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Abstract

The highlight line model is a powerful tool in assessing the quality of a surface. Efficient highlight line generation is especially important

for an interactive design environment. In this paper, a method for dynamic generation of highlight lines on a locally deforming NURBS

surface is presented. The method generates frames of the deforming surface and the corresponding highlight lines by directly modifying the

current highlight lines using a Taylor expansion technique, instead of going through a tracing process. The highlight lines computation

process adopted here enables a unified distance surface to generate all highlight lines in the highlight line family. The computation process is

facilitated by looking up pre-calculated information of the tessellation mesh and an indexing technique for the distance surface. The indexing

technique is presented to determine when the highlight line model should be re-generated and, to facilitate the highlight line re-generation

process. The new technique is suitable for interactive design environments and animation applications as the updating process takes only one

subtraction and one vector inner product to get the new parameters for each new node.

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The design of a free-form surface is a highly iterative

process. In some cases, the shape of a surface has to be

manipulated and analyzed many times before it can be used

for downstream applications. Commonly used measures for

analyzing the shape of a surface include Gaussian and

mean curvatures as well as normal curvatures along given

field of directions. Isophotes [17], reflection lines [6,7] and,

more recently, highlight lines [1,2] have also been used in

assessing the quality of a surface. These techniques proved

to be more effective in that they are more intuitive to

understand and easier to compute. The highlight line

model, introduced by Beier and Chen [1,2], is a simplified

version of the reflection line model. Like the reflection line

model, the highlight line model is sensitive to the change

of normal directions and, therefore, can be used to detect

surface normal (curvature) irregularities. This sometimes is

not possible with wireframe drawings or shaded images

[23]. As far as highlight line generation for an moving

object is concerned, no work has been reported in the

literature yet. Such a work requires the consideration of

dynamic features of the moving object in the rendering

process. We address this problem in this paper by

considering those features in the highlight line generation

process for a locally deforming non-uniform rational B-

spline (NURBS) surface, a function strongly needed in an

interactive design environment.

There is a strong demand for efficient, dynamic highlight

line generation on the graphics side as well. With the rapid,

continuing advancement of processing power, programmers

and artists now have more freedom than ever to include such

features as highlight lines in graphics. Highlight lines can now

walk hand in hand with shadows, adding unprecedented

realism. Highlight lines on free form surfaces and less

conventionally shaped objects cue the viewer to attributes

such as surface compositionand texture,underlyingstructure,

and the grade of curves. This can prove to be invaluable in

concept designs since highlight lines can help communicate

form more precisely [20]. The use of highlight lines can
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therefore be expanded outside conventional industries such as

automotive and aeronautical industries. Computer and video

entertainment has already begun to harness the use of

highlight lines in artistic rendering and 3D modeling. It is

certainly necessary to streamline and accelerate the process of

generating highlight lines so that they can be generated for

complex objects and surfaces in a real-time environment.

In thispaper,adynamichighlight linegenerationtechnique

fora locally deformingNURBSsurface ispresented.Thereal-

time effect is achieved by directly modifying the highlight

lines using a Taylor expansion approach, instead of going

through a tracing process. The highlight line computation

process adopted in this paper enables a unified distance

surface to generate all the highlight lines in the highlight line

family. The computation process is also facilitated by looking

up pre-calculated information of the tessellation mesh and an

indexing technique for the distance surface. The new

technique updates the NURBS surface and the highlight

lines both in real-time and, consequently, is suitable for an

interactive design environment.

The remaining part of the paper is arranged as follows.

The problem to be studied and related basic properties are

presented in Section 2. A computation technique that allows

the generation of all the highlight lines in the highlight line

family using a unified distance surface function is also

introduced there. The basic idea of the dynamic updating

process, including updating of the NURBS surface and

updating of the highlight lines, is presented in Section 3. A

number of important issues related to the re-generation

process of a highlight line model are discussed in Section 4.

Examples showing the effectiveness of the new method are

shown in Section 5. The concluding remarks are given in

Section 6.

2. Problem formulation and basic properties

The problem to be studied in this paper can be described

as follows: given a NURBS surface Sðu; vÞ and a set of

coplanar parallel linear light sources, construct a shaded

image of the surface and the corresponding highlight lines,

and then generates frames of the surface and the highlight

lines in real-time when the surface is locally deformed (with

the linear light sources fixed). The deformation is performed

through a dynamic control point manipulation process. One

control point is dynamically manipulated each time.

2.1. NURBS surface and rendering

A NURBS surface Sðu; vÞ of degree p £ q is defined as

follows

Sðu; vÞ ¼

Xm
i¼0

Xn

j¼0

wi;jPi;jNi;pðuÞNj;qðvÞ

Xm
i¼0

Xn

j¼0

wi;jNi;pðuÞNj;qðvÞ

ð1Þ

where Pi;j are control points, wi;j are weights, Ni;pðuÞ are B-

spline basis functions of degree p defined by a u parameter

knot vector {uil0 # i # m þ p þ 1}; and Nj;qðvÞ are B-

spline basis functions of degree q defined by a v parameter

knot vector {vjl0 # j # n þ q þ 1}: The parameter space of

Sðu; vÞ is ½up; umþ1� £ ½vq; vnþ1�:

NURBS surfaces are widely used in CAD/CAM and

computer animation. Their properties have been extensively

studied (see, e.g. [16]). Rendering algorithms for NURBS

surfaces have been developed using point sampling

approach [11,18,21], ray tracing approach [15,22], and

tessellation approach [12,13,19]. Tessellation approach is

more popular in that it can take advantage of specialized

hardware to perform illumination calculations in parallel

with the surface tessellation [19]. We follow the approach

presented in Ref. [13] (details can be found in Ref. [14] as

well) to render a NURBS surface in this paper. The

parameter space of a NURBS surface is divided into a grid

of rectangles first. The size of each rectangle is determined

by the approximation criterion presented in Ref. [4].

Surface coordinates Sðu; vÞ and partial derivatives Suðu; vÞ

and Svðu; vÞ at the grid vertices (i.e. vertices of rectangles)

are calculated by a two-stage Cox-de Boor technique [13]

(see also Ref. [14]). The normal vectors Nðu; vÞ ¼ Suðu; vÞ

Svðu; vÞ are then calculated. These values are stored in a

lookup table. Thus, the NURBS surface is tessellated into a

set of quadrilaterals, which can be readily divided into

triangles. The resulting tessellants are scan converted using

a standard method.

2.2. Highlight line model

A highlight line is the imprint of a linear light source on a

surface [1,2]. If an array of coplanar parallel linear light

sources are used, the imprint is a family of highlight lines,

called a highlight line model (see Fig. 5 for two examples).

The imprint of a linear light source is a set of surface points

for which the perpendicular distance between the surface

normal and the light source is zero. More precisely, let LðtÞ

be the parametric representation of a linear light source

LðtÞ ¼ A þ tH; t [ R; ð2Þ

where A is a point of LðtÞ and H is a vector defining the

direction of LðtÞ: For a given surface point Sðu; vÞ; the

perpendicular distance between the normal vector Nðu; vÞ

and the linear light source is (shown in Fig. 1):

dðu; vÞ ;
l½H £ Nðu; vÞ�·½Sðu; vÞ2 A�l

kH £ Nðu; vÞk
: ð3Þ

A point Sðu; vÞ belongs to the highlight line iff (if and only

if) dðu; vÞ ¼ 0: If a more realistic light source is considered,

i.e. if the light source is a linear cylinder with radius r . 0;

then the corresponding imprint on the surface is a highlight

band [1,2]. A point Sðu; vÞ of the surface belongs to a

highlight band iff the perpendicular distance dðu; vÞ between
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its normal Nðu; vÞ and the axis of the cylinder is no larger

than r:

By viewing the distance function (3) as a surface defined

on the parameter space of Sðu; vÞ; the creation of a highlight

line can be formulated as a surface-plane intersection

problem, and solved using a surface-contouring technique

[1,2]. This is done by intersecting the distance surface

dðu; vÞ with a zero plane (i.e. plane d ¼ 0) and mapping the

resulting parametric curve on the surface Sðu; vÞ: For a

highlight line model, a straightforward application of this

technique requires the construction of a distance surface

diðu; vÞ ;
l½H £ Nðu; vÞ�·½Sðu; vÞ2 Ai�l

kH £ Nðu; vÞk
ð4Þ

for each light source LiðtÞ ¼ Ai þ tH: This is a very

expensive approach. An elegant alternative proposed by

Beier and Chen [1,2] is to approximate highlight lines with

boundary curves of highlight bands. This approach replaces

the expensive highlight line generation process with the

process of intersecting a single (signed) distance surface

Dbcðu; vÞ with a sequence of planes d ¼ ic; where c . 0 is

the distance between each pair of consecutive light sources.

The distance surface is given by

Dbcðu; vÞ ¼
½H £ Nðu; vÞ�·½Sðu; vÞ2 A0�

kH £ Nðu; vÞk
ð5Þ

where A0 is a point on the base light source L0ðtÞ ¼ A0 þ t

H: This base light source is used as the axis of the light

cylinders.

As shown in Fig. 2(a), a point Sðu0; v0Þ on a boundary

curve of a highlight band is usually a displacement of a point

Sðu; vÞ on a highlight line. For regions relatively flat, the

displacement usually is quite uniform. But for regions with

uneven curvature distribution, it is possible to obtain strange

boundary curves while the exact highlight lines are actually

quite normal. See the image of the boundary curve of a

highlight band in Fig. 2(b) for the case i ¼ 1: (The cylinder

in Fig. 2(b) is a light cylinder of radius c: The NURBS

surface considered is somewhere below the light cylinder.

The image of the boundary curve is the intersection curve of

the normals of the boundary curve with the light cylinder.)

The situation becomes worse when it is farther away from

the base light source L0ðtÞ:

Another problem with the above approach is that it is

base light source dependent. If a different light source is

used as the base light source, one might get different,

sometimes dramatically different, boundary curves for the

highlight bands. An example is shown in Fig. 3 where

the surface is a bi-quadratic NURBS surface defined by the

control points: (220, 2 40,0), (0, 2 40,0), (20, 2 40,0),

(220,0,0), (0,0,100), (20,0,0), (220,40,0), (0,40,0) and

(20,40,0) with all weights being 1. The knot vectors of the

surface are U ¼ V ¼ {0; 0; 0; 1; 1; 1}: The light sources

have direction (0,1,0), and are contained in the plane defined

by the normal vector (0,0,1) and the point (0,0,26). The

given NURBS surface is a quite smooth Bézier surface

(Fig. 3(a)). However, when a different base light source is

used, a loop is generated in the boundary curve set of the

highlight bands (see the purple loop in Fig. 3(b)) and this

irregular pattern certainly would lead the designer to doubt

if there is an irregular region in the surface [3,23].

Therefore, a new approach that would inherit the

advantage of Beier and Chen’s approach, i.e. computing

the highlight lines as the process of intersecting a single

distance surface with a set of planes, but without the above

problems is needed. In this paper, this is achieved by

Fig. 1. An example of dðu; vÞ:

Fig. 2. Comparison of distance computation.
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replacing the light source cylinder with a light source strip,

which is a slice of the light source cylinder on the light

source plane. And, a new distance surface Dðu; vÞ is needed

to substitute Dbcðu; vÞ: Mathematically, it is given by

Dðu; vÞ ¼
½H £ Nðu; vÞ�·½Sðu; vÞ2 A0�

X·½H £ Nðu; vÞ�
; ð6Þ

where X ¼ H £ Z and Z is the normal vector of the light

source plane. Here, H; Z and Nðu; vÞ are normalized.

Geometrically, it is the distance between the normal vector

Nðu; vÞ and the base light source L0ðtÞ along X direction.

The relationship between Dðu; vÞ and Dbcðu; vÞ is

Dðu; vÞcos u¼ Dbcðu;vÞ; where cos u¼ X
½H£Nðu;vÞ�

kH£Nðu;vÞk
;

which is shown in Fig. 4. Applying the principle E·ðF£GÞ

¼ ðE£FÞ·G for any vectors E; F and G; Eq. (6) is

simplified as

Dðu; vÞ ¼
½H£Nðu; vÞ�·½Sðu;vÞ2A0�

Z·Nðu; vÞ
: ð7Þ

For convenience of presentation, the imprint of a light

source strip will be called a highlight strip. A point is in

the ith highlight strip iff 2ic # Dðu;vÞ# ic at that point.

The left and right boundary curves of the ith highlight strip

are given by

{Sðu;vÞlDðu;vÞ ¼2ic} and {Sðu;vÞlDðu;vÞ ¼ ic};

respectively. Assuming that there are no zero denominators

in Eqs. (4) and (7), we have the following theorem.

Theorem 1. diðu; vÞ ¼ 0 if and only if Dðu; vÞ ¼ ic:

The geometric meaning of this theorem is: the boundary

curves of the highlight strips are exactly the highlight lines

of the given light sources and they can also be obtained by

intersecting a single distance surface (7) with a set of planes

ðD ¼ icÞ:

It should be pointed out that this new approach is base

light source independent, i.e. highlight line models

generated using distance surface (7) are exactly the same

no matter which light source is used as the base light source.

Fig. 3. Comparison of boundary curves of highlight bands (a) and (b) and boundary curves of highlight strips (c) and (d) while different base light sources are

used.

Fig. 4. An example of with Dðu; vÞ; and normalized.
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An example is shown in Fig. 3(c) and (d), where the surface

considered is the same as the one used in Fig. 3(a) and (b).

As far as rendering is concerned, highlight lines are

usually represented as polylines with a specified width and

painted in different colors to different light sources. The

values of Sðu; vÞ and Nðu; vÞ at the highlight line nodes (i.e.

vertices of those polylines) are computed using linear

interpolation from corresponding values at the vertices of

the NURBS surface tessellation mesh. These polylines and

the tessellation mesh, together with the Sðu; vÞ and Nðu; vÞ

values of their vertices, are then sent to a standard scan

conversion processor for rendering.

3. Dynamic frame generation

The generation of each frame consists of two parts: re-

evaluate the surface and the highlight lines, and then re-

draw them. The bottom line is to avoid unnecessary

computation and redrawing process as much as possible.

For a bicubic NURBS surface, the movement of a control

point would affect the shape of 16 patches only. Therefore,

only those 16 patches should be re-evaluated to get their

new shape, and only the highlight lines of those 16 patches

should be re-evaluated to get their new locations. However,

this does not mean that only those 16 patches should be

redrawn. A blocked portion of a remaining patch could

become visible and a visible portion of a remaining patch

could become invisible because of the movement of those

16 patches. Therefore, even though the remaining patches,

including the corresponding highlight lines, do not require

re-evaluation in the local deformation process, they should

still be redrawn in each frame to keep the displayed

information correct.

3.1. NURBS surface re-evaluation

Several works have been done in dynamic re-evaluation

of NURBS surfaces. A brief survey can be found in Refs.

[8–10] where an incremental method is also presented. The

dynamic rendering process of this paper is different from

that technique in that both the surface coordinates and the

normal vectors at the grid vertices are computed here, an

approach more suitable with standard rendering software

such as OpenGL.

Let Pk;l; 0 # k # m and 0 # l # n; be the control point

that is being modified. Let �Pk;l be the new location of Pk;l

and �Sðu; vÞ be the resulting new surface. �Sðu; vÞ is different

from Sðu; vÞ in the following parametric region only

ðu
max{k;p};umin{mþ1;kþpþ1}Þ£ðvmax{l;q};vmin{nþ1;lþqþ1}Þ ð8Þ

Therefore, we only need to compute new values of Sðu;vÞ;

Suðu;vÞ and, Svðu;vÞ at grid vertices that lie in the above

parametric region.

Let Vk;l denote the difference between �Pk;l and Pk;l;

Vk;l ¼ �Pk;l 2 Pk;l: ð9Þ

It is easy to see that Sðu; vÞ; Suðu; vÞ and, Svðu; vÞ can be

expressed as

�Sðu; vÞ ¼ Sðu; vÞ þ Rk;lðu; vÞV;l; ð10Þ

�Suðu; vÞ ¼ Suðu; vÞ þ Ek;lðu; vÞVk;l ð11Þ

and

�Svðu; vÞ ¼ Svðu; vÞ þ Fk;lðu; vÞVk;l; ð12Þ

where

Rk;lðu; vÞ ¼
Nk;pðuÞNl;qðvÞwk;l

Wðu; vÞ
; ð13Þ

Ek;lðu; vÞ ¼
N 0

k;pðuÞNl;qðvÞwk;l 2 Wuðu; vÞRk;lðu; vÞ

Wðu; vÞ
; ð14Þ

Fk;lðu; vÞ ¼
Nk;pðuÞN

0
l;qðvÞwk;l 2 Wvðu; vÞRk;lðu; vÞ

Wðu; vÞ
ð15Þ

and

Wðu; vÞ ¼
Xm
i¼0

Xn

j¼0

Ni;pðuÞNj;qðvÞwi;j:

Eq. (10) was first used by Li et al. in Refs. [8–10] to

render deforming NURBS surfaces. Rk;lðu; vÞ; Ek;lðu; vÞ and

Fk;lðu; vÞ are independent of the control points. Their values

can be computed and stored in a lookup table before the

deformation process starts. Thus, each of �Sðu; vÞ; �Suðu; vÞ

and �Svðu; vÞ can be obtained using only one vector addition

and one vector multiplication for each grid vertex in the

parametric region Eq. (8). The new values of �Sðu; vÞ; �Suðu; vÞ

and �Svðu; vÞ are put into the corresponding entries of the

lookup table before sending the contents of the lookup table

to the scan conversion processor.

3.2. Highlight line model re-evaluation

The idea here is to avoid calculating the distance surface

dðu; vÞ but to update the highlight line nodes directly. This is

possible by working on the Taylor expansion of a simplified

form of the distance surface dðu; vÞ:

Let ðs; tÞ be the parameters of a highlight line node that

needs to be re-evaluated. And let Eq. (2) be the

corresponding light source. We have diðs; tÞ ¼ 0 (see

Eq. (4) for its definition). Let

Cðu; vÞ ¼ ½H £ Nðu; vÞ�·½Ai 2 Sðu; vÞ�:

diðu; vÞ ¼ 0 is equivalent to

Cðu; vÞ ¼ 0;

if kH £ Nðu; vÞk – 0: Hence, one can use Cðu; vÞ; instead of

diðu; vÞ; to determine the highlight line for the light source

Eq. (2) if the direction of the light source is not parallel to

any normal vectors in the region defined in Eq. (8).
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Let ð�s; �tÞ be the parameters of the highlight line node in

the new frame, and let �Cðu; vÞ be the numerator of the

distance surface for the new surface S�ðu; vÞ:

�Cðu; vÞ ¼ ½H £ �Nðu; vÞ�·½Ai 2 �Sðu; vÞ�:

By definition, �Sð�s; �tÞ is a point of the highlight line on the

new surface �Sðu; vÞ corresponding to the light source (2).

Hence, we have

�Cð�s; �tÞ ¼ 0:

Note that �Cðu; vÞ is also a function of �Pk;l:
�Cðu; vÞ should

actually be written as �Cðu; v; �Pk;lÞ:

Let the coordinates of Pk;l be ½xk;l; yk;l; zk;l�
t: By taking the

constant term and the terms involving first partial deriva-

tives in the Taylor expansion of �Cð�s; �tÞ with respect to ðs; tÞ

and Pk;l; we obtain the following approximation of �Cð�s; �tÞ

�Cð�s; �tÞ < Cðs; tÞ þCuðs; tÞð�s 2 sÞ þCvðs; tÞð�t 2 tÞ

þCk;lðs; tÞ·Vk;l ð16Þ

where

Cuðu; vÞ ;
›Cðu; vÞ

›u
¼ {H £ ½Suuðu; vÞ £ Svðu; vÞ

þ Suðu; vÞ £ Suvðu; vÞ�}·½Ai 2 Sðu; vÞ�

2 ½H £ Nðu; vÞ�·Suðu; vÞ;

Cvðu; vÞ ;
›Cðu; vÞ

›v
¼ {H £ ½Suvðu; vÞ £ Svðu; vÞ

þ Suðu; vÞ £ Svvðu; vÞ�}·½Ai 2 Sðu; vÞ�

2 ½H £ Nðu; vÞ�·Svðu; vÞ;

Ck;lðu; vÞ ;
›Cðu; vÞ

›xk;l

;
›Cðu; vÞ

›yk;l

;
›Cðu; vÞ

›zk;l

" #t

;

and Vk;l is defined in Eq. (9), with

›Cðu; vÞ

›xk;l

¼ H £ ½Fk;lðu; vÞSuðu; vÞ2 Ek;lðu; vÞSvðu; vÞ�

2
66664

8>>>><
>>>>:

£

1

0

0

2
666664

3
777775

3
777775

9>>>>=
>>>>;

·½Ai 2 Sðu; vÞ�2 Rk;lðu; vÞ

� ½H £ Nðu; vÞ�·

1

0

0

2
666664

3
777775;

›Cðu; vÞ

›yk;l

¼ H £ ½Fk;lðu; vÞSuðu; vÞ2 Ek;lðu; vÞSvðu; vÞ�

2
6664

8>>><
>>>:

£

0

1

0

2
6664

3
7775
3
7775
9>>>=
>>>;

·½Ai 2 Sðu; vÞ�2 Rk;lðu; vÞ

� ½H £ Nðu; vÞ�·

0

1

0

2
6664

3
7775;

and

›Cðu; vÞ

›zk;l

¼ H £ ½Fk;lðu; vÞSuðu; vÞ2 Ek;lðu; vÞSvðu; vÞ�

2
6664

8>>><
>>>:

£

0

0

1

2
6664

3
7775
3
7775
9>>>=
>>>;

·½Ai 2 Sðu; vÞ�2 Rk;lðu; vÞ

� ½H £ Nðu; vÞ�·

0

0

1

2
6664

3
7775;

where Rk;lðu; vÞ; Ek;lðu; vÞ and Fk;lðu; vÞ are defined in

Eqs. (13)–(15).

With ðs; tÞ; Cuðs; tÞ; Cvðs; tÞ; and Ck;lðs; tÞ·Vk;l being

constants, �Cð�s; �tÞ and Cðs; tÞ being zero, Eq. (16) is actually

a line

0 ¼ Cuðs; tÞð�s 2 sÞ þCvðs; tÞð�t 2 tÞ þCk;lðs; tÞ·Vk;l: ð17Þ

Any point on this line can be chosen as ð�s; �tÞ: Nevertheless,

the point that is closest to ðs; tÞ certainly is a better choice

because it gives a smaller error for the truncated Taylor

expansion (16). The coordinates of such a point can be

computed as follows

�s ¼ s 2 G·Vk;l and �t ¼ t 2 D·Vk;l;

where

G ;
Cuðs; tÞ

V
Ck;lðs; tÞ and D ;

Cvðs; tÞ

V
Ck;lðs; tÞ

with

V ; ½Cuðs; tÞ�
2 þ ½Cvðs; tÞ�

2
:

G and D are independent of the control points. Their

values can be computed between frames and stored with the

values of ðs; tÞ in the linked list of highlight line nodes.
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Hence, one can obtain each of the new parameters �s and �t in

one subtraction and one vector inner product. The values of

ðs; tÞ in the linked list of highlight line nodes are

then replaced with ð�s; �tÞ: (�s; �t) usually will not be an

edge point of the tessellation mesh. The values of �Sð�s; �tÞ and
�Nð�s; �tÞ can be approximated by bilinear interpolation using

values of �Sðu; vÞ and �Nðu; vÞ at the vertices of the mesh face

that contains ð�s; �tÞ: If a highlight line model is all that is

needed in the rendering process of the deforming NURBS

surface, such as the ones shown in Fig. 5, then the value

of �Sð�s; �tÞ can be computed using the following truncated

Taylor expansion

�Sð�s;�tÞ< Sðs; tÞþSuðs; tÞð�s2 sÞþSvðs; tÞð�t2 tÞþRk;lðs; tÞVk;l

where Rk;lðu;vÞ is defined in Eq. (13). The values of Suðs; tÞ;

Svðs; tÞ and Rk;lðs; tÞ are independent of the control point �Pk;l:

So they can also be computed between frames and stored

with ðs; tÞ in the linked list of highlight line nodes. In either

case, we can update both the parameters ðs; tÞ and the surface

coordinates Sðs; tÞ for each highlight line node in the

highlight line family in linear time. One then generates

the next frame by redrawing both the NURBS surface and

the highlight line family.

4. Highlight line model re-generation

The above highlight line updating process, using a Taylor

expansion technique, works well when the topology of the

highlight line model does not change and when deformation

of the NURBS surface is small. Small deformation is to

ensure small error in the Taylor expansion. If the topology

of the highlight line model changes or if the accumulated

error is relatively large, it is necessary to re-generate the

highlight lines. Since estimating the error term of a Taylor

expansion is a well studied problem and the deformation

process is local, we need to focus our effort on the study of

the highlight line model topology problem only.

Analyzing the topology of a highlight line model on an

arbitrary surface is a complex and difficult process. It is even

more so when one needs to analyze conditions for the

topological change of a highlight line model. Singular cases

increase its complexity. Note that a highlight line could

contain a patch of a surface, or even the entire surface. For

example, if a light source passes through the center point of

a sphere, the corresponding highlight line is the entire

sphere. If the light source coincides with the axis of a

revolution surface, then the corresponding highlight line is

the entire surface. In the following, we assume that the light

sources are arranged properly so that singular cases do not

occur, and discuss the conditions for the highlight line

model topology to change when a control point is modified.

4.1. Change of highlight line model topology

A control point of a degree p £ q NURBS surface affects

the shape of at most ðp þ 1Þ £ ðq þ 1Þ patches of the surface.

Therefore, a change of the highlight line model topology

can only occur within those patches. Without loss of

generality, we shall assume that all of those patches are part

of the NURBS surface being considered. Thus, the outside

boundary of these patches remains unchanged when that

control point is moved. If the endpoints of a highlight line

segment are on this boundary, they will remain unchanged

when that control point is moved.

The topology of a highlight line model changes when the

intersection situation of the highlight lines changes, or when

members of the highlight line model change. If the

intersection situation of the highlight lines changes but

members of the highlight line model remain the same, the

above highlight line updating method would still work

because the method works on the basis of individual

highlight lines, it makes no difference if a highlight line

intersects other highlight lines or not. Therefore, in this case,

highlight line model re-generation is not necessary.

If members of the highlight line model change (getting

new ones or removing old ones), one needs to re-generate the

highlight lines. New highlight lines can not have intersection

points with the outside boundary of those ðp þ 1Þ £ðq þ 1Þ

patches, they must be loops inside those ðp þ 1Þ £ ðq þ 1Þ

patches. See Fig. 5. Similarly, highlight lines to be removed

can only be loops inside those ðp þ 1Þ £ ðq þ 1Þ patches as

well. Therefore, what one needs here is a mechanism that can

detect if a new a highlight line loop is going to emerge or an

existing highlight line loop is going to disappear so that the

highlight line re-generation process can be evoked promptly.

4.2. Detecting change of highlight line loops

Each highlight line loop of the NURBS surface

corresponds to a closed intersection curve of the signed

distance surface Dðu; vÞ with a plane D ¼ ic: Such an

intersection curve occurs around a local maximum or local

minimum of the distance surface. Therefore, highlight line

loops occur around points of the NURBS surface where the

distance surface has local extremes. A parameter space

point ðu; vÞ of the NURBS surface is called a distance

extreme point if the distance surface has a local maximum or

local minimum at that point. Each distance extreme point is

usually surrounded by a cluster of highlight line loops.

Fig. 5. Highlight line model of a trunk hood before (a) and after (b) the

movement of a control point.
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The number of distance extreme points determines the

number of clusters of highlight line loops of the NURBS

surface. The locations of these points determine the layout

of the highlight line loops. Within each cluster, the number

of highlight line loops is related to the signed distance of the

enclosed distance extreme point. Therefore, distance

extreme points are key in detecting change of highlight

line loops.

Assume that, before the movement of the control point

Pk;l; the NURBS surface Sðu; vÞ has r distance extreme

points in the region ðuk; ukþpþ1Þ £ ðvl; vlþqþ1Þ: Let the

parameters of these points be

t1; t2;…; tr ðt ; ðuðtiÞ; vðtiÞÞÞ

and let their signed distances be

D1;D2;…;Dr ðD ; DðtiÞÞ: ð18Þ

After Pk;l is moved to �Pk;l; we have a new NURBS surface
�Sðu; vÞ and a new signed distance surface �Dðu; vÞ: Suppose

the new NURBS surface has �r distance extreme points in the

affected region ðuk; ukþpþ1Þ £ ðvl; vlþqþ1Þ; whose parameters

are

�t1; �t2;…; �t�r ð�ti ; ðuð�tiÞ; vð�t1ÞÞÞ

and whose signed distances are

�D1; �D2;…; �Dr ð �Di ; �Dð�tiÞÞ: ð19Þ

If r – �r; with the new NURBS surface having a different

number of highlight line loop clusters, obviously the layout

of the highlight loops possibly changes.

If r ¼ �r; an indexing scheme can be used to detect if there

is a change of the highlight line loops. Without loss of

generality, we shall assume that ti is moved to �ti; for i ¼

1; 2;…; r; after the movement of the control point. Let

Di ¼ Ji £ cþRi and �Di ¼ �Ji £ cþ �Ri for i ¼ 1;2;…; r;

where Di and �Di are defined in Eqs. (18) and (19),

respectively, c is the distance between two neighboring

linear light sources, and 0 # Ri; �Ri , c for i ¼ 1;2;…; r: If Ji

is different from �Ji for any i between 1 and r; then there is a

change of the highlight line loops: either the number of

highlight line loops around the ith distance extreme point

becomes different, or those highlight line loops correspond

to different light sources.

This method is capable of detecting all possible changes

of the highlight line loops. However, this is a very time-

consuming approach; one needs to find all the local

extremes of the distance surfaces Dðu; vÞ and �Dðu; vÞ: The

complexity of this method is OðNÞ where N is the number of

sampling points at the affected region. A control points

based, more efficient, approach will be given below.

4.3. A control points based technique

We assume the NURBS surface is located on one side of

the light source plane, so, there is no intersection between

the NURBS surface and the light source plane. The

technique to be presented in this section uses information

on the shape of the NURBS surface directly.

Recall that Pk;l is the adjusted control point. Pk;l would

affect the shape of ðp þ 1Þ £ ðq þ 1Þ patches. These patches

are controlled by Pi;j; ði; jÞ [ I1; where

I1 ¼ ði; jÞ

8<
:

������
i ¼ k 2 p; k 2 p þ 1;…; k þ p

j ¼ l 2 q; l 2 q þ 1;…; l þ q

9=
;:

For each ði; jÞ [ I1; define

P1 ¼ Pi;j

P2 ¼ 1
4

Pi21;j21 þ Pi21;jþ1 þ Piþ1;j21 þ Piþ1;jþ1

(

P2 is the average of the four control points diagonally

adjacent to Pi;j: Let P3 be the intersection point of the line

P1P2 with the light source plane. If P3 and P1 are on the

same side of P2; and kP3P2k is larger than kP1P2k; then the

shape of the surface is concave-down around P1 with

respect to the light source plane. Pi;j is called a convex

control point in this case. Otherwise, the surface is concave-

up and Pi;j is called a concave control point accordingly. The

case that P3 does not exist is treated as a concave-up case.

A highlight line would form a loop in a region of a

surface only when the surface contains concave-up patch in

that region with respect to the light source plane. Therefore,

if a surface in a region has no concave-up area both before

and after the movement of the control point, there is no

highlight line loop enclosed in that region at all. Hence, one

only needs to consider regions where the surface has

concave-up patch with respect to the light source plane.

Let I2 be a subset of I1 whose elements are indices of

concave control points before the movement of the control

point

I2 ¼ {ði; jÞlði; jÞ [ I1 and Pi;j is a concave control point}:

After the movement of Pk;l; the status of a concave control

point could change. Let �I2 be the counterpart of I2 after the

movement of Pk;l

�I2 ¼ {ði; jÞlði; jÞ [ I1 and �Pi;j is a concave control point}:

If I2 and �I2 are both empty, since this indicates the affected

region of the NURBS surface is concave-down with respect

to the light source plane both before and after the movement

of the control point, no loop would emerge in this case.

Therefore, the status of the highlight line loops in the

affected region would not change. If one of I2 and �I2 is

empty and the other one is not, then since either new

concave-up areas will appear or old concave-up areas will

disappear after the movement of the control points, the

status of the highlight line loops in the affected region is

likely to change.

Now suppose that I2 and �I2 are both non-empty. In this

case, we need information on the distance surfaces Dðu; vÞ

and �Dðu; vÞ because extreme points of the NURBS surface
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are in general not extreme points of the distance surface.

They usually locate on the boundary regions that partition

the highlight line loop clusters. For instance, the extreme

point of the NURBS surface in Fig. 6(a) corresponds to a

reflection point of the distance surface in Fig. 6(b). We do

not check on the entire NURBS surface, but on some sample

points only, namely, Greville abscissae points ðup
i ; v

p
i Þ for

ði; jÞ [ I1 [5].

up
i ¼

uiþ1 þ uiþ2 þ · · · þ uiþp

p
;

vpj ¼
vjþ1 þ vjþ2 þ · · · þ vjþq

q
;

8>>><
>>>:

ði; jÞ [ I1

Let ðsp1; t
p
1Þ and ðsp2; t

p
2Þ satisfy

Dðsp1; t
p
1Þ ¼ max{Dðup

i ; v
p
j Þlði; jÞ [ I1};

Dðsp2; t
p
2Þ ¼ min{Dðup

i ; v
p
j Þlði; jÞ [ I1}:

(

Similarly, after the movement of the control point, find

ð�sp1; �t
p
1Þ and ð�sp2; �t

p
2Þ such that

�Dð�s
p
1; �t

p
1Þ ¼ max{ �Dðup

i ; v
p
j Þlði; jÞ [ I1};

�Dð�s
p
2; �t

p
2Þ ¼ min{ �Dðup

i ; v
p
j Þlði; jÞ [ I1}

(
:

Let

Dðspi ; t
p
i Þ ¼ Ji £ cþRi and �Dð�spi ; �t

p
i Þ ¼ �Ji £ cþ �Ri; for i ¼ 1;2;

where c is the distance between two neighboring linear light

sources, and 0 # Ri; �Ri , c: If

Ji – �Ji; for any i ¼ 1;2;

then some of the highlight line loops are likely to change.

4.4. Highlight line re-generation

The indexing technique used in the above testing process

can also be used to improve the highlight line generation

process. Recall that after the movement of the control point

Pk;l; an incremental method is used to compute new values

of �Sðu; vÞ; �Suðu; vÞ and �Svðu; vÞ for the vertices of the

tessellation mesh (Section 3.1).

With the new values of �Sðu; vÞ; �Suðu; vÞ and �Svðu; vÞ; one

can compute new value of the normal vector �Nðu; vÞ and,

consequently, new value of the distance surface �Dðu; vÞ for

vertices of the tessellation mesh. Actually, for each vertex of

the tessellation mesh, we also calculate a quotient �I and a

remainder �R so that

�Dðu; vÞ ¼ c £ �I þ �R; 0 # �R , c

where c is the distance between two neighboring light

sources. �I is called the highlight line index of the vertex.

Suppose v1 and v2 are the vertices of a mesh edge and �Ii and
�Ri; i ¼ 1; 2; are their highlight line indices and remainders,

respectively. If �I1 ¼ �I2 then the interior of this edge has no

highlight line nodes or the entire edge is part of a highlight

line. If �I1 , �I2; the interior of the edge has

�I2 2 �I1 2 1; if R2 ¼ 0

�I2 2 �I1; if R2 – 0

(

highlight line nodes. The case that �I1 . �I2 can be handled

similarly. Therefore, with the help of the highlight line

indices, one can immediately tell how many highlight line

nodes there are on an edge.

A linear interpolation can then be used to calculate

locations of the highlight line nodes on this edge. Each of

these nodes will be assigned a highlight line index. These

indices form a uniformly distributed increasing (or decreas-

ing) sequence between indices of the edge’s endpoints. We

connect two highlight line nodes to form a highlight line

segment when they have the same index and are in the same

tessellation triangle. Hence, highlight line nodes in the

interior of two adjacent edges can only be connected in

the way shown in Fig. 7(a). If no highlight line nodes have

the same indices in the interior of two adjacent edges, then

there is no connection between those two edges (Fig. 7b). If

a vertex of the tessellation triangle is a highlight line node,

the highlight line segment incident to this vertex in this

triangle has only two possible cases: connected to its

adjacent vertex (Fig. 7c), or connected to a highlight line

node on its opposite edge (Fig. 7d).

Fig. 7. Possible connection of highlight line nodes in a tessellation triangle.

Fig. 6. Correspondence between (a) highlight lines of a NURBS surface and

(b) intersection curves of the distance surface with planes D=ic.
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Another advantage of this new indexing technique is that

it can deal with the case when the entire tessellation triangle

is part of a highlight line. Since the indices of the three

vertices are the same, no interior points of the edges would

be adopted as highlight line nodes. As shown in Fig. 7(e), its

boundary becomes a part of the highlight line instead of

the whole triangle. After highlight line nodes are connected

into highlight line segments, those highlight line segments

with the same indices are connected to form polylines.

5. Implementation

The presented methods have been implemented on a

SUN Ultra 10 workstation to test their performance.

OpenGL is used as the supporting graphics system. Some

of the test results are shown in this section. In the following,

for convenience, we shall use Mc; Mr and Mt to refer to

Beier and Chen’s method [1], the unified distance surface

based approach (see Section 2), and the Taylor expansion

based scheme (see Section 3), respectively. While Mc and

Mr generate the entire highlight line model no matter how

small the deformation is, Mt would only update those parts

that are affected by the deformation. Since Mt is based on

truncating items of high degrees in the Taylor expansion of

the distance surface, it works properly when the error item

in the Taylor expansion is relatively small, or, when the

displacement of the deformation is relatively small.

Quantitatively this is achieved when the distance between

the original location of the control point, Pk;l; and the new

location of the control point, �Pk;l; satisfies the following

condition

k �Pk;l 2 Pk;lk1 , 1:

In the test cases shown in Fig. 8(a) front hood surface of a

car) and Fig. 9 (a trunk hood surface of a car), a control point

of the surface is moved from an old location (red dot) to a

new location (blue dot) (Figs. 8(a) and 9(a)), and the

corresponding highlight lines are shown in Figs. 8(b) and

9(b). In both cases, the highlight lines generated by Mc (or,

Mr) are shown in solid curves and the ones generated by Mt

are shown in dotted blue. As can be seen from these

examples that the results of Mt are very close to those

generated by Mc or Mr with the given displacement of the

deformation.

The technique presented in Section 4.2 is used to predict

if the topology of a highlight line model would change when

a deformation is performed. In the examples shown in Figs.

8 and 9, since Ji ¼ �Ji; for i ¼ 1; 2; the topology of the

highlight line model does not change after the deformation

in either case. An example where the topology of the

highlight line model changes after the deformation is shown

in Fig. 10. In this example, J1 ¼ 6; J2 ¼ 26; �J1 ¼ 5 and
�J2 ¼ 25; hence, J1 – �J1 and J2 – �J2:

Performance data of these methods on the examples

shown in Figs. 8 and 9 are included in Table 1. The data are

Fig. 8. Example I- Front hood surface of a car: (a) a control point (red dot) is

moved to a new location (blue dot), (b) comparison of highlight lines

generated by Mt (dotted blue) and by Mc or Mr or (solid curves).

Fig. 9. Example II- Trunk hood surface of a car: (a) a control point (red dot)

is moved to a new location (blue dot), (b) comparison of highlight lines

generated by (dotted blue) and by or (solid curves).

Fig. 10. Topology of highlight line model changes after moving a control

point: (a) before deformation; (b) after deformation.

Table 1

Performance results of Mc, Mr and Mt

Ns Mc(s) Mr(s) MrðsÞ=McðsÞ Mt(s) MtðsÞ=McðsÞ

Example I

861 0.77 0.06 0.083 0.008 0.010

1891 1.66 0.12 0.072 0.014 0.0086

3321 2.93 0.19 0.064 0.023 0.0079

5151 4.51 0.27 0.059 0.032 0.0072

7381 6.49 0.36 0.056 0.045 0.0069

10011 8.81 0.49 0.056 0.057 0.0064

Example II

961 0.90 0.05 0.0101 0.007 0.0074

2401 2.37 0.12 0.0086 0.014 0.0057

3721 3.48 0.15 0.0079 0.020 0.0056

5329 4.98 0.25 0.0072 0.026 0.0053

8281 7.66 0.37 0.0069 0.039 0.0051

11881 10.93 0.50 0.0064 0.054 0.0050
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also illustrated in two charts in Fig. 11 to make the

comparison easy to follow. In Table 1, the numbers below

Ns are the numbers of grid points used in the computation

process and the numbers below Mc; Mr and Mt are the time

(in seconds) used to compute the highlight lines, position

and normal vectors of the surface at the specified grid points

for these methods. The numbers below Mr=Mc and Mt=Mc

are the ratios of Mr to Mc and Mt to Mc; respectively. As

shown in the table, in average, Mr requires about 1
18

of the

time used by Mc; and Mt requires about 1
148

of the time used

by Mc only. Since the computation used in predicting if the

highlight line model topology would change is required only

at a few points, its time cost is very small (0.009 s for

Example I and 0.004 s for Example II). This time is

independent of the number of grid points.

6. Concluding remarks

A method to dynamically update a NURBS surface and the

highlight lines during a local deformation process (with the

light sources fixed) is presented. The method takes into

consideration of the properties of a moving NURBS surface in

the development of the updating process and, consequently, is

suitable for an interactive design environment. The method

generates the new highlight lines by updating the current

highlight lines using a Taylor expansion technique when

members of the highlight line model remain the same.

Otherwise, it uses a unified distance surface and an indexing

technique to facilitate the highlight line re-generation process.

The updating process takes only one subtraction and one

vector inner product to get the new parameters for each new

node. Using the indexing technique, one can also predict when

the members of highlight line model would change during the

deforming process. An assembly line concept is used here to

speed up the computation process, i.e., information that is

required in the updating of the surface and the highlight lines

is made available at the vertices of the tessellation grid so that

computation can be performed efficiently. Possible Improve-

ment of the current algorithm is being studied in several areas.

One possible area is to use image based modeling technique in

the dynamic updating process of the surface.
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