form of a 3D regular grid and each voxel is associated with a value.
We will use the general volume representation in the following discussions, with the
assumption that al volumes are of the same size and there is a one-to-one
correspondence between voxelsin any two volumes.

Given a starting volume V, and a finishing volume V,, the metamorphosis
between them is a process which generates a sequence of inbetween volumes, V4,
Vs, ..., V|, obtained using an interpolation function

e FupVa Vp, k=12, 2
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This sequence of volumes represents a smooth transformation from V4, to Vy, ad
may then be rendered to give an illusion of continuous metamorphosis. Perhaps it is
arguable that such an illusion could also be obtained by morphing between two
images resulted from rendering V5 and V, or by interpolating the isosurfaces [6] of
V, and V,,. However, it would be extremely difficult for the image-based morphing
to accommodate 3D geometric changes between two volumes, while the isosurface
interpolation would require the establishment of a complex correspondence between
two surfaces. Neither of the methods would be able to retain complete volumetric
information in the inbetween sequence.

The morphing process is usually controlled by two control datasets, C, and Cy,
which specify the key features in V, and V, and their correspondence. Prior to the
interpolation, V, and V, are deformed accordingto C,and C,, so that every pair of
corresponding key features have the same location. This leads to the problem of
volume distortion that can be formulated with a distortion function

Vi < Fdist(va1ca!ck)! Vi < Fdist(Vmeka)i (3

where C, is obtained in the same manner as V, in (2). In some applications, volume
distortion may be used beyond the context of volume metamorphosis.

3 Volume Morphing Methods

According to the use of control datasets, approaches to volume metamorphosis can be
classmed into three categories, namely
cross dissolving — which requires no control datasets;
» field morphing — where control datasets are used to specify coordinate
mappings, and
e mesh warping — where control datasets define volume subdivisions as well
as coordinate mappings.



3.1 Cross Dissolving

Cross dissolving is a process of metamorphosis that involves the interpolation but
not the distortion of volumes. The following pseudo-code outlines this process

Procedure: Vol uneMet anor phosi s- & ossD ssol vi ng;
I nput : Va, Wb: Volune; L: Integer;
CQut put : Vout[1], Vout[2], ., Vout[L]: Vol ume;

for k:=1 to L do

t =k / (L+ 1.0);

Vout [K] := Interpol ateVol ume(Va, Vb, t);
end for;

The simplest cross dissolving method is a linear interpolation between V , and V,,
which often yields unsatisfactory results. To enhance the smoothness of the
inbetween volumes, Fourier transformation may be used to schedule the interpolation
non-linearly by favouring voxels whose values are close to the threshold of an
interested isosurface [7]. Although they are easy to use and fast to run, both methods
have difficulty in producing high quality results in most cases, especially when the
transformations between two volumes involve scaling or rotation.

3.2 Field morphing

Given a pair of volumes, V, and V,, and their associated control datasets, C, ad
Cy, the following pseudo-code outlines the general process of field morphing.

Procedure: Vol uneMet anor phosi s- Fi el dMor phi ng;
I nput : Va, W: Volune; Ca, b: Control; L: Integer;
Qut put : Vout[1], Vout[2], ., Vout[L]: Vol ume;
for k:=1 to L do
t =k / (L+ 1.0);
Ck := Interpol ateControl Data(Ca, b, t);
Va := DstortVolunme(Va, Ca, X);
Vb := D stortVol ume(Vb, b, X);
Vout [K] := Interpol ateVol une(Va, Vb, t);
end for;

The key features of each volume are defined using a set of control fields. For the kth
inbetween volume, a set of inbetween control fields Ck is first obtained, and is then
used to distort V, and Vy,.

The volume distortion operates as an inverse mapping [3] from a destination
volume V4 back to a source volume V¢ that may be V , or V, in this case. Given



two corresponding sets of control fields, each pair of fields, c4; UCy ad
Csj OCsj.[j =1,2,...,m], determines a coordinate mapping

P - fj(xd’i,cd'j,csyj),[i =12...n)[i=12..,m] 4)
from each voxel (Xg4;,Vq,;) OVy4 toapoint p; ; relativeto Vs Associated with each

coordinate mapping is aweight w; (xi,j) that is normally computed according to the
distance between x; ; and cg ;. For each voxel (X4, Vy;) apoint p; isobtained as

P < iwj(xi,j)mi,j,with
o ©)
J_lej(xi,j):lu[i =12,...,n],

and a voxel in Vg nearest p; is then identified and its values are assigned to vy ;.
When volumes are represented by 3D regular grids, it is usualy more accurate to
identify the corner voxels of the cube containing p; and tri-linearly interpolate their
values.

3.2.1 Point Fields

Two types of fields, namely point [8] and line [4], are often employed in 2D image
distortion. A volume morphing method can be easily derived from the image
morphing method using point fields. Let each control field be simply the coordinates
of a3D point. A simple mapping function

P < fj(xd,ivcd,jics,j)zcs,j+Xd,i_Cd,j (6)
defines a geometric trandation from x; ; to p; ;. A weighting function, with a
dlight modification to the one proposed in [8], can be written as
olX; i, C
wj(xi’j):—( il J) , with
a(xi,k,ck)
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where a, b and d are three user-defined constants whose values are in the ranges of (0,

), [0, ), and [0, ) respectively. The main use of the constant a is to keep the
denominator from becoming zero. When b isequal to or barely greater than zero, the
weight of apoint field at different voxelsis hardly differentiated by the distances from
the field to these voxels. The greater the value of b, the more differentiation between
different distances. The constant d is used to control the relative influence which eech
point field has upon a voxel. When d is of a large value, the voxel is likely to be
affected only by the strong and nearby fields.

Inevitably this method inherits from its 2D progenitor the inability to control
any transformation other than simple trandation. The results produced by simple
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point field morphing are generally no better than those by cross-dissolving methods.
In order to perform more complex distortion, Ruprecht et a [9] introduced a 3x3
transformation matrix T; into (6), resulting in

pi,j — fj(Xd’i,Cd’j,Cs,j):Cs’j +T] [qxdvi _Cd’j)- (8)
Theelementsof T ; are determined by solving a set of error functions. An aternative

method which was also described in [9] is to construct the interpolant as a linear
combination of basis functions whose coefficients are determined using control
points.

3.2.2 Line Fields

The extension of 2D line fields to three dimensions is slightly less straightforward,
as a coordinate mapping from a voxel in V4 to one in V¢ cannot be consistently

defined by a pair of line segments. The problem can be solved by using a
supplementary vector in each linefield.

A 3D line field consists of two end-points ¢, and ¢, of aline segment, and a

supplementary vector N. With the field, a Euclidean coordinate system can be

established, which is centred at LZCZ with an orthonormal basis (U, V, W)

defined as
N x(c,—-c
U:l, V:M, W=UxV. (9)
IN] INx(c,—cy))
Given a pair of line fields, Ly and L4 ;, a voxel located at Xq4; in V4 can be
mapped onto apoint p; ; relative to Vs as follows

dp; j fcoord(xvg(vd)ag(l-d,j)),
esz sl

B "Cd,z _Cd,1||,

Prij < fcoord(spi,;,3(Ls,j),g(vs)),

where £(X) represents the Euclidean coordinate system associated to X that may be
either avolume or alinefield, and the function f,q(x, £,, &,) transforms a point

from one coordinate system to another. The weight of each mapping may be
calculated using the following weighting functions

. dp [i=12..,n],[j =12...,m], (10)

Xi k» L
k;a( ' ) (11)
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where used-defined constants a, b and d have the same meaning as with a point field.
The constant ¢, usually in the range of [0, 1], is used to moderates the strength of
line fields which is proportiona to the length of the line segments. When c is zero,
al fiedds have the same strength regardless of their length. Let

_ (x—c;)*(c,—¢cy)

&> - el
point to aline segment as follows

. The function 5(x, c;, ¢,)computes the distance from a

R A
5(x, ¢, ¢,) = dx —cy ifus<o; (12)
X = Cy ifu=1

The conditions where aline segment is degenerated to a point or it is parald to
N may be dedt with by introducing a second supplementary vector or simply
disallowing such a condition.

3.2.3 Disk Fields

Alternatively, adisk field can be established with a centre point ¢, anormal vector N
and a radid vector R, and it gives more control over three dimensiona
transformations in comparison with aline field. Any arbitrary point may thereby be
represented in cylindrical coordinates [, p, ¢] with respect to the disk field D=[c, N,
R]. Each pair of corresponding disk fields, Dg; ad Dy ; defines a coordinate

mapping that can be used to control the distortion from V¢ to V4 as
[Zi,jvpi,jv(bi,j] - feu_to_cy(xd,i1g(vd)7 e(Dd,j))v
NS IR
(IR e ) 1=t 8l < i,
T NG| [Ref™ T
Pij < fcy_to_eu([Zi’,j!pi’,j!¢i’,j]!e(Ds,j)1g(Vs))v
[i=12...n][j=12..,m]

In (12), e(D) gives a cylindrica coordinate system defined by a disk field, and
feu 1o oy @d oy o e fecilitate the transformations of a point between a Euclidean

system and a cylindrical system. A weighting function similar to (11) may be used
for disk field. A detail description of this method can be found in [10].

Pij < Pij (12)

Other types of fields may also be constructed by varying the primary shapes ad
their influence upon voxels. Using a combination of different fields is also feasible,
and some interesting work has been reported recently [11]. The results of morphing
with line and disk fields are generally of satisfactory quality, but the extra degree of
freedom introduces difficulties into the process of specifying a volume morphing.
Without a good user interface, defining a reasonable number of fields is likely to
require some arduous work.



3.3 Mesh Warping

Mesh warping [3] is the most popular method used for image metamorphosis. The
control dataset associated with each image specifies a planar subdivision over the
image, typically a parametric grid or a triangular mesh. Extrapolating from the
method to a three dimensional analogue, a volume warping method can be derived.
Volumes V, and V, are first partitioned respectively by two spatial subdivisions that
are of an equa number of elements. Deformed subdivisions are then obtained for
inbetween volumes by interpolation. A voxel in an inbetween volume is mapped
onto avoxel in each of V,and V. Similar to field morphing, the values of voxels
in the inbetween volume are determined by linearly interpolating those of the
corresponding voxelsin V, and V.

It is the distortion algorithms employed by mesh warping distinguish it from
field morphing. The elements of a subdivision, mostly the vertices, are used to define
coordinate mappings. In addition to this, some elements, mostly the polyhedra, ae
also used to restrict the control of each coordinate mapping to a very small set of
elements. A variety of image warping agorithms [3] have been developed and most
are often designed specifically for particular type of meshes. The 3D extensions of
two widely used image warping algorithms [12-14] are described below.

3.3.1 Parametric Grid

Consider a given source volume V, a destination volume V 4 to be constructed, and
two subdivisions G¢ and G4 which are defined by two 3D parametric grids. Each grid
consists of m vertices, and partitions a volume into a contiguous set of eight-
cornered bricks. The bricks may be fitted with either linear or curved edges ad
surfaces. With such grids, a 3-pass warping algorithm can be used to map all voxels
in V4 to those in V¢ with two intermediate volumes V;; and V,. The 3 passes of
the algorithms are
o first pass— where an intermediate grid G, is constructed such that

B [Xs,jvys,jlzs,j]ljey E
Gi1:§/j :[Xd,j'YS,j!Zs,j] [Xd,j!yd,jlzd,j]DGd’ E (13)

g [i=12..,m] g

With respect to G, each of the eight-cornered bricksin G;; can be deformed
only in the x direction. The intermediate volume V;; is then obtained by
interpolating its voxels along scan-lines parallel to the x-axis using G4 ad
Gi1.

*  second pass — where G;, is obtained with v; =X j, Vq,j, Z,j| ad Viz is
constructed from V;; along scan-lines parallel to the y-axis under the control
of G;; and Gj,.



e third pass— where V4 is constructed from V;, along scan-lines paralel to
the z-axis under the contral of G;, and Gg.

3.3.2 Tetrahedral Mesh

Given aset of points, atetrahedral mesh may be constructed using a 3D triangulation
algorithm. To construct a destination volume V4 from a given source volume V¢ ad

two corresponding meshes T and T4, each voxel in V4 is first mapped to a set of
bary-centric coordinates [[31, B2, B3, B“] with respect to the tetrahedron

tg; OT4.[j =12,...,m] containing the voxel as follows

Al thh xg thiLL
( d.j » 2diir 7d,j )’[k:]_,2,3,4],With

Bij -
' A(tg,j,tgvj,tgvj,tg‘j)
Dl vl vl o0
ox y z 0 (14)
Q2 vy v 10
A(vl, v2, v3 v“):detD 0
51/)? v v 1l
O
Xy v 1%

where t; ; isthe k™ vertex of tg ;. The bary-centric coordinates are then transformed
back to Euclidean coordinates as

4
PLj - k;ﬁik,j g - (15)

With both methods, it is however necessary to make sure that there is no
element whose corresponding element has a "fold-over" structure. With the warping
approach, distortion is constrained by individual element, and it is therefore relatively
easer to achieve desired transformation without causing "ghost shadows'. In most
cases, they require much more control elements than field morphing methods.



4 Comparison

For each of the methods discussed above, Table 1 summarises the worst-case time
complexity, allowed operations, usability and the general quality of its results,

Table 1. Comparison of volume morphing methods.

M ethod Complexity Operations Results Usage
Linear Interpolation o(n) C poor very easy
Fourier Interpolation  O(n-log n) C mostly poor  fairly easy
Simple Point Field O(n-m) CD,T poor easy
Point Field withT  O(n-m+m?) C,D,T,S,R average average

Vector Field O(n-m) CD,T,SR average difficult
Disk Field O(n-m) C,D,T,SR good difficult
Grid Warping O(n+m) C,D,T,SR good difficult
Tetra-Mesh Warping O(n+m) CD,T,SR average average

In the above we assume the volume size isn, and the size of control datasets is m.
Operations conddered are cross-dissolving (C), one-way distortion (D), transation
(T), scaling (S) and rotation (R).

A subset of these agorithms, including cross-dissolving with linear
interpolation, simple point field morphing, disk field morphing and tetrahedral mesh
warping, have been implemented in C on a DEC Alpha workstation. Results were
rendered using the Advanced Visualisation System (AVS).

One of the tests is the metamorphosis from a volume containing a cube as
shown in Figure 1(a) and one containing a sphere in Figure 1(b). Both volumes
represent continuous functions from high voxel values at the volume centre to low
values around the boundary. Four sets of inbetween volumes generated with different
methods are given in Figure 2, 3, 4 and 5 respectively. Both cross dissolving ad
simple point field morphing produced reasonable results in this case. However, the
results would have been of a much poorer quality had the given volumes contained
discrete solid objects. With tetrahedra mesh warping, some undesirable visual
artifacts are obvious as the mesh does not seem fine enough though 96 tetrahedra
were used to produce this sequence. The most satisfactory results were produced using
disk field morphing.

Another test carried out is to transform a sphere volume to a volume containing
a CT (Computed Tomography) scan of a head, as shown in Figure 6. Because the
head was not placed at the centre of the volume, the metamorphosis involves
translation as well as deformation of the volumes. As shown in Figure 7, the cross-
dissolving method was incapable of accomplishing such a task. On the other hand,
with 12 control fields, disk morphing produced some satisfactory resuilts.

Some of the execution times obtained during testing are listed in Table 2, where
the number of fields or tetrahedra is fixed at 10 for all methods except for cross
dissolving with linear interpolation.



Table 2. the run-times (1/60 sec.) of volume morphing algorithms.

Method 163 323 643 1283
Linear Interpolation <1 <1 12 106
Simple Point Field 43 343 2782 22184

Disk Field 140 1120 8979 71953
TetraMesh Warping 20 146 1125 8860

5. Conclusions

Severd volume morphing methods have been described in this paper. The tests of
these methods has shown that some of them are able to produce with good quality
morphing results, even with relatively simple control datasets. Like image-based
metamorphosis, the volume morphing technique can be found useful in a variety of
applications, especialy in the synthesis of 3D models for creating images sequences
in video production. Future work in this area undoubtedly includes the development
of methods that are fast to run, easy to use, and able to produce smooth ad
consistent morphing results. There is also a need to establish a set of benchmark
problems and define a set of quantifiable attributes in order to carry out a more
accurate comparison. With volume data, it is beneficial, sometimes necessary, to use
avolume morphing method rather than morphing individual slices of the volumes or
interpolates the isosurfaces of the volumes. Therefore, the most important task
perhaps is to make sophisticated tools for volume morphing available to users as
soon as possible.
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Figure 1. (8) A volume representing a cube function, and
(b) avolume representing a sphere function.

Figure 2. Three inbetween volumes generated using the cross-
dissolving method with linear interpolation.



Figure 3. Three inbetween volumes generated using the simple
point field morphing method.

Figure 4. Three inbetween volumes generated using the disk field
morphing method.

Figure 5. Three inbetween volumes generated using the tetrahedral
mesh warping method.



Figure 6. (a) A volume representing a sphere function, and (b) a
CT scan of head.

Figure 7. Cross-dissolving from the sphere to the head.

Figure 8. Disk field morphing from the sphere to the head.



