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57 ABSTRACT

A method and apparatus for texture mapping a surface. The
method is applicable to texture mapping either a two-dimen-
sional representation (image) of a three-dimensional surface
as well as a three-dimensional computer model of a three-
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dimensional surface, such as a triangular wire mesh model. In
one embodiment, the texture mapping process involves user-
specification of a plurality of constraints, including texture
flow constraints, texture discontinuities, and surface under-
folds. A triangular wire mesh model of the surface to be
textured is generated. The mesh allows a continuous texture
distribution to be specified as a linear interpolation of texture
values at the triangular vertices. User-specified constraints
are preserved as edges within the triangular mesh. The trian-
gular mesh is used to compute a weighted energy functional
expressed in terms of nodal texture values. The global value
of this functional serves as a measure of how closely the
user-specified and physics-based constraints are met by a
particular texture distribution. The optimal texture distribu-
tion is found by determining the set of nodal values which
minimizes this functional, through an iterative process that is
recursively applied to each nodal value using the results of a
previous iteration. In accordance with one aspect of the inven-
tion, the results of previous optimizations may be used as the
starting point for subsequent refinements of the texture dis-
tribution, in the event that greater levels of photorealisim are
necessary. During this recursive procedure the triangular
mesh is progressively refined using an adaptive subdivision
procedure which allows local texture variations to be more
accurately expressed whilst optimizing the overall mesh den-
sity against calculational efficiency.
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METHOD AND APPARATUS FOR
CONSTRAINT-BASED TEXTURE
GENERATION

NOTICE PURSUANT TO 37 CF.R. § 1.184(2)

[0001] The patent or application file contains at least one
drawing executed in color. Copies of this patent or application
publication with color drawings will be provided by the
Office upon request and payment of the necessary fee.

FIELD OF THE INVENTION

[0002] The present invention relates generally to computer
graphics, and more particular to a methodology for creating
high-quality texture maps for photographic re-texturing.

BACKGROUND OF THE INVENTION

[0003] In the field of computer graphics and computer
graphics rendering software, it is often desirable to apply a
texture to a graphical image of a digitally-rendered object.
Such functionality is often referred to as “texture mapping” or
“texturing,” and numerous software tools for performing this
function are known to those of ordinary skill in the art.
[0004] As a general proposition, it is more difficult to map
a photo-realistic texture to an object whose surface geometry
and topology is complex than to an object whose surface is
comparatively simple, for example, essentially planar. The
measure of this complexity increases as the desired degree of
photorealism increases.

[0005] The generation of a texture map for a graphical
image is complicated further when the surface to be mapped
includes such features as underfolds, where the continuous
surface folds beneath and partially obscures itself, and dis-
continuities. Examples of surfaces which have such features
include clothing and upholstery.

SUMMARY OF THE INVENTION

[0006] In view of the foregoing and other considerations,
the present invention is directed to a methodology for creating
a high-quality texture map for photographic retexturing of an
object such as an actual surface of a three-dimensional (3D)
computer model or the projected surface within a two-dimen-
sional (2D) image such as a photograph.

[0007] Inone aspect, the invention solves an existing prob-
lem using a new technique which allows the solution to be
applied to a wide range of situations in a cost-effective man-
ner. One feature of the invention is that in practice it demands
only modest technical skills of a type found commonly in the
graphics design industry.

[0008] In one embodiment, the invention consists of a
mathematical technique, and an associated software imple-
mentation thereof, for determining the most visually realistic
distribution of texture over a specified surface. As used
herein, the term “surface” may be used to refer either to an
actual surface within a 3D computer model, or the projection
of'a physical surface within a 2D image such as a photograph.
When used in conjunction with suitable rendering software,
the calculated texture distribution allows regions of the
treated image to be re-textured in a highly realistic way such
that the casual viewer would imagine that the applied texture
was present on the object when it was photographed or oth-
erwise created.

[0009] In accordance with one aspect, the invention con-
sists of the application of specific mathematical and computer
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software techniques to the problem of realistically re-textur-
ing regions of 3D models or 2D images or photographs. The
invention provides the ability to specify general constraints
and hints in the form of free-form lines which are drawn over
the surface to be re-textured. The invention then finds the
texture distribution which optimally meets these constraints
and hints whilst minimizing the overall stretching and com-
pression of the fabric.

[0010] Advantageously, this combination of user-specified
constraints and physics-based constraints allows the inven-
tion to be used to generate visually realistic texture distribu-
tions with a minimum of skill and effort. In addition, the
invention enables a wide range of visually important features
to be replicated in order to enhance the realism of the final
effect. These features include:

[0011] Direction of texture flow
[0012] Under-folds
[0013] Seams and other texture breaks
[0014] Ridges, folds and edge horizons
[0015] General profiles
[0016] Thenature ofthe invention is such that the authoring

process (i.e., the entire process of generating a good texture
distribution) can be performed incrementally. This advanta-
geously enables existing texture distributions to be improved
at a later date to meet higher standards of realism.

[0017] It is contemplated that the invention has various
commercial applications, including on-line sales and market-
ing of products for which texture and shape are important
purchasing considerations. In addition, the invention may be
applied in support of product design and design modification
of products for which texture and shape are important design
considerations. The invention facilitates the general commu-
nication of specifications and appearance of commercial
products.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The foregoing and other features and aspects of the
subject invention will be best understood with reference to a
detailed description of specific embodiments of the invention,
which follow, when read in conjunction with the accompany-
ing drawings, wherein:

[0019] FIG. 1 depicts a representative triangle from a tri-
angular mesh model of a three-dimensional surface;

[0020] FIG. 2 depicts an exemplary texture distribution
showing the distortion of a uniform grid pattern resulting
from user-specified texture flow lines in accordance with one
embodiment of the invention;

[0021] FIG. 3 depicts an exemplary texture distribution
showing the distortion of a uniform grid pattern resulting
from user-specified texture flow lines and texture discontinu-
ity lines in accordance with one embodiment of the invention;
[0022] FIG. 4 depicts an exemplary texture distribution
showing the distortion of a uniform grid pattern resulting
from user-specified texture underfold lines in accordance
with one embodiment of the invention;

[0023] FIG. 5 depicts an exemplary texture distribution
showing the distortion of a uniform grid pattern resulting
from a user-specified texture depth profile in accordance with
one embodiment of the invention;

[0024] FIG. 6a is a two-dimensional image of a three-di-
mensional object for which a photo-realistic texture mapping
is to be generated;
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[0025] FIG. 65 is the image of FIG. 64 having user-speci-
fied texture flow lines, edge horizon lines, and texture under-
fold lines superimposed thereon;

[0026] FIG. 6c¢ is the image of FIG. 6a having a texture
distribution superimposed thereon;

[0027] FIG. 64 is the image of FIG. 6a having a triangular
mesh generated in accordance with one embodiment of the
invention superimposed thereon;

[0028] FIG. 7 is a photograph of a person wearing a gar-
ment for which a texture map has been generated in accor-
dance with one embodiment of the invention; and

[0029] FIG. 8 is a simplified block diagram of a computer
system embodying the method in accordance with the present
invention.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS OF THE INVENTION

[0030] The disclosure that follows, in the interest of clarity,
does not describe all features of actual implementations. It
will be appreciated that in the development of any such actual
implementation, as in any such project, numerous engineer-
ing and programming decisions must be made to achieve the
developers’ specific goals and subgoals (e.g., compliance
with system- and business-related constraints), which will
vary from one implementation to another. Moreover, atten-
tion will necessarily be paid to proper engineering practices
for the environment in question. It will be appreciated that
such a development effort might be complex and time-con-
suming, but would nevertheless be a routine undertaking for
those of ordinary skill in the relevant fields.

The Mathematical Technique

[0031] The core mathematical technique in accordance
with one embodiment of the invention is a form of constrained
optimization in which two types of constraint are considered:
(1) user-specified or explicit constraints and hints; and (2)
physics-based or implicit constraints.

[0032] In one embodiment, the user-specified constraints
and hints are expressed by drawing free form lines onto the
surface to be re-textured. These lines enable the user to
specify that the texture should flow in a particular direction or
that the texture may be disjoint along the specified line.
[0033] The same type of free-form lines are used to add
localized geometric details such as folds, under-folds, ridges,
and valleys as perturbations to some underlying base geom-
etry. When applied to 2D images and photographs (as
opposed to fully 3D computer models), the underlying geom-
etry will generally be modeled as something very simple
(such as a plane) and the geometry lines may be used to add
more extended geometric features such as edge profiles and
curvatures.

[0034] The physics-based constraints are derived from a
simple model of a perfectly elastic fabric in which the restor-
ing force for a length of fabric is linearly proportional to the
extension or compression of that length from its natural (or
unextended) length. These constraints are applied without
any user intervention in order to maintain a texture distribu-
tion which is visually convincing in the context of the user-
specified constraints and geometry.

[0035] As a starting point, a triangular mesh which covers
the surface to be re-textured is created. Those of ordinary skill
in the art will appreciate that triangular mesh models are a
common methodology for performing texture mapping, and
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various computer-based tools for creating triangular mesh
models are known in the prior art. The mesh allows a con-
tinuous texture distribution to be specified as a linear inter-
polation of texture values at the triangle vertices or nodes.
User-drawn lines which specify texture directions or discon-
tinuities are preserved as edges within the triangular mesh.
Nodes which lie on a texture discontinuity are duplicated and
the nodal edges along the discontinuity are either left uncon-
nected or else are connected by special “hidden” nodes and
triangles. Hidden nodes and triangles are not used to generate
the final texture map.

[0036] The triangular mesh is used to compute a weighted
energy functional. The global value of this functional serves
as ameasure of how closely both the user-specified and phys-
ics-based constraints are met by a particular texture distribu-
tion. The set of nodal texture values which minimize this
energy functional are considered to represent the optimum
texture distribution. The weights for the energy contribution
from hidden triangles are reduced using a simple heuristics
based factor so that the user need not specify the extent of any
hidden (i.e. under-folded) fabric with any great accuracy.

[0037] The value of the energy functional is cast in terms of
the nodal texture values. The optimum texture distribution is
then found by determining the set of nodal textures which
simultaneously minimize this functional. This implies a large
set of non-linear simultaneous equations. These equations are
solved using an iterative Newton-Raphson technique which is
recursively applied to each nodal texture value using the
results of the previous iteration. The technique requires a
reasonable starting texture distribution and this is initially set
to a flat texture distribution whose direction and density are
based on the surface geometry and imposed texture direc-
tions. Subsequently, the results of previous optimizations
may be used as the starting distribution for a more refined
solution.

[0038] The process for computing the energy functional is
described with reference to FIG. 1, which shows an arbitrary
triangle 10 within the connected triangular mesh comprising
a model of a surface. The nodes and sides of the triangle be
labeled i, j, and k, as shown in FIG. 1.

[0039] The position of each node i, j, and k are r;, r; and r,,
respectively with r, having components (r,., r,, r,.), ; having
components (r;,, 1, 1), and with 1 having components (r,,
1, I;,). The texture coordinate of each node is designated by
t;, t;and t, where each texture coordinate t has components (t,,,
tv)s

[0040] The physical length of the sides 1, j, and k of triangle
10 are designated L,, L;, and L, respectively, where side i is
the side opposite node i, side j is the side opposite node j, and
side k is the side opposite node k. The physical length of each
perpendicular, i.e. the perpendicular distance from node i to
side 1, or from node j to side j, or from node k to side k is
designated N,, N, and N, respectively.

[0041] A texture length value is defined for each side i, j,
and k, and is designated T,, T , and T, respectively. Similarly,
atexture length value is defined for each perpendicular, and is
designated as P,, P, and P,, respectively.

[0042] Aswouldbeappreciated by those of ordinary skill in
the art, the process of texture mapping can be likened to
covering the modeled surface with a “fabric.” In the presently
disclosed embodiment, this “fabric” is assumed to be an iso-
tropic, perfectly elastic material with and elastic modulus e
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(inunits of force/distance). The (longitudinal) spring constant
for a strip of such a membrane, such as the strip designated
with reference numeral 12 in FIG. 1, having unextended
length t and width Ap is given by

Spring constant=eAp/t
and the restoring force when such a strip is stretched will be
given by

AF=eAp(l-1)/t

where t=the relaxed or un-extended length and I=the extended
length

[0043] Similarly, the energy contained within the extended
strip is given by

AE=YseAp(l-1)*/t
[0044] Considering the total energy of all such strips which
run parallel to side i of triangle 10, a variable T is defined

which varies from 0 at side 1 to 1 at node i. The parameters
defining our strip can then be expressed as a function of T as:

I=tL
t=tT
Ap=PAt

resulting in the following expression for the energy in a gen-
eral strip at T, At parallel to side i

AE =Yoe(P/T)L~T)v’Av
[0045] Letting A approach 0 an expression for the total

strain energy E within all the strips parallel to side 1 of triangle
10 is as follows:

E 7 =Ye(P/T)L~T.)*|v>dv for 1=[0,1]
This yields
Er=()e®B/TYLT,Y
[0046]
Ef=(P/T)L-T)
[0047] A similar analysis to determine the total strain

energy contained in all strips which run perpendicular to side
i yields the following result

Or in appropriate units

E/~(T/P)N~P)’
The total strain energy contained within the triangle is thus
given by

E=EF+E}
[0048] However thetotal strain energy E of triangle 10 must

be invariant to both the choice of x and y and indeed the choice
of side. This implies that

E=E cos 0
and
E/=Esin 0

[0049] where O is the angle that side i makes with the
chosen x axis.

[0050] Furthermore, by demanding that E be independent
of our choice of side it can be deduced that the total strain
energy of the triangle must be given by

E=E+EjY+E*
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[0052]
and k,

E=(P/T)L T +P/T) LT +(PyT) L T.Y

[0053] Those of ordinary skill in the art will note that the
physical lengths L. of the sides are functions of the position
coordinates r,, r;, and r;, whilst the texture lengths of the sides
1, j, and k, and the perpendiculars corresponding to each side
are functions of the texture coordinates t,, t,, t,

[0054] It will further be apparent to those of ordinary skill
in the art that the energy for the entire mesh of triangles will
be given by summing the above expression over all triangles.
In the disclosed embodiment of the invention, it is then
desired to compute the values of the t coordinates in this
global expression which minimizes the total value of E for a
given set of r coordinates. To accomplish this, and expression
for the partial derivative of E with respect to each t component
is derived, and each of these is simultaneously set to zero.
[0055] Iftheenergy oftriangle nis given by E,, then the total
energy is given by

Alternatively, using the earlier result and cycling i, j,

E, ..~2E, foralln

total

and
OE, /0t =2dE, /ot ; for all n containing node i

BE,O,a/alinEBEn/azyi for all n containing node i

[0056]
node 1

Xz‘(txiagy‘)zo

This yields a pair of simultaneous equations for each

Yi(t,t,)=0
[0057] where the functions X, and Y, are non-linear func-
tions of the texture co-ordinates of all connected nodes j
(including j=i).
[0058] Itis to be noted that the constants contained within
the functions X, and Y, will be set by the position co-ordinates
of the triangular mesh.
[0059] To solve this (very large) system of non-linear equa-
tions, a local Newton-Raphson scheme is combined with a
global under-relaxation scheme as follows:
[0060] (1)Aninitial flat texture distribution is set across the
triangular mesh.

[0061] (2) While not converged:
[0062] (a) Compute the values of X,, Y, together with
X fot,,, dY Jot,, oXi/dtyi, Y /ot,, for each node and

use these to estimate the changes At,,, At,, that would

project X, Y, to zero assuming linear dependence ont,,,
t,, and no change to the texture co-ordinates of the con-
nected nodes.
[0063] (b) Having determined At,,, At, for all nodes in
the mesh, increment the current values of t,, t,, by add-
ing AAt,, At where A is a number in the range (0,1)
known as the under-relaxation factor.
[0064] This process is repeated iteratively until the solution
approaches a steady-state. In one embodiment of the inven-
tion, a factor of 0.5 for A is found to produce satisfactory
convergence.
[0065] Convergence ofthe solution is monitored during the
iteration and as the solution approaches a steady-state an
adaptive subdivision process is applied to refine the underly-
ing triangular mesh. The subdivision process is preferably
based entirely on edge-based criteria to avoid the generation

of any unwanted texture discontinuities and looks at both
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projected edge length and the change in simulated depth. The
effect of the subdivision process is to generate a very high
quality texture map both within the surface being authored
and at its edges.

The Computer Program

[0066] As would be apparent to persons of ordinary skill in
the art, the mathematical techniques described herein may be
implemented within an existing computer program which
provides a ready framework for creating the data structures
required by the invention when used to generate texture maps
for scanned 2D photographs. The existing program is also
able to use the output of the invention to generate a very high
quality rendering.

[0067] The input to the program in accordance with one
embodiment of the invention is as follows:

[0068] (1) A high quality mask which defines the region
of the image to be re-textured;

[0069] (2) A collection of free-form lines which are cre-
ated by the user by sketching over the input image and
which define geometry and texture features in the space
of that input image; and

[0070] (3) Data associated with the feature lines includ-
ing a variable width and height together with a selected
cross-sectional profile.

[0071] Inoneembodiment, the computer program provides
a graphical user interface for the creation and manipulation of
this data. In particular, feature lines are preferably input as
free form lines which are sketched in using a mouse, pen, or
similar user input device as would be most familiar to those of
ordinary skill in the art. These free form lines are then con-
verted to cubic Bezier splines according to a suitable and
preferably user-definable accuracy criterion. It is believed
that this conversion would be a matter of routine to those of
ordinary skill in the art, and that the details of performing such
a conversion need not be described herein.

[0072] Having created a feature line, the user is able to
progressively smooth the line and/or edit the individual points
and tangents in the Bezier representation of the line.

[0073] As well as creating and editing feature lines, the
computer program also preferably provides facilities for scal-
ing and offsetting the resultant texture distribution so that it
can be used in commercial applications which require the
alignment and matching of separate components of an item of
apparel or other textured item.

[0074] In the disclosed embodiment, features which are
currently supported are:

[0075] Vertical or Horizontal texture flow—the specified
texture axis is forced to flow parallel to the feature.

[0076] A purely geometric feature—a height profile is
applied across the line. The width and height of this
profile can be freely varied along the length of the line
the shape of the profile is fixed for each feature.

[0077] Under-fold—the texture folds under resulting in a
connected discontinuity. This feature is generally com-
bined with an appropriate geometry profile. This feature
implies that there is some hidden texture which connects
both sides of the discontinuity and prevents the texture
values from drifting too far apart.

[0078] An unconnected discontinuity—the texture is
completely disconnected along the feature line. This
would be used to represent a seam or cut in the item
being modeled.
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[0079] In operation of the program, a separate background
thread takes the current data and seeks a texture distribution
which is closest in a global sense to both the explicit con-
straints defined by the data and the constraints implied by a
physics based model which attempts to minimize the stretch-
ing and compression of the texture. The texture distribution is
defined as a linear interpolation of nodal texture values over a
well connected triangular mesh which ensures that the texture
is continuous at all points where it is required to be so.
[0080] TurningtoFIG. 2, thereis shown one example ofthe
results of a texture mapping operation performed in accor-
dance with the currently disclosed embodiment of the inven-
tion. FIG. 2 Specifically, FIG. 2 illustrates the manner in
which texture flow features are handled in accordance with
one embodiment of the invention. In operation, a surface 20 is
presented to the user, preferably on a computer display. Using
a suitable user input device, such as a mouse, digitizing pad,
or the like, the user specifies the desired texture flow. In the
example of FIG. 2, the “texture” is a uniform grid of squares;
FIG. 2 shows how this texture would appear after being
mapped to the surface 20 in accordance with the presently
disclosed embodiment based upon the user-specified con-
straints and the physical (strain energy) constraints.

[0081] InFIG. 2, a first user-specified line 22 indicates the
desired texture flow in the horizontal direction, while a sec-
ond line 24 specified by the user indicates the desired texture
flow in the vertical direction. That is, line 22 forces the hori-
zontal direction of the texture to run parallel to it, while line
24 does the same in the vertical texture direction. As dis-
cussed above, the constraint is applied by a localized energy
function whose weight can be adjusted. The resultant appear-
ance of the uniform grid of squares upon adjustment of the
texture flow in accordance with the present invention is
observable in FIG. 2.

[0082] FIG. 3 illustrates how texture discontinuities are
handled by the presently disclosed embodiment of the inven-
tion. In addition to the texture flow lines 22 and 24 specified
by the user, in FIG. 3 the user has specified a number of
texture discontinuities corresponding to dashed lines 26, 28,
30, and 32. The texture is allowed to be discontinuous across
these lines, and this reduces the overall stretching and squash-
ing of the texture. This is observed through comparison of the
distortion of the grid pattern in FIG. 2 with the distortion of
the grid pattern in FIG. 3.

[0083] FIG. 4 illustrates how the present invention handles
situations involving texture underfold, i.e., where the surface
is tucked under itself. In one embodiment, the user specifies
the extent of an underfold in a profile window, where the
profile of the texture intended to remain visible is specified by
the solid line above a central horizontal axis 36, and the
profile of the underfolded texture that will not be visible is
specified by the dashed line below axis 36. Two such under-
folds 38 and 40 are shown in FIG. 4. Once again, the resultant
distortion of the uniform grid upon application of the under-
fold constraints is observable.

[0084] FIG. 5 illustrates how a user can specify a texture
depth profile. In FIG. 5, the user specifies the desired center-
line 42 of a ridge having a profile as specified in profile
window 34. In FIG. 5, the ridge is observable between dashed
lines 44 and 46, and again, the distortion of the uniform grid
after application of the specified depth constraints is observ-
able.

[0085] Turning now to FIGS. 6a through 64, there is shown
an example of generating a mesh model in accordance with
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the presently disclosed embodiment of the invention. FIG. 6a
is an example of a two-dimensional image of the three-di-
mensional object, for which image it is desired to generate a
photorealistic texture map. In particular, in the example of
FIGS. 6a-64, it is desired to generate a texture map for the
fabric 50 appearing in the image.

[0086] FIG. 65 is the same image as FIG. 6a, showing a
plurality of lines corresponding to various features of the
object depicted in the image, including texture flow lines,
edge horizon lines, texture underfold lines, and ridge lines,
superimposed onto the image by the user. In particular, line 52
is an edge horizon line (essentially, the border of the region to
be textured), lines 54, 56, and 58 are texture under-fold lines,
line 60 is a texture flow line, and line 62 is a ridge line. Both
ridge lines and horizon lines are examples of profile lines
which have the effect of imposing a height profile along the
feature center-line. In the case of an edge feature, the profile
is such that the surface normals along the center-line are
forced into the plane of the image, which is the characteristic
of a horizon.

[0087] As noted above, the process of drawing the super-
imposed lines onto the image can be accomplished in various
well-known manners utilizing computer user input devices
such as a mouse, a digitizing tablet pen, or the like, as would
be apparent to those of ordinary skill in the art. Interactive
graphics systems for allowing users to manipulate graphic
images displayed on a computer screen are well-known in the
art, and it is believed that the particular system utilized for the
purposes of practicing the present invention is of no particular
consequence for the purposes of the present disclosure.

[0088] FIG. 6¢ shows the same image as FIGS. 6a and 65,
after the iterative texture distribution process described in
detail above has converged to an acceptable level of error. In
the example of FIG. 6¢, the “texture” is a uniform grid of
squares, and FIG. 6¢ shows this grid as it appears using a
texture map developed in accordance with the teaching of the
present disclosure. The distortion of the uniform grid pattern
reflects the texture flow, edges, and under-folds specified by
the user in FIG. 6.

[0089] An important part of the computer program is the
creation of the triangular mesh which is used to express and
optimize the texture distribution. This mesh is constructed
from the input feature lines and mask and is itself highly
optimized in terms of its local density and its ability to accu-
rately accommodate any user specified discontinuities, tex-
ture flows and local geometry perturbations. The algorithms
used to construct this mesh form an important part of the
invention.

[0090] FIG. 6d shows a triangular mesh 64 generated based
upon the texture distribution shown in FIG. 6¢ using conven-
tional triangular mesh techniques. The triangular mesh incor-
porates local refinements around edges and discontinuities. In
accordance with one aspect of the invention, it is likely that a
mesh such as that shown in FIG. 64 would likely be substan-
tially denser than the mesh that is used as the starting point for
the overall process of texture mapping. That is, in one
embodiment, as part of the calculation process, a coarse mesh
is initially employed. As the numeral procedure converges,
the mesh is progressively refined through a process of local
subdivision, increasing the density in those regions where it is
most needed, i.e., in areas of the image which depict transi-
tional features (ridges, edges, underfolds, and so on). This
iterative process of mesh refinement represents a further itera-
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tive process on top of the numerical (Newton-Raphson) itera-
tions, leading to a solution that is highly optimized in terms of
quality and cost.

[0091] In one embodiment of the invention, the mesh is
generated based upon estimates of an initial texture distribu-
tion in the form of a simple planar form using the average of
the user defined texture flow directions. This simple estimate
is distributed across an initial coarse triangular mesh. A recur-
sive procedure is applied to each of the nodal values of the
texture in turn and results in an estimate of the change
required at each node in order to reduce the contribution that
that node makes to the global energy function to zero. This
estimate is made on the basis that all other nodal values are
already optimized and that the variation of energy with tex-
ture is linear. No changes are made to any nodal values during
each iteration.

[0092] Those of ordinary skill in the art will appreciate that
in fact, the other nodal values are not optimized and the
relationship between energy and nodal texture value is non-
linear. However, the direction of the texture movement
implied by the changes calculated using the previously
described procedure is in general towards an improved tex-
ture distribution—where improved means having lower
energy in a global sense. At the end of an iteration, the esti-
mated nodal texture increments are therefore multiplied by
some factor less than unity and applied to the existing nodal
texture values. Taken as a whole then, each iteration consists
of'an inner Newton Raphson step applied individually to each
pair of nodal texture values followed by an outer under-
relaxation step applied to the entire set of nodal texture val-
ues. A value of 0.5 is found to be the optimum relaxation
factor.

[0093] The described iterative procedure is applied repeat-
edly to a simple starting texture distribution. At various points
during this iteration the rate of change of the texture distribu-
tion is determined and when this is deemed to be slowing
down, an automatic mesh refinement procedure is invoked
which produces a mesh having a greater degree of freedom.
The texture distribution from the coarser mesh is interpolated
onto this new finer mesh and the same iteration now continues
on the new mesh. The process can be considered one of
adaptively refining the triangular mesh so that it is able to
express local texture irregularities with a minimum of
increase in mesh size, and hence computational speed. The
mesh refinement is based on triangle edge splitting so that a
well connected mesh is maintained which guarantees a con-
tinuous texture distribution. Both edge length and edge height
interval are used as criteria for edge splitting, the latter being
particularly useful for accurately modeling localized height
variations such as folds and edges. The mesh refinement
procedure is applied recursively.

[0094] In one embodiment the texture relaxation process
runs as a background thread and at regular intervals the cur-
rent texture distribution and associated mesh is used to per-
form a standard scan-line rendering of a reference. This ren-
dering is combined with the illumination data for the section
of image being retextured and the result is presented as an
approximate retexturing. The relaxation process can be ter-
minated at any point by the user either because it is apparent
that changes to the features are needed or else because some
subjective level of visual accuracy is achieved. When the user
achieves some desired texture distribution, this may be saved
along with the data required to reproduce or refine it. The
texture distribution and its associated mesh can then be used
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to calculate a continuous texture map at an arbitrary resolu-
tion using standard scan-line rendering techniques. This tex-
ture map may then be used by the rendering sub-system of the
authoring framework or by an associated rendering system to
create a high quality re-textured rendering of the original
photograph as originally required.

[0095] A representative hardware environment for practic-
ing the present invention is depicted with reference to FIG. 7,
which illustrates a hardware configuration of a data process-
ing system 113 in accordance with the subject invention. The
data processing system 113 includes a central processing unit
(CPU) 110, such as a conventional microprocessor, and a
number of other units interconnected via a system bus 112.
The data processing system 113 includes a random access
memory (RAM) 114 and a read only memory (ROM) 116.
Also included are an I/O adapter 118 for connecting periph-
eral devices such as disk units 120 and tape drives 140 to the
bus 112, a user interface adapter 122 for connecting a key-
board 124, a mouse 126 and/or other user interface devices
such as a touch screen device (not shown) to the bus 112, a
communication adapter 134 for connecting the data process-
ing system 113 to a data processing network 142, and a
display adapter 136 for connecting the bus 112 to a display
device 138. The CPU 110 may include other circuitry not
shown herein, which will include circuitry found within a
microprocessor, e.g. execution unit, bus interface unit, arith-
metic logic unit (ALU), etc. The CPU 110 may also reside on
a single integrated circuit (IC).

[0096] Although specific embodiments and implementa-
tion alternatives have been disclosed herein, this has been
done solely for the purposes of describing the invention in its
various aspects, and is not intended to be limiting with the
scope of the invention as defined in the claims, which follow.
It is contemplated that various substitutions, alterations, and/
or modifications, including but not limited to those which
may have been discussed or suggested herein, may be made to
the disclosed embodiment(s) without departing from the
spirit and scope of the invention.

What is claimed is:

1. A method for creating a texture map for a three-dimen-
sional surface, comprising

(a) defining a triangular mesh model of said surface;

(b) providing at least one user-specified texture constraint;
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(c) computing a weighted energy functional for said trian-
gular mesh, said weighted energy functional comprising
a plurality of nodal texture values computed in accor-
dance with said at least one user-specified texture con-
straint;

(d) iteratively recomputing said nodal texture values to
converge said weighted energy functional toward a
minimum value.

2. A method in accordance with claim 1, wherein said at
least one user-specified texture constraint comprises a texture
flow constraint.

3. A method in accordance with claim 2, wherein said at
least one user-specified texture constraint further comprises a
texture discontinuity.

4. A method in accordance with claim 3, wherein said at
least one user-specified texture constraint further comprises a
texture underfold constraint.

5. A method in accordance with claim 4, wherein said at
least one user-specified texture constraint further comprises a
texture height profile constraint.

6. A method in accordance with claim 1, wherein said step
(b) of providing at least one user-specified texture constraint
comprises the steps of:

(b)(1) displaying a two-dimensional image of said surface

on a computer display;

(b)(2) using a user-input device to superimpose a free-form
line on said image.

7. A method in accordance with claim 6, wherein said
free-form line approximates the flow of said texture on said
surface.

8. A method in accordance with claim 6, wherein said
free-form line corresponds to the location of a discontinuity
in said texture.

9. A method in accordance with claim 6, wherein said
free-form line corresponds to the location of an underfold in
said surface.

10. A method in accordance with claim 6, wherein said
free-form line corresponds to the location of a height profile
in said surface.

11. A method in accordance with claim 1, wherein said
energy functional approximates the total strain energy for
said triangular mesh.



