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Abstract

Because most existing multi-resolution methods are

slow, a common approach is to pre-generate a few key

models of the object at di�erent resolutions. During

run-time, the object's distance from the viewer deter-

mines which model to use for rendering. Although this

approach is simple, it su�ers from the sudden change

in resolution as the object moves across the thresh-

old distance. In addition, the model used to represent

an object at a particular frame is not optimized for

the given dynamic viewing and animation parameters.

The quadtree type of methods for arranging the surface

model may allow adaptive multi-resolution modeling in

a simple way and it reduces the sudden change of res-

olution from the object level to the node level. How-

ever, the square shape of the node together with the

four-time increment in size for representing surfaces

limits the types of surfaces that it can handle without

creating excessive nodes. In this paper, we present a

real-time adaptive multi-resolution method for models

of arbitrary topology.

1. Introduction

Although the performance of graphics accelerators

has improved tremendously, the demand for even

higher performance to handle complex environments

is increasing too. To overcome this demand for ren-

dering performance, multi-resolution methods are usu-

ally used to reduce the rendering time by reducing the

number of triangles (or polygons) needed to be pro-

cessed. This is by considering the fact that distant

objects occupy smaller screen areas than nearby ob-

jects, and hence, most of the details in these objects

are not visible to the viewer. Multi-resolution methods

optimize the rendering performance by representing a

nearby object with a more detailed model, but a distant

object with a simpler one.

Before we continue, let us introduce two terms here:

the static visual importance (SVI) and the dynamic vi-

sual importance (DVI). SVI refers to the visual impor-

tance of a point on the object calculated according to

its geometric importance. For example, a point at a

corner of an object may have a higher SVI value than

a point on a 
at surface. The DVI is the visual impor-

tance of a point on the object calculated according to

some dynamic viewing and animation parameters. For

example, a region of an object will have a higher DVI

value if it intersects with the viewer's line of sight. A

multi-resolution method that takes DVI into consider-

ation is referred to as adaptive multi-resolution method.

Although there are many methods developed for

generating multi-resolution models [1, 7, 16, 17], most

of them focus on the accuracy of the simpli�cation,

and hence, are slow. Rossignac et al. in [15] proposes

a very e�cient multi-resolution method. However, this

method does not preserve the topology of the object

model. To generate accurate models without sacri�cing

the performance, the discrete multi-resolution method

may be used. This method pre-generates a few key

models of the object at di�erent resolutions. During

run-time, the object's distance from the viewer deter-

mines which model to use for rendering. Although this

method is fast and simple, it has two major limitations.

Firstly, when the object crosses the threshold distance,

there is a sudden change in model resolution and an ob-

jectionable visual discontinuity e�ect can be observed.

In [17], Turk proposes to have a transition period dur-

ing which a smooth interpolation between the two suc-

cessive models is performed to produce models of in-

termediate resolutions. This method, however, further

increases the computation cost during the transition

period because of the need to process two models at

the same time. Secondly, because the multi-resolution

models are pre-generated, the object's DVI is not con-
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sidered. The result of this is a uniform increase or

decrease in model resolution, and hence the generated

models are not optimized for the given viewing and

animation parameters of individual frames. Such op-

timization is important when an object covers a large

depth range, for example, a piece of landscape or a

large building. Even though there may only be a small

region of the object lying close to the viewer or inside

the viewer's line of sight, we still need to use the high

resolution model for rendering so that the details in the

closest part of the object will not be lost. Sometimes,

a small object may also have similar problem if, for

example, it is close to the viewer.

To overcome the second limitation, related meth-

ods developed for managing large terrain models can

be used [2, 5, 12]. These methods basically divide a

large terrain surface into square blocks. All the poly-

gons inside a block are arranged in a quadtree structure

with the root node representing the whole block and

the leaf nodes representing individual polygons. Each

successive lower level of the tree represents a four-time

increase in resolution. With such data structure, it is

possible to calculate the DVI values of individual high

level nodes during run-time. A node with high DVI

value can be rendered using its lower level subnodes,

i.e., with more details, while a node with low DVI value

can be rendered using its higher level nodes. However,

the major limitation of these methods is that the ob-

ject has to be divided into regular square tiles, While

this may be �ne for representing smooth landscape, it

may not be the best way to represent objects of arbi-

trary shapes because those objects may contain many

sharp edges, thus, causing a lot of nodes to be gener-

ated around them.

In [6], Hoppe proposes an idea called progressive

meshes. A progressive mesh stores a pre-computed list

of edge collapses (or edge splits). By following the list

in the forward or backward direction, the resolution of

the model can be modi�ed in an e�cient way. In addi-

tion, if some ancestor information of each edge collapse

is stored, limited selective re�nement is possible to in-

crease the resolution of certain region of the model.

In this paper, we describe an adaptive multi-

resolution method, which calculates the DVI values

of di�erent regions of an object based on some run-

time viewing and animation parameters. Hence, the

resolution of the output model may be non-uniform;

regions of the object with lower DVI values contain

less triangles and those with higher DVI values con-

tain more triangles. The new method is based on the

real-time multi-resolution method that we have devel-

oped [8, 11]. The rest of this paper is organized as

follows. Section 2 brie
y describe our real-time multi-

resolution method. Section 3 presents the adaptive

multi-resolution method in detail. Section 4 discusses

the management of the adaptive models. Section 5

shows some example outputs of the new method and

compares the new method with other similar methods.

Finally, section 6 presents conclusions of the paper and

discusses some possible future work.

2. Real-Time Multi-Resolution Method

In our earlier paper [8], we presented a real-time

multi-resolution method which simpli�es a given trian-

gle model with two e�cient operators called edge col-

lapse and triangle collapse. The edge collapse operator

collapses a triangle edge into a point each time and

removes two triangles. The triangle collapse operator

collapses a triangle into a point and removes four tri-

angles. The whole simpli�cation process is divided into

two stages: the pre-processing stage and the run-time

stage. In the pre-processing stage, we calculate the vi-

sual importance of each triangle and sort the triangles

according to their importance values. During the run-

time stage, we simplify the model by removing triangles

from it according to the sorted triangle list.

In our recent paper [11], we presented a re�ned real-

time multi-resolution method. The new method im-

proves signi�cantly on the performance of the simpli-

�cation process. The major changes are that we only

provide the edge collapse operator to further simplify

the algorithm, and instead of sorting all the triangles

according to their importance values, we group the tri-

angle edges into a table according to the edge impor-

tance values. During the pre-processing stage, triangle

edges are assigned importance values as follows:

E

imp

=

jEj

L

ref

�Min(V

1;imp

; V

2;imp

)

where V

1;imp

and V

2;imp

are the importance values of

the two vertices V

1

and V

2

respectively of an edge E.

jEj is the length of E and L

ref

is a reference length.

Hence, a short edge will have a lower edge importance,

i.e., higher priority for deletion. To calculate the vertex

importance, we �rst determine the minimum and max-

imum values (x
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; x

max

; y

min

; y

max

; z

min

; z

max

) of all

triangle normal vectors around the vertex. The vertex

importance can be approximated as follows:

V
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� z

min

)

If V

imp

is smaller than a given threshold, the vertex is

considered as a 
at vertex. Otherwise, if the normal

vectors of the triangles connected to the vertex can be

classi�ed into exactly two groups with respect to their



orientations, the vertex is assumed to be on a feature

edge and is called an edge vertex. Any other vertices are

considered as important in de�ning the model topology

and referred to as corner vertices.

We divide the maximum range of edge importance

values into a �xed number of groups. Each group is a

linked list of triangle edges whose importance values fall

inside the range covered by the group. Each list is not

sorted and is maintained in a �rst in �rst out manner

as in Figure 1. During run-time, we simplify the model

by collapsing triangle edges one at a time taken from

the list of the lowest visual importance group.

[ 0 - 10)

[10 - 20)

[20 - 30)

[30 - 40)

head

tail

head

tail

head

tail

NULL

head

tail

NULL

NULL

...

NULL

visual
importance ranges

Figure 1. The visual importance table.

We implemented and tested this method on an SGI

workstation with a 195MHz R10000 CPU. The method

can delete 8,700 triangles per second. At �rst glance,

this number may appear to be small. However, it repre-

sents an incremental change in the number of triangles

per second. The method also represents a three-time

performance improvement over the original method

when tested under the same machine. Although this

method is fast, it su�ers from one major limitation. As

an object moves away from the viewer, we may incre-

mentally remove triangles from the model by collapsing

edges. However, if the object moves toward the viewer,

we need to insert edges (or triangles) into the model.

Unfortunately, there is no information available as to

where the triangles should be best inserted. Hence, al-

though the di�erence between two consecutive frames

may be only a few triangles, we need to simplify from

the high resolution model until the intended resolution

in every frame. If a lot of objects are moving toward the

viewer simultaneously, the cost of simpli�cation will be-

come too high to be practical. Hence, in the paper, we

also suggested to keep a data structure called the sim-

pli�cation list. The simpli�cation list basically caches

the most recent edge collapse sequence. We may per-

form uncollapses simply by following the reverse order

of the sequence. To take this idea to the extreme, we

may pre-generate a complete simpli�cation list of the

model. This idea of pre-computing the sequence of edge

collapses is similar to the progressive meshes proposed

by Hoppe [6], though we developed our ideas indepen-

dently [8]. There are also di�erences in our ideas, but

they are not the main concerns here. We implemented

and tested the real-time multi-resolution method with

the simpli�cation list on the same workstation. The

system can collapse 133,333 triangles and uncollapse

160,000 triangles per second.

3. Adaptive Multi-Resolution Method

The new method is based on our real-time multi-

resolution method discussed in section 2.

Whenever the viewing and animation parameters

change, the DVI of each region of the model changes

too. In the extreme situation, we may re-calculate the

visual importance of each triangle according to both

the SVI value and the run-time DVI value of the tri-

angle. The visual importance table is then updated

to represent the current importance priorities of the

edges. These operations, however, are too expensive

to perform in real-time. Instead, we group triangles

into patches. The SVI values of the triangles within a

patch are calculated as in the original method and a

simpli�cation list is created for each patch. However, a

DVI value is calculated for each patch during run-time

according to the viewing and animation parameters.

Given a number representing the maximum number of

triangles that we want the model to have in a partic-

ular frame, this number is distributed among all the

patches according to their DVI values. The number

of triangles to be removed from or inserted to a patch

is then determined. Starting from the patch with the

largest number of triangles to be removed, the simpli-

�cation list is traversed to update the resolution of the

patch. If a boundary edge is to be collapsed and the

same edge in the adjacent patch is not collapsed, we

switch to simplify the adjacent patch until it is also

collapsed.

To group the triangles in a model into patches, we

have developed a simple method similar to the super-

face method [10]. We randomly pick a triangle that

has all three vertices being 
at. From there, we group

neighboring triangles of similar orientations to it to

form a patch. The grouping process stops in a particu-

lar direction when it reaches a feature edge. This is to

maximize the 
atness, and hence, the degree of simpli-

�cation, of each patch. In order to limit the size of a

patch, we also bound a patch with a bounding sphere.

We insert the triangle into the current patch only if the

distances of all three vertices of the triangle from the

center of the patch are smaller than the radius of the

sphere. To maintain the size of a patch to roughly the



same throughout the simpli�cation, all patch bound-

aries are considered as feature edges. Hence, a bound-

ary vertex never collapses to a non-boundary vertex,

although a non-boundary vertex may be collapsed to a

boundary vertex. When a patch is formed, a patch nor-

mal vector is calculated by averaging the normal vec-

tors of all triangles within it. After dividing the model

into patches, we merge those having too few triangles

to nearby patches with similar patch normal vectors.

During run-time, an importance value, P

i;imp

, and

an importance ratio, P

i;irat

, are calculated for each

patch i in the model according to the number of tri-

angles, T

i

, and the DVI value, P

i;DV I

, of the patch at

a particular frame:

P

i;imp

= P

i;DV I

� P

i;SV I

P

i;irat

=

1

T

i

� P

i;imp

where P

i;SV I

represents the roughness of the patch and

is calculated only once in the pre-processing stage by

averaging all the vertex importance values within the

patch. This value is not changed even though the res-

olution of a patch may change during run-time. In

the second equation, if the number of triangles in the

patch is high, more triangles may be deleted from it

and hence, a lower importance ratio is assigned to it.

P

i;DV I

may be calculated as follows:

P

i;DV I

= I

dist

� I

sight

� I

move

� I

obliq

� I

dof

where I

dist

, I

sight

, I

move

, I

obliq

and I

dof

are all between

zero and one, and described in the next section.

There are two situations that we want to update

the resolution of the model. In a time critical ren-

dering environment [3, 4], the rendering manager may

specify the maximum number of triangles, T

max

, that

the model may have in a particular frame in order that

the rendering hardware may render the object within

the allowable time. If the model has N patches, the

number of triangles, P

i

, that patch i will have can be

calculated using linear distribution:

T

i

=

P

i;irat

P

N

k=1

P

k;irat

� T

max

In the second situation, we may just want to generate

a model of optimized resolution given a set of viewing

and animation parameters. Let T

min

and T

max

be the

numbers of triangles of patch i when P

i;imp

is equal to

zero and one respectively. We may simply use the patch

importance value to determine the number of triangles

that patch i should have:

T

i

= P

i;imp

� (T

max

� T

min

) + T

min

Once we have determined the number of triangles

patch i should have in the next frame, the incremental

di�erence in the number of triangles of patch i is then:

T

i;del

= T

i

� T

i

A positive T

i;del

indicates the number of triangles to be

removed from the model and a negative T

i;del

indicates

the number of triangles to be inserted into the model.

4. Management of Models

The new adaptive multi-resolution method modi-

�es the resolution of a model according to some view-

ing and animation parameters. These parameters can

be considered as independent of each other and which

one(s) to use depends on the application. In this sec-

tion, we look at some of these parameters and discuss

how they can be integrated into our method.

4.1. Distance from the View Point

In our original method [8, 11], the whole object is

considered to have a single depth value when calculat-

ing the multi-resolution model. With the new method,

the distance of each patch from the viewer can be mea-

sured individually. Hence, even though an object may

cover a large depth range such as a terrain model, our

method can adaptively reduce the model resolution ac-

cording to the individual patch distances.

In 2D, the projected length of a line varies in pro-

portion to the distance of the line from the viewer. In

3D, the projected area of an object varies in quadratic

to the distance of the object from the viewer. To ap-

ply this in our method, the DVI of a patch due to its

distance from the viewer is:

I

dist

/ (

D

max

�D

x

D

max

)

2

where D

max

is the distance of the patch from the viewer

when the model is at its minimum resolution and D

x

is the current distance of the patch from the viewer.

Figure 2(a) shows the relationship of I

dist

and D

x

.

4.2. Line of Sight

Studies have shown that when an object is located

outside the line of sight, the viewer is unable to per-

ceive much detail from the object [13, 18]. Degradation

of peripheral visual detail can improve rendering per-

formance and reduce perceptual impact.

Many eye tracking systems are already available for

detecting line of sight [9]. They include using skin elec-

trodes for detecting the potential di�erence generated



from eye movement, illuminating the eye with infrared

light and then detecting the eye position with an in-

frared camera, and wearing a magnetic coil in the form

of a contact lens. Because most of these systems are

still too expensive for the general public, some appli-

cations simply assume that the viewer's line of sight is

always at the center of the screen.

As the angle between the line of sight and the line

joining an object to the viewer increases, the DVI of

the object decreases exponentially. To apply this in

our method, the DVI of a patch due to the angle, �

g

,

measured between the line of sight and the line joining

the viewer and the patch is:

I

sight

/ e

�K

s

�

s

where K

s

is a constant for adjusting the decrement

rate. Figure 2(b) shows the relationship of I

sight

and

�

s

.

4.3. Object Movement

Another issue is the moving speed of an object. We

can easily see the details on a static object, but not a

moving object. The faster the object moves, the less

detail we can observe from it. Hence, we may use a

simpler model for rendering if an object moves.

When an object is close to the viewer, a small move-

ment can seriously reduce the viewer's visual percep-

tion. However, as the object gets further away from the

viewer, the same movement will gradually have less ef-

fect on the viewer's visual perception. To apply this in

our method, the DVI of a patch due to its movement

is related to its angular velocity, ��, [13] as follows:

I

move

/ Max(1�K

m

j��j; 0)

where K

m

is a constant for adjusting the decrement.

Figure 2(c) shows the relationship of I

move

and ��.

4.4. Obliquity to the View Point

When a surface is oblique to the line of projection,

the details are less visible to the viewer. This is due

to the reduction in screen area covered by the surface.

To apply this in our method, the obliquity of a patch

can be used to determine its visual importance. If the

normal vector of a patch is parallel to the line of pro-

jection, it has the maximum projected area. However,

if it is perpendicular to the line of projection, it has the

minimum projected area and most of the details on the

patch will not be seen by the viewer. Thus, the DVI of

a patch due to its obliquity is:

I

obliq

/ Max(cos(�

o

); P

SV I

K

o

)

where �

o

is the angle between the line of projection

and the normal vector of the patch. P

SV I

represents

the roughness of the patch described in Section 3. It

determines the minimum value of I

obliq

. This term is

needed because the silhouette of an object is important

to human visual system and hence, if a patch is rough,

we should not reduce the resolution of the patch too

much even if �

o

is close to 90

�

. K

o

is a scaling factor of

P

SV I

usually between zero and one; a small K

o

gives

P

SV I

a larger in
uence on the minimum I

obliq

value.

Figure 2(d) shows the relationship of I

obliq

and �

o

.

4.5. Depth of Field

The human eye has a limited depth of �eld [14] and

the absence of the depth of �eld e�ect causes the surreal

appearance of the generated images. If the depth of

�eld e�ect is to be simulated in the output image, an

object which is outside the depth of �eld region can

be rendered with a lower resolution model. However,

it is common to have objects that lie both inside and

outside the depth of �eld region. With our method,

the depth of �eld e�ect can be taken into consideration

when calculating the DVI of a patch. A patch inside

the depth of �eld region should have a higher visual

importance value than those outside.

The diameter of the circle of confusion, C

diam

, pro-

vides an indication of the amount of blurring of a patch

at distance D

x

from the viewer:

C

diam

�

F

2

n D

x

�

�

�

�

1�

D

x

D

f

�

�

�

�

for D

f

� F

where F is the focal length of the lens and n is the

aperture number. D

f

is the distance of an object point

at which the eye focuses. To apply this in our method,

the DVI of a patch due to the depth of �eld e�ect is:

I

dof

/ 1�

�

F

2

n(D

x

+K

d

)

�

�

�

�

1�

D

x

D

f

�

�

�

�

�

where K

d

is added to bound the output value when

D

x

approaches to zero. In our experiments, we set it

to 2F

2

=n so that the output value will be 0.5 instead

of zero when D

x

approaches to zero. This is because

when a patch is near to the viewer, some of the details

although may be blurred can still be visible in the �nal

image and hence, we do not want to use the minimum

resolution of the patch for rendering. Figure 2(e) shows

the relationship of I

dof

and D

x

.

5. Results and Discussions

Figure 4 shows some output models of the origi-

nal real-time multi-resolution method and the adap-

tive multi-resolution method. Figure 4(a) shows the
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Figure 2. Parameters a�ecting the visual

importance: (a) patch distance, (b) line of

sight, (c) angular velocity of patch, (d) an-

gle of obliquity, and (e) depth of �eld.

original face model with surface rendering. The model

contains a total of 4,356 triangles. Figure 4(b) shows

the face model after patch growing with wireframe ren-

dering. We can see that most of the patches are similar

in size. Figures 4(c) and 4(d) show the simpli�cation

of the face model using the original multi-resolution

method with wireframe and surface rendering respec-

tively. Both of them have 2,000 triangles. Figures 4(e)

and 4(f) are generated by applying the adaptive multi-

resolution method on the model in Figure 4(c). The

distance from the viewer and the viewer's line of sight

are considered. The viewer is located at the left side of

the diagram and the line of sight is assumed to be look-

ing towards the model's right face. Both diagrams have

1,600 triangles. By looking at Figure 4(d) and Figure

4(f), it is di�cult to tell the di�erence, although the

latter represents a 20% reduction in the number of tri-

angles. Figure 4(g) is similar to Figure 4(e) but has

3,580 triangles. Figure 4(h) is generated from Figure

4(g) by considering also the surface obliquity to the

viewer. The model has 3,250 triangles. This represents

a 10% reduction in the number of triangles. Figure 4(i)

shows the surface rendering of the model in Figure 4(h).

There is no appearance di�erence in the object pro�le

between this and Figure 4(a). Figure 4(j) is the output

of a terrain model after applying the adaptive multi-

resolution method. The distance from the viewer, the

viewer's line of sight and the surface obliquity to the

viewer are all considered. The viewer's line of sight

is assumed to be looking at top right hand corner of

the diagram. Figure 3 shows the performance of the

new method in simplifying and re�ning the resolution

of the face model. It is roughly ten-time slower than

our original multi-resolution method with the simpli�-

cation list.
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Figure 3. Performance of the new method

in simplifying and re�ning the resolution of

the face model.

The new method has many advantages over other

similar methods. When compared to the discrete multi-

resolution method, our method optimizes the perfor-

mance of the graphics hardware by adaptively chang-

ing the resolution of di�erent region of the model. In

addition, our method gradually removes triangles from

(or inserts triangles to) the model allowing a graceful

degradation (or re�nement) of the model resolution.

In the discrete multi-resolution method, the model se-

lected for rendering at a particular frame must be high

enough so that the details in the high DVI patches will

not be lost. Even though most part of the object is vi-

sually less important, it is rendered with the same high

resolution model. In addition, this method also suf-

fers from the sudden change in resolution as the object

moves across the threshold distance. When compared

to the quadtree type of methods, our method works

on models of arbitrary topology. The quadtree type

of methods divides a surface into square regions and

hence, they do not adapt to the surface topology as

well without creating excessive nodes. Some of these

methods even create cracks between adjacent patches.

Hoppe's method [6], developed in concurrent with our

work, allows models of arbitrary topology to be re�ned

adaptively. However, we believe that his method for

selective re�nement does not preserve the topology of

the model. This is because when re�ning the resolution

of the model not according to the sequence speci�ed in

the progressive mesh, the triangular structure will be

changed. This problem is accumulative; as we continue

re�ning and simplifying the resolution of the model, the

model will eventually become unrecognizable. In addi-



tion, the program must be able to handle the change

in triangular structure of the model properly; other-

wise, holes may appear in the models. To overcome

these two problems, we need to re�ne (or to simplify)

the model from the lowest (or highest) resolution every

time there is a change in the model resolution. This

reduces the overall performance of the method. The

method that we propose here solves the problems and

allows the resolution of the model to be increased and

decreased continuously.

Although, our method has a number of advantages,

it is not as fast as those methods using the quadtree

structure. In those methods, the multi-resolution mod-

els are created in advance in the form of a quadtree.

The operation involved during run-time is only to de-

termine what nodes to use for rendering. In our

method, triangles are removed on the 
y. Even though

the operation involved is reduced to minimal, it is still

more expensive than those methods.

6. Conclusions

In this paper, we have presented an adaptive multi-

resolution method, which generates multi-resolution

models according to the run-time viewing and anima-

tion parameters. We have also discussed some issues

in managing the adaptive multi-resolution models gen-

erated with the new method. Finally, we show some

results from the new method and compare the new

method with other similar methods.

When compared to our original real-time multi-

resolution method, the new method is much slower, We

have found that most of the computation time is spent

on switching between patches when re�ning or simpli-

fying the resolution of the model. We are currently

looking at this to increase the overall performance of

the new method.
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Figure 4. Simpli�cation examples.


