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Abstract

The nonruniform rational B-splines (NURBS) has been widely accepted as a standard tool for
geometry representation and design. Its rich geometric properties allow it to represent both
analytic shapes and freeform curves and surfaces predsely. Moreover, a set of todls is available
for shape modifi cation or more implicitly, objea deformation. Existing NURBS rendering methods
include de Boor algorithm, Oslo algorithm, ShantZ's adaptive forward differencing algorithm and
Sibermann’s high speead implementation of NURBS. Howeve, these methods consider only
spealing up the rendering process of individual frames. Recently, Kumar et al. proposed an
incremental method for rendering NURBS surfaces, bt it is gill limited to static surfaces. In real-
time applications such as virtual reality, interactive display is needed. If a virtual environment
contains a lot of deforming dbjeds, these methods cannot provide a good solution. In this paper,
we propose an efficient method for interactive rendering of deformable objeds by maintaining a
polygon model of each deforming NURBS surface and adaptivey refining the resolution d the
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polygon model. We also look at how this method may be applied to multi-resolution modelli ng.

1. Introduction

Non-uniform rational B-splines (NURBS) [1,2]
have beome a de-facto industry standard for
representing curves and surfaces. They recéve
widespread acceptance ad popularity becaise
they posses many important advantages. For
examples, they provide a @mmon mathematicd
form for representing and designing standard
analytic shapes and freeform curves and
surfaces. A variety of shapes can be produced
simply by manipulating the control points and
weights. In addition, they have a powerful
geometric toalkit including krot insertion, knot
refinement and knot removal, which can be used
throughout the design process Applicaions of
NURBS include freeform surface modelling in
CAD systems, virtual redity and computer
animation. In freeform surface modelling and
virtual redity, interadive rendering of deforming
NURBS surfaces is important. In virtual redity,
in particular, we may want to model scenes with
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many deformable objeds moving around and the
efficient rendering of these objeds is criticd.
Even in computer animation, it is an advantage to
be @leto preview a deforming ohjed as me of
its parameters are being modified. Because most
hardware graphics acceerators can only handle
paygons, the standard way to render NURBS
surfaces is polygonisation that is tessellating a
NURBS surface into pdygons for rendering.
Therefore, the most obvious approach to address
the problem is to acceerate the polygonisation
process

In this paper, we present an efficient method for
interadive rendering of deforming NURBS
surfaces. The method accéerates the rendering
spea with two techniques. Firstly, we cnsider
the frame-to-frame danges of the pdygon
models generated in conseautive frames as the
objed deforms. Instead of exeauting the
poygonisation process in every frame, we
maintain a poygon model of the deforming
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NURBS surface and incrementally update the
poygon model to represent the deforming
NURBS surface & eah individual frame.
Seoondly, as the NURBS surfacedeforms and the
polygon mode is updated incrementally, some
parts of the polygon model may becmme too
coarse to represent the NURBS surfacedue to the
increase in locd curvatures. This will result in a
polygonal appeaance of the surface On the other
hand, other parts of the polygon model may
beoome too fine to represent the surface due to
the deaease in locd curvatures. This, on the
contrary, will result in awaste of processng time.
To overcome this problem, we suggest a
technique for incrementaly refining the
resolution of the pre-generated pdygon model.
We dso discuss how this technique can be used
in multi-resolution modelling.

The rest of the paper is organised as follows.
Sedion 2 describes previous work on rendering
NURBS surfaces. Sedion 3 presents the
incremental technique for rendering deforming
NURBS surfaces and sedion 4 presents the
technique for resolution refinement of the pre-
generated pdygon model. Sedion 5 discusses
how our method can be used in multi-resolution
modelling. Sedion 6 shows sme experimental
results and dscuses the alvantages and
limitations of our method. Finally, section 7
presents conclusions of our work and discusses
some posshle future work.

2. Related Work

Many methods have been proposed to speed wp
the process of rendering NURBS surfaces
[3,45,6,7,89,10]. In order to make use of the
polygon rendering capabilities of existing
hardware graphics accéerators, the magjority of
the methods developed ae based on
polygonisation. For example, the recursive de
Boor algorithm [6] evaluates a NURBS surfacein
parameter space Boehm in [4] proposed a
subdivision method using knot insertion. Cohen
et al. [5] also proposed a similar subdivision
method cdled the Odo agorithm. This method
divides a surfaceinto pdygons by simultaneously
inserting multiple knots into the surface
However, it performs a large number of knot
insertion operations, which are computationally
very expensive. A better method is to convert the

NURBS surfaceinto Bézer patches by inserting
multiple knots into ead interior knot of the
surfacefollowed by either de Casteljau’s [11] or
Horner's [12] Bézer subdivision method. Here,
fewer knots are nealed to be inserted. The Mesa
3D graphics library [13] is an implementation of
such technique. Other methods proposed to
acceerate the polygonisation process such as
Shantz's adaptive forward differencing algorithm
[9] and Silbermann’s high speal implementation
of NURBS [10Q], are based on simplifying the
evaluation of the NURBS equations. All the
methods mentioned above @ncentrate on
acceerating the poygonisation of individual
NURBS surfaces without concern for their
incremental  evolution in successive frames.
Hence the cmplete polygonisation process is
exeauted in every frame.

Kumar et a. in their recant paper [14] propaosed
an incremental method for displaying NURBS
surfaces. The method generates a polygon model
from the NURBS surface by converting the
surface into Bézer segments followed by a
Bézer subdivision process The method uses the
viewpoint as a function of coherence between
successve frames for the palygonisation of the
NURBS surface Since there is usualy only a
smal change in view pont between two
conseadutive frames, the method minimises the
number of triangles generated within the given
time frame by incrementaly polygonising
segments that will bemme visible in the next
frame and deleting those that will bemme
invisble. However, this method daes not
consider the situation when a NURBS surfaceis
continuously deforming. In such situation, the
complete polygonisation process $ill needs to be
exealted. As such, this method is more suitable
for displaying static NURBS surfaces.

3. Incremental NURBS Surface Defor mation

As mentioned ealier, existing NURBS rendering
methods do not consider the wherence of a
deforming NURBS surface between two
succesdve frames, and the  mplete
polygonisation process is exeaited in every
frame. If there ae alot of deforming objeds in
the scene and in particular, if a fine tessllation is
required, these rendering methods may be too
costly to execute in red-time. The objedive of
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this work is to speed up the rendering of
deforming NURBS surfaces. The main ideais to
maintain two representations of the NURBS
surface the surfacemodel itself and the palygon
model approximating the surface model. As the
surface deforms, the polygon model is not
regenerated. Instead, al the polygon vertices in
the original polygon model are updated, such that
the updated model approximates the deformed
surfacemodel.

3.1 Updating the Polygon Model

A NURBS surfaceis a rational generalisation of
the tensor product non-rational B-spline surface
defined as follows:

S(u,v) = Z'lf;zjnglwu PR ,;(uv)
Yo oW R UY)

where w; ; are the weights, P ;form a oontrol

)

net, and R ; (u,v) are the basis functions.

A polygona representation of the NURBS
surface ca be obtained by evaluating eguation
(1) with some fixed u and v parameters. If a
control point P, is moved to P, , the
displacement vedor can then be defined as
V=P,-P,. The incrementa difference

between the two pdygonal representations of the
surface before and after the ontrol point
movement can be shown as foll ows:

(E - Ps,t )Ws,t Rs,t (U,V)
Zin:oZT:oWi,; R (uv)

S(u,v) - S(u,v) =

where S(u,v) and S(u,v) are the polygona
representations of the surfacebefore and after the
control point movement respedively. a,, is a

constant for ead particular set of u and v
parameter values and defined as:

_ weR,(uY)
Zinzo zrjnzovvi,j RI] (U,V)
If the subdivision resolution remains the same

before and after the deformation, al the scaar
coefficients a, can be pre-computed. Therefore,

2

st
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the st of updating a paygon vertex from the
current frame to the next is only two operations,
one multiplication and one aldition. In addition,
with the local control property of NURBS, it is
known that the trandation of a particular control
paint P, of aNURBS surfacewould only affea
the region [ug,Ug,,) %[V;,V.,) where g is the
order of the NURBS surface Hence, we only
need to update the polygon vertices within this

locd region to minimise the polygon mode
update time.

3.2 Thelncremental Rendering Process

Our rendering process can be divided into two
phases, the initialisation phae and the padygon
model update phase.

e Initialisation Phase: During this phase, we
perform a polygonisation processto produce
the initial paygon model of the NURBS
surface We dso cdculate the scdar
coefficients for al the ntrol points and
store them for subsequent deformation.
However, if memory is tight, the
computation of the scdar coefficients may be
performed on demand upon the movement of
one or more cntrol points and the computed
scdar coefficients are then stored for
subsequent deformation.

* Polygon Model Update Phase: During this
phase, we update dl the polygon vertices
affected by the displacal control point by
multi plying the displacement vedor with the
pre-computed set of scdar coefficients.
When the deformation involves multiple
control paints, we may consider eat of them
in sequence.

4. Resolution Refinement

With the technique proposed in Sedion 3 above,
we may now render a deforming NURBS surface
very efficiently. However, since the paygon
model representing the NURBS surface is pre-
generated, the resolution of the polygon model is
fixed throughout the deformation. The problem
with this is that if the curvature of the surfaceis
increased by alarge amount during a deformation
process the resolution of the polygon model may
bemme too coarse to represent the deformed
surface ad pdygona appeaance may result. On
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the other hand, if the aurvature of the surfaceis
deaessed by a large amount during a
deformation process the resolution of the
poygon model may bewmme higher than
necessary to represent the deformed surface In
this stuation, many polygons may be projeded to
a single pixel resulting in a waste of processng
time. To overcome this problem, we propcse a
technique for inserting or deleting polygons
incrementally acmrding to the dhange in locd
curvature of the surface Interadive frame rates
can therefore be maintained by avoiding
complete re-evaluation for the new polygon
vertices. The method is based on the de Casteljau
algorithm [11].

4.1 Insertion and Deletion of Polygons

To increase the resolution of a region, we divide
a polygon (or more predsely, a square) into four
smaller polygons. The major computational cost
of this operation is to crede anew set of scalar
coefficients for the new vertex. However,
cdculating the scdar coefficients with eguation
(2) is expensive. Hence, we derive a new
technique which generates new scdar coefficients
incrementally from the «&isting scdar
coefficients instead of re-cdculating them with
equation (2). This technigue minimises the
overhead for resolution refinement.

After a NURBS surface is decomposed into
Bézer patches, a poygon model can then be
obtained by applying the de Casteljau subdivision
method [12] on eadt of the Bézer patches. For
simplificaion, we derive the formula by
considering a rationa Bézer curve. The
derivation of the formula for rational Bézer
patches goesin asimilar way.

LetP,P,....,PR, OR* and O<us<l, where
R,,P,...,P, are the homogeneous Bézer points

of arational BéZer curve of degreen. The Bézer
curve @n be defined by the de Casteljau
Algorithm as foll ows:

P"(u) = @-u)P™(u)+uP;*(u) Er =1...,n
0=0,....,n-r
©)

whereP°(u) =P. Then P)'(u) is the point with

parameter value u on the Bézer curve P".

Now, let us assume aBézer curve segment has
r - 1 level of refinement and a further subdivision
step is applied on it with u = t (where 0<t<1).
Then, we will obtain two Bézer curve segments:

P'(t) = @-t)R"™(t) +tRL (t) , and
PLi(t) = I-t)PHt) +tR L (1)

where P (t) and P, (t) are the Bézer points of
the first and seand curve segments respedively.
These two curve segments behave the same in the
refinement processexcept that they have different
parameter ranges.

After the surface deformation,
Py (u),P ™ (u),...,P/™(u) as the Bézer paints
of the original BéZer curve and the new pasitions
of P'(t) and P, (t) canbe cdculated as:

we have

R () = A-H)RL(t) +tRN(t) , and

Pnr—i (t) = (1 - t) Pnr—_i1 (t) +t I:’nr—_i—l (t)

The movement of P'(t) and P, (t) are then
expresed as.

R ©-P )

= a-0f0-ro)+pro - rro)
and

Pnr-i t)- Pnr—i )

- -0 o -rro)Emo -rrno)

We can replace the movement of control points
with the scdar coefficients and dsplacement
vedors as foll ows:

al )V = (L-ta/ )V +ta/ )V, and
ap (V= Q-ta, SOV +tar T, OV

Finally, we may generadlise the &ove two
equations for the scdar coefficients to the de
Casteljau form:

al (u) = (L-u)a ™ (u) +ua/ ;' (u) EL" =1...,n
0=0,...,n-r
4

Therefore, the set of new scdar coefficients can
be cdculated by the cmbination of adjaceit
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scdar coefficients dored at existing vertices.
Instead of applying the de Casteljau scheme, in
our implementation, we re-expressequation (4) in
monomial form by the Horner's subdivision
scheme & follows to oltain better performance.

ol = (---(@El—u)aé’ﬁ@af)(l—u)
ﬁ@za;’)(l—u)+---)(1—u)+§1§1”a3

The reason for this is that de Casteljau scheme
requires O(N?) computation while Horner's
scheme requires O(N) only.

In contrast, when the resolution of aregion is to
be reduced because of the deaeesse in locd
curvature, we @n apply the de Casteljau
algorithm in reverse to construct the regressed
Bézer segments. We canot simply delete the
extra vertices, because it will affed the integrity
of the Bézer segments.

With this technique, we can now modify the
resolution of the pre-generated pdygon model
dynamicdly. In pradice, due to the frame-to-
frame mherence the number of polygon vertices
needed to be inserted or deleted from the polygon
model between two consecutive frames is
expeded to be small most of the time.

4.2 TheCurvature Test

Becaise we use apre-generated pdygon model
to approximate adeforming NURBS surface we
should therefore make sure that the
approximation is predse enough at any time
while the surfaceis deforming. To increase the
predsion of the gproximation, regions of higher
curvature should be represented with more
polygons. On the other hand, to save processng
time, regions of low curvature may be
represented with fewer polygons. To determine
the arvature of a surface we measure the
deviation of the surface from a planar palygon.
The result of this curvature test is then used as an
indicaor to quantify the predsion of our
approximation. It may also be used as a stopping
criterion for subdividing the NURBS surface

In our subdivision process the NURBS surfaceis
firstly converted to Bézer patches, which are
then adaptively subdivided into quadtree nodes
based on their locd curvatures. The airvature test
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is caried aut in the following steps garting from
the root patch of the quadtree

1) We dhed the flatness of each boundary curve
of the Bézer patch by determining whether
the antrol points of the curve lie within a
given tolerance from the line segment formed
by joining the two ending control points. If a
curve is found to fail in the test, we subdivide
the patch and repea the dhedk on the sub-
patches.

2) If the flatness of al the boundary curves is
within the spedfied tolerance, we then check
the flatness of the Bézer patch by
determining whether the total distance of all
the control points of the patch from the plane
defined by any three @rner points of the
patch is within a cetain tolerance If it is, the
patch is considered as aufficiently flat and no
further subdivision is required. If it is not, we
subdivide the patch and repea the dedk on
the sub-patches.

3) If the patch passes both tests 1 and 2 above,
we output the goproximating planar rectangle
formed by the four corner vertices.

4.3 Crack Prevention

When adaptively refining the resolution of a
polygon model, it is possble that neighbouring
polygon patches may not be & the same
resolution level as $own in Figure 1(a). The
additional vertices inserted at the boundaries
between high and low resolution polygon patches
can cause aadks to appea between the patches.
To solve this problem, we adopt Barsky's cradk
prevention method [15] to ensure the visual
continuity of these patches. The idea is that
cradks can be prevented if the shared baundaries
of neighbouring polygon patches become flat at
the same resolution level, and they can use the
same line segment to represent the boundary.
Hence, this line segment is passed down to any
sub-patches daring the boundary. When a
polygon patch is to be subdivided, the flat
boundary segment is used to “corred” the
locaions of the inserted vertices to prevent
cracking as shown in Figure 1(b).
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€Y (b)
Figure 1. Crack prevention.

5. Multi-Resolution M odelling

Becaise a distant objed occupies a relatively
smaller screen areathan a neaby objed, most of
the details in the distant objed are not visible to
the viewer. Multi-resolution modelling is a
technique to optimise the rendering performance
by representing a neaby objed with a detailed
model, but a distant objed with a simpler one. To
determine the resolution of an objed model, our
recet work [16] identifies two importance
fadors: the static visual importance (SVI) and the
dynamic visual importance (DVI). SVI refers to
the visual importance of a point on an objed
cdculated acoording to its geometric importance
For example, apoint at a @rner of an objed hasa
higher SVI value than a paint on a flat surface
DVI refers to the visual importance of a point on
an objed cdculated acmrding to some dynamic
viewing and animation parameters. For example,
aregion of an objed has a higher DVI value if it
interseds the viewer’s line of sight.

Although there ae many methods for generating
multi-resolution models [17,18,19,20, 21], most
of them are slow and some of them may not even
preserve the geometry of the objed model. To
generate acurate models without saaificing
performance a mmon method is to pre-
generate a few key modes of the objed at
different resolutions. The run-time objed
distance determines which model to use for
rendering. Although this method is fast and
smple, it has two maor limitations. Firstly,
when the objed crosss the threshold dstance,
there is a sudden change in model resolution and
an objedionable visual discontinuity effed can
be observed. In [21], Turk proposed to have a
transition period during which a smocth
interpolation between the two successive models
is performed to produce models of intermediate
resolutions.  This method, however, further
incresses the wmputational cost during the
transition period kecause of the neal to process
two models at the same time. Secondly, because

the multi-resolution models are pre-generated, the
objed's DVI is not considered. The result of this
is a uniform increase or deaease in modd
resolution, and hence the generated models are
not optimised for the given viewing and
animation parameters of individual frames. Such
optimisation is important when an objed covers a
large depth range, for example, a piece of
landscepe or a large building. Even though there
may only be asmall region of the objed lying
close to the viewer or inside the viewer's line of
sight, we till neal to use the high resolution
model for rendering so that the details in the
closest part of the objea will not be lost.
Sometimes, a small objed may also have similar
problemsif, for example, it is close to the viewer.

To overcome these limitations, related methods
for managing large terrain models can be used
[22,23,24]. These methods basicdly divide a
large terrain surface into square blocks. All the
polygons inside a block are aranged in a
quadtreestructure with the root node representing
the whole block and the leaf nodes representing
individual palygons. Each successive lower level
of the tree represents a four-time increase in the
number of polygons and two-time increase in
resolution. With such a data structure, it is
possble to cdculate the DVI values of individual
high level nodes during run-time. A node with
high DVI value @n be rendered using its lower
level subnodes, i.e., with more details, while a
node with low DVI value an be rendered using
its higher level nodes. However, this kind of
method requires the objed to be regularly
subdivided. In [25], Hoppe proposed an idea
cdled progressve meshes. This method can be
used to perform limited seledive refinement by
considering the DVI of the objed. Our recent
work [16] subdivides each objed into regions to
alow more flexible seledive refinement with
better performance However, both of these
methods do not consider deforming objeds.

To apply our method for rendering deforming
NURBS surfaces to multi-resolution modelli ng,
we nedl to be @le to determine the resolution of
the deforming surface acording to its SVI and
DVI. The importance of a Bézer patch, i, can be
cdculated as follows:

R,imp = Psu*Pov
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where Ry, and P, are the SVI and DVI

values of patch i respedively. This patch
importance value, P can be used to

I,imp ?
determine the adual subdivision level, and hence
the resolution, of patchi. The higher thisvalueis,
the more subdivisions will need to make to the
patch.

When the surfaceis not deforming, P, 5, remains

unchanged. When the surfaceis deforming, the
SVI value of the Bézer patch, i, can be updated
from the result of the arvature test, R,

described in sedion 4.2 as foll ows:
Psvi = Ksy*R

where K, is a onstant. The DVI value of the

patch can be cdculated acwording to some red-
time viewing and animation parameters. For
example, if we consider the distance of the patch
from the viewer and the distance of the patch
from the viewer’s line of sight, the DVI vaue of
the patch can be cdculated as follows:

Povi = lgist® Isight

where I, and |, arethe importance values

(between zero and one) based on the distances of
the patch from the viewer and from the viewer's
line of sight respedively. The adual cdculation
of these and ather parameters can be found in

6. Resultsand Discussions

We implemented the new method in OpenGL and
with the Manchester NURBS library [28]. We
compared the performance of the new method
with two ather polygonisation methods on a SGI
Indigo® workstation with a 200MHz MIPS 4400
CPU and Extreme graphics acceerator. The two
polygonisation methods are the Odo algorithm
and the method wsed in the Mesa graphics library,
which is converting the NURBS surface into
Bézer segments followed by Horner's
subdivision. Figure 2 shows the results of the
comparison. Curve (a) shows the performance of
the Odlo agorithm. Curve (b) shows the
performance of the method wsed by the Mesa
graphics library. Curves (¢) and (d) show the
performances of our method with and without
resolution refinement respedively. Compared to
the method wsed by the Mesa graphics library,
our method without resolution refinement is
roughly 15 times faster, and is roughly 3 times
faster with resolution refinement when the total
number of polygons used to represent the surface
changes by abou 2% due to changes in
refinement. The extra cmputational cost is due
to the arvature tests and the cdculation of the
scdar coefficients for the inserted vertices. Note
that the performance shown in figure 2 daes not
include the palygon rendering time.
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many references[26,16,27].
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Figure 2. Performance mmparison d different NURBS rendering.
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Figure 3. Performance of polygon insertion and deletion.
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Figure 4. Performance of the curvature test.

Figure 3 shows the performance of inserting
polygons and deleting palygons from the model.
From the diagram, we can see that it is more
expensive to insert polygons than to delete
polygons from the model. This is because more
vertices are involved in cdculating the sets of
scdar coefficients when inserting vertices than
when deleting vertices. Figure 4 shows the
performance of the arvature test with resped to
the number of Bézer patches being tested.

Figure 5 shows me images generated with our
method. Figures 5(a) and 5(b) are generated
without resolution refinement. While the flat
regions have too many polygons, the regions of
high curvature may have too few. Figures 5(c)
and 5(d) are generated with resolution refinement
and contain the same total number of polygons as
figures 5(a) and 5(b). We can seethat figure 5(d)
has a much smocther appeaancethan figure 5(b).
Figures 5(e), 5(f), 5(g) and 5h) are generated
when the surfaceis at some distance away from
the viewer. Figures 5(e) and 5(f) give a closer
look of the surface while figures 5(g) and 5(h)
show the adual sizeof the surface

In pradice, as the surface deforms, we neel to
update the positions of al affeded pdygon
vertices and perform the curvature test on al

affected petches during every frame time.
However, we may not need to insert or delete
polygons in every frame. Even if we need to
modify the resolution of a patch, there ae usually
only a small number of insertions or deletions in
a single frame. As such, our method can be very
efficient. The mgjor limitation of our method is
that, because the polygon model is arranged in a
quadtree structure, cradks may appea at the
boundaries between patches of different
resolutions, and extra processng time is needed
to prevent this to happen. We ae now working
on another subdivison method which can
eliminate aadk prevention operation.

7. Conclusions

We have presented a method for interadive
rendering of deforming objeds modelled by
NURBS surfaces. The method makes use of the
incremental property of the deforming surfacein
successve frames by updating the geometry and
refining the resolution of a polygon model pre-
generated from the deforming NURBS surface
instead of exeauting the polygonisation processin
every frame. Results sow that our method is
more efficient than existing methods.
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We ae arrently developing a set of tools to be
incorporated into the MR Todkit [29] to suppart
the rendering of deformable objeds. We are dso
considering adding some animation suppart based
on the method described in this paper.
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Figure 5. Images generated with our method.
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