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ABSTRACT INTRODUCTION

Development of a real-time shaded rendering approach for a In 1969, Schumacker first presented some very important
frequently changing viewpoint or view vector is very important in notions on the subject of visual simulation [10]. Schumacker
the simulation of 3-D objects in Computer-Aided Design. A [10, 11, 12, 15] observed that within a cluster the face priority is a
new approach is proposed in this paper to meet this demand in @roperty of the topology of the cluster and can be calculated
very efficient manner. independently of the viewpoint if the environment, i.e., objects,

A pre-processing phase, in which a feudal priority tree is can be divided into several adequate clusters. The cluster
established for all polygons of an object, and a post-processingpriority is determined by isolating clusters with separating planes
phase, in which a rendering priority list is searched for from the and is dependent on the location of the viewpoint relative to the
feudal priority tree for a new viewpoint or view vector, are separating planes.
included in our approach. The most time-consuming work is A subsequent development in this field was the Binary
finished in the pre-processing phase which only has to be Space-Partitioning (BSP) Tree Algorithm. It was developed by
executed once for an object, and the relatively simple task is leftFuchs, Kedem, and Naylor [5, 7, 6] in 1980. The BSP tree
to the post-processing phase, which is repeated when thealgorithm is based on the work of Schumacker [5, 4]. Its most
viewpoint or view vector is changed. fundamental notion is to separate thacginto two subspaces by

For the pre-processing phase, a static version and a dynami@ properly selected plane such that no polygon in the aobsm
version are proposed in this paper. The one-way priority the viewpoint side is obstructed by any polygon in the subspace
relations of all polygons are computed in the former part of the on the other side. This algorithm pushes much of its work into a
dynamic pre-processing in a more efficient way than that in the pre-processing phase in which a BSP tree is computed and
static pre-processing, but the latter part of the dynamic pre-established. Once the BSP tree is established, the post-
processing is still based on the static pre-processing. processing work becomes very simple to each new viewpoint.

A new concept of "absolute priority" is introduced to Newell, Newell, and Sancha [8] developed an ordering test
systematically reduce the polygons in which a separating plane isand a face-splitting routine in their algorithm to find the priority
to be searched for so the probability of finding the separating list for 3-D polygons. In their algorithm, it is stillenessary to
plane is much increased. This is the basis to implement anotherepeat the whole procedure for a new viewpoint, but its basic
important concept of "separating before splitting” by which the ideas are very helpful for establishing the "one-way priority" table
polygon splittings are much reduced. Hence the efficiency in used in our research [1, 2].
the pre-processing and the post-processing phases is highly = Computer-Aided Design and Manufacturing has become
increased. more and more important in modern industry. To render 3-D

objects on the computer screen is an important step in CAD/CAM.
CR Categories and Subject Descriptors:l.3 [COMPUTER But the efficiency of this rendering step completely relies upon a
GRAPHICS]: 1.3.7 [Three-Dimensional Graphics and Realism] - good Hidden-Sugice Removal algorithm which can handle

Hidden line/surface removal, Visible line/surface algorithms. objects in any shape at a fast speed.
Additional Key Words and Phrases: The Binary Space- One of the possible disadvantage of the BSP tree algorithm
Partitioning Tree Algorithm. is that the output polygons in the tree would be significantly more

than the input polygons so the number of splittings is very large
Taipei, Taiwan 107, R.O.C. e-mail: hmchen@ccms.ntu.edu.tw [5]. Another weakness of this algorithm is that the appropriate
partitioning hyperplane selection is quite complicated and
difficult. Therefore, we have developed a new method which we
have named "Feudal Priority Algorithm" which also includes pre-
processing and post-processing phases and can compute the
rendering priority of polygons in any shape. In the "dynamic
pre-processing” of our approach, the number of splittings and the
number of output polygons is much fewer than those in the pre-
processing of the BSP tree algorithm, and even the number of
one-way priority relations to be computed is fewer than that in the
pre-processing of the BSP tree algorithm. Hence the dynamic
pre-processing has a faster speed than the pre-processing of the
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BSP tree algorithm. The efficiency of the post-processing is In this paper, the term "bunch" is used to put the polygons which
only affected by the number of the output polygons in the feudal have the same priority, but the polygons in the term "group" may
priority tree or the BSP tree so our approach has a much highemot have the same priority.

speed than the BSP tree algorithm in the post-processing work.

FUNDAMENTAL CONCEPTS Lz i?)
If there exits any face(ppyon) of an object and you can >{ 10 4
reach both sides of this face dut penetrating any otheade, 9|_’ >\
this object is "open-volume". If you can jusiach at most one \<
side of each face of an object hout penetrating otheaces, this 5 T 7

I
8

object is "closed-volume". All real world objects are

constructed with closed-volume objects which are the most 6 *

interesting objects in the fields of CAD and CAM. But many . .
theoretical applications in the areas of Graphics, Mathematics, etc. Figure 1. Absolute front priority and
make use of examples which contain open-volume objects. A absolute back priority.

polygon is a typical example of an open-volume object.
The objects discussed in this paper only consist of polygons, [Definition 3] Absolute Back Priority
i.e., flat faces, which are eitheprvex or concave. The term
polygon is used to denote the union of the boundary and the If no other polygons are on the back side of a polygon P, P
interior of a plane region which is bounded by severetessive s the "absolute back priority" to those polygons which are on
line segments [9]. The following concepts are valid for both the front side of P. A polygon has the same priority as P if it is
closed-volume and open-volume objects. S .
coplanar and has the same normal direction with P. All these
[Definition 1] One-way priority polygons with the absolute back priority have the same priority.
In Figure 1, polygons 5, 6, and 8 have the same priority in which
The "one-way priority" of a polygon P relative to a polygon polygons 6 and 8 are coplanar.
Q is represented by the symbol "P -> Q" and is divided into the All the polygons with the absolute back priority are put in a
following four categories by substituting the x, y, and z bunch Bj and all other remaining polygons are put in a group G.
coordinates of all vertices of the polygon P into the plane The polygons in Fj and the polygons in Bj have the same priority
equation of the polygon Q: so they are put in the same level in a "feudal priority tree".

(1) P is on the front side of Q if at least one vertex of P makes the

. ; The notion of the separating plane in [10] is extremely
plane equation of Q greater than 0 and all other vertices of P : . L o
make the plane equation of Q not less than 0. This categoryhelpr| in reducing polygon splittings. From the definition of

is represented by the symbols "P <| Q" or "Q |> P". Iinear separability, a_separating p!an_e for a group of polygons is
(2) P is on the back side of Q if at least one vertex of P makes thegasily found from their one-way priority relations.
plane equation of Q less than 0 and all other vertices of P
make the plane equation of Q not greater than 0. This [Definition 4] Linear Separability
category is represented by the symbols "P >| Q" or "Q |< P".
(3) P is cut by Q if at least one vertex of P makes the plane  Tyg sets of points S1 and S2 in E3(3-dimensional Euclidean
equation of Q greater than 0 and at least one vertex of P makeg,.e) are said to be linearly separable if there exists a plane P

the plane equation of Q less than 0. This category is - o
represented by the symbol "P \- Q". such that S1 and S2 lie on the opposite sides of P [9].

(4) P and Q are coplanar if all vertices of P make the plane . .

equation of Q equal to 0. This category is represented by the[ D€finition 5] Separating Planes

symbol "P -- Q". Coplanar polygons have equal rendering

priority. Polygons P and Q are said to be separated by a plane S or a
plane S is said to be the separating plane of polygons P and Q, if

The one-way priority is the most important basis in our approach. . .
yp y P PP either (1) or (2) is true.

The “absolute priority" is divided into the "absolute front (HP<|SandQ>|S
priority" and the "absolute back priority" which are defined as the (2)Q<|SandP>|S
following:

The ‘"relative priority" of two groups of polygons is
[Definition 2] Absolute Front Priority determined by the "switch plane". If a separating plane can be
found as the switch plane, it is much better than a splitting plane
If no other polygons are on the front side of a polygon P, P being selected as this switch plane becausggpak are divided
has the "absolute front priority" to those polygons which are on into two groups by the separating plane without any splitting.
the back side of P. Polygons which are coplanar and have the
same normal dlrec_tlon with P have the same priority as P. All [Definition 6]
these polygons with the absolute front priority have the same . I . .
priority. In Figure 1, polygons 1, 2, 3, 4, and 7 have the same Relative Priority with A Separating Plane
priority in which polygons 2 and 3 are coplanar. The arrows in
Figure 1 represent the normal vectors of polygons. After all polygons with absolute front priority or absolute
All the polygons with the absolute front priority are put in a back priority have been removed, there is no polygon which has
bunch Fj and all other remaining polygons are put in a group G. absolute priority. In the remaining polygons, if a polygon S is



found which can be a separating plane to all other polygons,
separate all other polygons except the coplanar polygons of S intol. Establishing One-way Priority Tables
groups C and D. If the group C is on the front side of S and the
group D is on the back side of S, this case can be represented by
the symbols "C <| S |< D" or "D > S |> C". In Figure 2,
(polygons 4 and 5) <| polygon 3 |< (polygons 1 and 2).

I
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Figure 2. Relative priority with
a separating plane.

Figure 4. A closed-volume object.

[Definition 7] For the i-th polygon of a closed-volume object, substitute the
Relative Priority with A Splitting Plane coordinates of all vertices of every other polygon sequentially
into the plane equation of the i-th polygon, and then compute and
If a separating plane can not be found in the above case, alecide the one-way priority relation of every other polygon to the
splitting plane S is selected. From the one-way priority relation i-th polygon. According to Definition 1, the one-way priority
of S, the polygons cut by this splitting plane can be easily found relation of all other polygons to the i-th polygon are divided into
and split into smaller polygons. Then all output polygons except four categories: (1) front side, (2) back side, (3) cutting, and (4)
S and its coplanar polygons are separated into groups C and Deoplanar.  List every other polygon under its appropriate
If C is on the front side of S and D is on the back side of S, this category in the i-th row in a one-way priority table.
case can be represented by the symbols "C <| S |[<D"or"D >| S |> In the i-th row, if there are polygons under the category
C". In Figure 3, (polygons 1 and 2a) <| polygon 3 |< (polygons "coplanar”, it is not necessary to compute the one-way priority
2b, 4, and 5). The polygon 2 is split into polygons 2a and 2b by relation for these coplanar polygons. Just copy the i-th row into
the splitting plane 3. the rows of all these coplanar polygons, and then only exchange
the polygons under categories "front side" and "back side" for

T those coplanar polygons with the reverse normal direction with
3 % the i-th polygon.

1
2a\ 2 Table 1. A part of the one-way priority table
for the object in Figure 4.
2b 5
Fi 3. Relati iority with Q P>Q
igure 3. Relative priority wi
a splitting plane. P<|Q P>Q P\-Q P--0Q
1 2,3,4,5,6,7,8,
PROCEDURE 9,10,11,12
. . . . 1,3,4,5,6,7,8,
For each palgon, list all vertices in a sequence which makes 2 9,10,11,12
the first Fhree vertices be in clockwisg direction on the outside 3056719 121011 489
surface in order to match theorvention of the left-handed 678913 231b
coordinate system. This is very important for closed-volume 4]1.11 5.6.7.89.1 3.1

objects because the normal vector of eaclygmi is set to point
outward for doing the back-face culling work. Then compute
the plane equation of each pgbn with the coordinates of the
first three vertices of the polygon and store the coefficients for the
plane equation.

The procedure developed in our approach for rendering 3-D

2. Adding Absolute Priority Polygons to The Feudal Priority
Tree and Deleting Them from One-way Priority Tables

(1) In the i-th row, if no polygon is under the categories "back
side" and "cutting", the i-th polygon is an absolute back

. . . . priority polygon and can be added into the bunch Bj on the
objects involves a preprocessing phase and a postprocessing right side of the current connecting node as shown in Figure 5.

phgse which are describeq next, starting with .closed.-volume Then the i-th row is deleted from the one-way priority table.
ObJeCtS_' In t,he preprocessing phgse, both a static version and ?2) In the i-th row, if no polygon is under the categories "front
dynamic version are proposed in this paper. side" and "cutting”, the i-th polygon is an absolute front

Now, a “feudal priority tree” is to be established step by step  priority polygon and can be added into the bunch Fj on the left
and a simple closed-volume object shown in Figure 4 is used to  side of the current connecting node. Then the i-th row is
demonstrate the whole procedure. deleted from the one-way priority table.

The Static Preprocessing Phase



(3) After all absolute priority polygons in the above steps (1) and

In the i-th row of the current one-way priority table, if no

(2) have been found, delete these polygons from all the rowspolygon is under the category "cutting”, the polygon Qi can be a

remaining in the one-way priority table.
(4) Repeat steps (1) through (3) again.
found in step (1), add them into the bunch Bj+1 linked on the
right side of the last bunch Bj. If there are polygons found in
step (2), add them into the bunch Fj+1 linked on the left side
of the last bunch Fj.
(1) and (2), stop here and execute the next procedure.

O : connecting nodes Root

/\ : switch nodes

Figure 5. A feudal priority tree.

The polygons in the bunches Fj+1 and Bj+1 and all the

If there are polygonscoplanar with Qi.

separating plane to all other polygons except those polygons
If more than one separating plane can be
found, the separating plane with the most balanced polygons on
the front and back sides is selected. Setting this separating plane
Sk as a switch node in Figure 5, those polygons on the front side

If there are no polygons found in steps of Sk are put in a group Gf as the left branch, those polygons on

the back side of Sk are put in a group Gb as the right branch, and
those polygons coplanar with Sk are put in a bunch Ok under the
switch node Sk. Revise the current one-way priority table into
two smaller ones for Gf and Gb separately. Because the
rendering order of Gf and Gb is determined by the angle between
the normal vector of Sk and the view vector it is called "relative
priority".

Then go back to do procedure 2 for Gf and Gb individually.
If there is no polygon by which all other polygons can be
separated into two groups, do the next procedure to select a
splitting plane.

4. Splitting The Remaining Polygons with A Splitting Plane

In the current one-way priority table, a polygon Qi with (1)
the least polygons under the category "cutting" and (2) the most
balanced polygons under the categories "front side" and "back
side" is selected as the splitting plane Sk. Those polygons under
the category "cutting" are split by Sk into smaller polygons.
Those split smaller polygons on the front side of Sk and the
polygons under the category "front side" are put in a group Gf as
the left branch of a switch node Sk in Figure 5. The other split
smaller polygons on the back side of Sk and the polygons under
the category "back side" are put in a group Gb as the right branch
of the switch node Sk. Those polygons coplanar with Sk are put
in a bunch Ok under the node Sk. Two smaller one-way priority

polygons below Fj+1 and Bj+1 in the feudal priority tree are taples are modified from the current one based on the groups Gf
surrounded by the polygons in the bunches Fj and Bj such thatand Gb. The rendering order of Gf and Gb is also determined by

this relation is not changed while the viewpoint or the view vector
is moved. Hence this relation is called the "absolute priority".

After removing absolute front priority polygons 1, 2, 5, 8, 9,
and 10, the one-way priority table of the object in Figure 4
becomes Table 2 in which no absolute priority polygon can be
found.

Table 2. The one-way priority table for the
object in Figure 4 after all absolute
priority polygons are removed.

P->Q
Q P<|Q| P>Q P\-Q P--IQ
3|6,712 |11 4
4|11 6,7,12| 3
6|11 7,12 |34
713,6,11,12 4
111 4,6,7,12 3
12| 3,7,11 |6 4

3. Separating The Remaining Polygons with A Separating
Plane

the switch plane Sk as in the above procedure.



End The feudal priority tree for the object in Figure 7 is shown in

yes Figure 8.
Establish a one-| | Gotothe | “0< If the current; . .
way priority tablg | next group| group is the la The Dynam|c Preprocessn-]g Phase

T yes

1. Establishing One-way Priority Tables and Searching

"Z‘:_l“ no If the current> J )
— | group is empt ‘_I Absolute Priority Polygons or Separating Planes
\ L. . .
it absolute back ™\ yes Put these polygon Delete As the one-way priority relation of the polygon Qi has been
priority polygons exist>—] 'tﬂteor? ggg%he%?ft‘hf absolute computed, go through the following criteria step by step and then
in the current tabl conngctmg node Sg@g‘gns execute the appropriate procedure:
no and their| . . . .
| rows (2) If no polygon is under the categories "back side" and "cutting",
\ —— fcfgrf:]egle do procedures 2(1) and 2(3).
; (!L?ybsg:ut% I]r:r;tx NS, | intoa bunfh ,!gn one-way (2) If no polygon is under the categories "front side" and "cutting",
D P tabls the left side of the priority do procedures 2(2) and 2(3).
’ connecting node table . " -
o p (3) If no polygon is under the category "cutting”, do procedure 3.
I absolute prion\VeS (4) If Qi is not the last polygon in the current group, go to the
polygons are foung F next polygon Qi in this group. If the one-way priority
no - . relation of Qi has not been computed, compute it. Then do
Set & as the switc Revise i
If a separating yes node under the one-way procedure 1 for Qi. . .
plane % exists in »| current connecting —w{ priority (5) If the current group is not the last group, go to the first
the current tablg node and put its tables for ; : -
coplanar faces into the group polygon Qi _of the next group. If the one way priority
no the bunch ®under Gf and ® relation of Qi has not been computed, compute it. Then do
L] |Seneete | ] procedure 1or QL.
zgﬁgtsifsrgm“tﬁge groups G and G by Gotothd () Start to do the static preprocessing for all the one-way priority
current table and splft | Sk and link G to the group of tables in the feudal priority tree.
all cutting polygons left side and G to the Gf or G
right side of 8 . . . . .
¢ While doing the static preprocessing in the latter part of the
dynamic preprocessing phase, do procedure 2 of the static
Figure 6. The procedure of the static preprocessing. preprocessing directly because the one-way priority relations of

Return to do procedure 2 for Gf and Gb individually. In all the polygons have been built. In order to prevent the
procedure 2, after all absolute priority polygons were removed building of the feudal priority tree from being affected by the
from Gf and Gb, the separating planes or splitting planes choserorder of the input polygons in the data file, the input polygon is
from the remaining polygons in Gf and Gb are set as the switchrandomly selected in procedure 1 of the dynamic preprocessing
nodes Sk+1 and Sk+2 separately in the feudal priority tree inphase. In contrast with the dynamic preprocessing, the order of
Figure 5. the input polygons in the data file in the static preprocessing is

not important because the feudal priority tree is built after the

The whole procedure for the static preprocessing phase of
our approach is illustrated as shown in Figure 6.

In the "static preprocessing phase", all absolute priority
polygons and all separating planes are searched for after their
corresponding one-way priority tables have been completely built.
But the "dynamic preprocessing phase” is developed to find the
absolute priority polygons and the separating planes afeh
row of the one-way priority tables has been just set up.

In Table 2, there is no separating plane that can be found.

Polygons 3, 4, and 12 are good candidates as the splitting plane.

Polygon 3 is selected to be the splitting plane and split polygon 4
into polygons 13 and 14 as in Figure 7. Polygons 6, 7, 12, and
14 are in the group Gf and polygons 11 and 13 are in the group
Gb. The two one-way priority tables of these two groups are
shown in Table 3. In the group Gf of Table 3, two absolute front

priority polygons 6 and 14 can be removed and put in a bunch F1
under the left connecting node of the switch node 3, and then its
one-way priority table becomes Table 4. Absolute back priority

polygons 7 and 12 in Table 4 are put in a bunch B2. Absolute
back priority polygons 11 and 13 in the group Gb are put in a
bunch B1 under the right connecting node of the switch node 3.

whole one-way priority table has been built.

Figure 7. The closed-volume object in Figure 4 after splitting.



Table 3. Two one-way priority tables split

from Table 2 by polygon 3. The following polygons in this group are natoessary in
computing the one-way priority relations to Qi and its coplanar
P->Q P->Q polygons so the one-way priority relations to be computed can be
Q P<|Q P>Q| P\-Q Q P<Q reduced.
7,12,14 11 13 A random order 2, 8,7, 11, 1, 5, 6, 3, 10, 4, 12, 9 is used to
716,12 14 13| 11 select the input polygons of the object in Figure 4. After the
12 7 6 14 one-way priority row of polygon 2 has been computed, this row is
removed for polygon 2 as an absolute front priority polygon.
14 6.7.12 Then the absolute front priority polygon 8 is also removed. The

polygons 7 and 11 are noecessary to compute the one-way

Table 4. The one-way priority table for the left one priority relations to the polygons 2 and 8 in Table 5. The

in Table 3 after absolute front priority

polygons 6 and 14 are removed. polygons 2 and 8 also do not appear in the row of polygon 1
which is found to be an absolute front priority polygon and will
0 P->Q be removed from Table 5.
P<IQ| P>QP\Q Table 5. Computing the one-way priority relation of
7|12 polygon 1 of the object in Figure 4 after
12 7 absolute priority polygons 2 and 8 are removed.
Q P29
P<Q P>Q P\-Q P--Q
713,6,11,12 | 9 4,5,10
11| 4,5,6,7,9,12 3,10
1 3,4,5,6,7,9
10,11,12

3. Separating The Remaining Polygons with A Separating
Plane

The polygon Qi can be a separating plane Sk to all other
polygons in the current group except its coplanar polygons. Set
Figure 8. The feudal priority tree built by the static Sk as the switch node under the current connecting node in Figure

preprocessing for the object in Figure 7. 5 and put its coplanar polygons into the bunch Ok under Sk, and
then the polygons on the front side of Sk are put in a group Gf as

2. Adding Absolute Priority Polygons to The Feudal Priority the left branch and the polygons on the back side of Sk are put in

Tree and Deleting Them from One-way Priority Tables a group Gb as the right branch of the switch node Sk. Revise the
current one-way priority table into two one-way priority tables for

(1) Qi which is an absolute back priority polygon is added into Gf and Gb. Then search the previous rows of the group Gf or

(2) Qi which is an absolute front priority polygon is added into

the bunch Bj+1 connected to the last bunch Bj on the right Gb with procedure 1 to find if absolute priority polygons or
side of the current connecting node in Figure 5. The separating planes exist. While searching the previous rows in a
coplanar polygons of Qi having the same normal direction table, only those Qi in which there is no polygon under the
with Qi are also put into Bj+1. The other coplanar polygons category "cutting" can be an absolute priority polygon or a
of Qi having the reverse normal direction with Qi are put into separating plane.

the bunch Fj+1 connected to the last bunch Fj on the left side

of the current connecting node. The following polygons in one group are nacessary in

computing the one-way priority relations to the polygons in other
the bunch Fj+1 connected to the last bunch Fj on the left side9"0UPS SO the one-way priority relations to be computed can _be
of the current connecting node in Figure 5. The coplanar MUch reduced. — The whole procedure for the dynamic
polygons of Qi having the same normal direction with Qi are preprocessing phase of our approach is illustrated as shown in
also putinto Fj+1. The other coplanar polygons of Qi having Figure 9.

the reverse normal direction with Qi are put into the bunch The feudal priority tree built by the dynamic preprocessing
Bj+1 connected to the last bunch Bj on the right side of the for the object in Figure 4 with the input polygons being selected
current connecting node. in the order 2, 8, 7, 11, 1, 5, 6, 3, 10, 4, 12, 9 is shown in Figure

(3) The row of Qi is deleted from the one-way priority table. Qi 10. The part below the switch node of the polygon 3 is built by

and its coplanar polygons are removed from the previous rowsthe static preprocessing.
of the one-way priority table. Then search the previous rows

of the current table with procedure 1 to find if absolute priority

polygons or separating planes exist.



Do the static preprocessing for normal vector of one facenvolves 3 multiplications and 2
End ﬁﬁ"ﬁféﬂﬁﬁ%gﬁgit%fb'es additions, but the operations to substitute the viewpoint into the

plane equation of one face includes 3 multiplications and 3
additions. The forward and backward directions are also defined
consistently with the direction of the view vector.

Go to the first
face Qi of the|
current group

Go to the first face
Qi of the next group

ye For a new view vector, all forward faces in thench Fj in
\ I';?Aéscm;ﬁftgf%%}# Figure 5 are put into the sub-bunch Fif and all backwacds are
Compute the ! put into the sub-bunch Fjb as shown in Figure 11. Similarly,
P g If the one-way no A . - .
one-way priority priority of Qi has eachbunch Bj is divided into the sub-bunches Bjf and Bjb for
relation of the b t .
face Qi €en compute; forward faces and backward faces respectively. For closed-
volume objects, all the forward faces are fully obstructed by the
—1 Go to the first face Qi of the current grojs— backward faces and are invisible so all the faces in the sub-
— bunches, Fjf and Bjf, can be discarded before drawing. This
YYY Link Qi and the coplanar . . S
A4 faces with the same normal | Delete procedure is known as "baclee culling".
tl)f QII Its %” ) yes| direction to the right branch, QI; }’;md
ansojute bac > and the other coplanar facgs™] all its . ; Root
priority face to the left branch of the coplanar O : connecting nodes
no current connecting node I?:risthe /\ : switch nodes
. Fif Bib
y Link Qi and the coplanar current D . p0|yg0n bunches Fib B1if
— faces with the same norm I_> one-way
If Qiis an yes| direction to the left branch priority -
absolute front >~ and the other coplanar facks | [20'e —2f St B2b
priority face to the right branch of the Fob Baf
no current connecting node Revise O1
- - one-way|
, el o e st rode | oy Ei T Bib
tables
IfQiisa node and put its coplanar [ | for Gf Fib Buf Fib Buf
| yes| faces into the bunchio d
separating pland, = 2 o1 g then divide the and @ Fof S B2b
of the current i . ]
roup current faces into groupsfQ Fob Bof
9 and G by Qi and link G to Go to the 0O
no the left side and Gto the group of — 2
right side of & Gf or Gb
Y 9 Faf Bib Faf Bib
Fib Baf Fib Baf

Figure 9. The procedure of the dynamic preprocessing.

Figure 11. A feudal priority tree for the postprocessing.

Because the faces in Fj and Bj have the same priority, the
feudal priority tree is searched level by level. The searching
procedure starts from the root which is the first connecting node
in the feudal priority tree:

(1) From the head of this connecting node, put duweg of Bjb
into the next class element of the rendering priority linked list,
and then put the faces of B(j+1)b into the next class element to
the previous one, until the tail of this connecting node is
reached. (@) Under thinecting node, if a switch node Sk

Figure 10. A feudal priority tree built by the dynamic exists and Sk is a forward face, do te@mecting node which
preprocessing for the object in Figure 7. is on the front side of Sk by procedure (1). (b) Under this
. connecting node, if a switch node Sk exists and Sk is a
The Postprocessmg Phase backward face, do theonnecting node which is on the back

side of Sk by procedure (1). (c) If no switch node is under
this connecting node, call procedure (2).
(2) From the tail of this connecting node, put thesk of Fjb into

First, the "forward face" and the "backward face" are defined
as the following:

(1) A forward face is a ppgon whose normal vector forming an the next class element of the priority list, and then put the
angle with the view vector is not greater thafl.90 faces of F(j-1)b into the next class element to the previous one,
(2) A backward face is a paon whose normal vector forming until the head of this connecting node &ached. (a) If a
an angle with the view vector is greater thafl. 90 switch node Sk is above this connecting node, and the other

. . . . N connecting node under Sk has not been done with procedure

Instead of the wgwpomt, the view vector is used in this paper (1), put the face Sk and its coplanar faces in Ok into the next

to compute and decide if one face is forward or backward. The class, and then go to the other connecting node under Sk and
operations to compute the dot product of the view vector with the do procedure (1). (b) If a switch node Sk is above this



connecting node, and the other connecting node under Sk hasonstructed for both forward faces and backward faces. Within

been done with procedure (1), go to the upper connecting nodethe postprocessing phase, the forward faces of closed-volume
and do procedure (2). (c) If no switch node is above this objects are invisible to the viewer so the faces of Fjf and Bjf are

connecting node, the postprocessing has been finished. discarded in Figure 12. But all the faces of open-volume objects
might be visible to the viewer, forward faces can not be culled so

the faces of Fjf must be put together with the faces of Bjb into the

same class element in the priority list. The class of the faces for
q:jb also includes the faces of Bjf.

The faces(or pghons) within a "class" element in the
rendering priority linked list have the same rendering priority.
Therefore, no matter what the drawing order for these faces is, th

same picture is obtained . The whole procedure for the
postprocessing phase of our approach is illustrated as shown in
Figure 12.

Start from the roo Put S and its coplanar polygons inkO
into the next class of the priority list and
go to the other connecting node under §

A connecting
node and j =

o

Put all polygons|
of Bjb into the
next class of the
priority list

If this connecting
node is on the front
side of the forward I§
or on the back side g
the backward 15

no

If a switch node
Sk above this
connecting nodeg

If Bjb is the
lowest one

yes

If a switch node
Sk under this
connecting nodg

A connecting node

yes

no
Ifj=1 >»lj=j-1

A switch node Figure 15. A gray shading display of the base of a

* Put all polygons of fb into the machinist's vise which is a closed-volume object.
next class of the priority list

Go to the connecting

node on the front T

L side of the forward ; Ij
Sk, or go to the one Go to the upper connecting nogle

on the back side of T
the backward 15

Figure 12. The procedure of the postprocessing
for closed-volume objects.

ERERURE e

Figure 13. The priority list searched from the
feudal priority tree in Figure 8.

ERERTRTRCNERE

Figure 14. The priority list searched from the
feudal priority tree in Figure 10.

For the object in Figure 4, the priority lists searched from the Figure 16. A color display of a house which is
feudal priority trees in the Figures 8 and 10 are shown in Figures a closed-volume object.
13 and 14 respectively. The priority list obtained from the static [IMPLEMENTATION
preprocessing is always shorter than or at most equal to that

obtained from the dynamic preprocessing. The static preprocessing and the dynamic preprocessing

respectively with the postprocessing have been successfully
implemented as two programs in the C language and tested on

The procedure of the static preprocessing or the d nam.cpersonal computers to do real-time rendering for both closed-
P u IC prep ng y 'Cyolume and open-volume 3-D objects.

griﬁ:_oiﬁsagg ;sb.ggssatr)z iafo;ebott:e Cl?eseéj;l/OIU:noi.tObe::: qr;d Two examples are displayed in Figures 15 and 16 which are
pen-volu ) u u prionity 'S the orthographic projection.

The Procedure for Open-Volume Objects



most time-consuming tasks in the computer for our approach and
The data of polygons and running time in Tables 6 and 7 arethe BSP tree algorithm are (1) computing the one-way priority
the average values on executing 20 times the correspondingelation between each pair of ggbns, and (2) splitting polygons.
programs for the closed-volume objects in the Figures 15 and 16Hence our approach is proposed to compare with the BSP tree
respectively. A polygon is assumed to be split into just two lgorithm on these two tasks in the preprocessing phase and the

smaller polygons so the difference between output polygons andPostprocessing phase.

input polygons is the number of splittings. The numbers in the The Preprocessing Phase

row of "One-way priority relations" are the times of the execution

to substitute all the vertices of a polygon into the plane equation computing One-way Priority Relations

of another polygon.
poyg Usually, establishing a BSP tree with fewer nodes can save

time in preprocessing calculation. While establishing this tree at
eachnode, in order to select a polygon as the splitting plane
which intersects the fewest polygons n(n-1) one-way priority

Table 6. Comparing our approach with the BSP tree
algorithm for the example in Figure 15.

] ; ; relations between any two polygons must be computed, but this
304 input ;Zﬂgp;r‘g_'” g}lj’nglr(;:]me/v Fl)trr; BSP tree procedure can not always lead to a BSP tree with the fewest nodes.
polygons processing | processing algorithm Therefore, it is necessary to compute one-way priority relations
Output much more than N(N-1) to builq a BSP tree, where N is .the
polygons 324 324 579 number of input polygons and n is the number of polygons in a

sub-space in the BSP tree. If the splitting plane is selected
Splittings 20 20 275 randomly, it may significantly increase splittings and output
One-way polygons. An alternative method is to select five candidate
priority 63162 14234 28636 polygons randomly ireach sub-space, and then one of the five
relations candidates with the fewest splittings is chosen as the splitting
Connecting plane [6, 14]. In this paper, the data for the BSP tree algorithm
nodes 71 106 in the Tables 6 and 7 are based on this alternative method.
Switch Consequently, the procedure for establishing an optimal BSP tree
nodes 35 70 441 is uncertain, difficult, and complicated.
Time of pre- In the static preprocessing of our approach, the one-way
processing (m$) 444 113 125 priority table is established on N(N-1) one-way priority relations.
Time of post- After computing the one-way priority relation of the polygon Qi
processing (ms) 0.603 0.767 7.55 in the dynamic preprocessing, if Qi is an absolute priority

polygon, it is removed before the one-way priority relation of the

next input polygon is computed so the following polygons are not

Table 7. Comparing our approach with the BSP tree necessary in computing one-way priority relations to these
algorithm for the example in Figure 16. removed polygons. As the current polygons are divided into
- - two groups with a separating plane Qi, the polygons in one group
736 input FtP alg. with EP alg.. with BSP tree are not necessary to compute the one-way priority relations to the
polygons static pre- | dynamic pre algorithm polygons in the other group. Therefore, the one-way priority
processing| processing relations to be computed in the dynamic preprocessing are much
Output 741 741 1290 fewer than that in the static preprocessing and even fewer than
polygons that in the preprocessing of the BSP tree algorithm.
Splittings 5 5 554 it |
One-way 2. Splitting Polygons
Pé:g{ilgyns 141942 45744 84596 In this paper, a polygon is assumed to be split by a splitting
. plane into two smaller polygons. In fact, a concave polygon
Connecting 111 221 may be split into more than two simply-connected polygons [13,
nodes 3. To separate simply-connected polygons from the split
Switch 55 135 1013 polygons is complicated and time-consuming work. Hence
nodes more polygons to be split will definitely lower the efficiency in
Time of pre- the preprocessing and will produce much more output polygons
processing (mg) 430 406 356 to decrease the efficiency in the postprocessing.
Time of post- _ '_I'he dynamic preprocessing has much fewer polygon
processing (Ms) 1.23 1.37 17.8 splittings and fewer one-way priority relations to be computed
1 than those in the preprocessing of the BSP tree algorithm.

All the nodes in a BSP tree are switch nodesabse the  Hence the dynamic preprocessing is faster than the preprocessing
searching order depends on the dot product of the view vector andf the BSP tree algorithm. If the separation for simply-

the normal vector of the faces in thedes. connected polygons is also involved, the dynamic preprocessing
is definitely the best one among these three preprocessing
EVALUATION AND DISCUSSION methods. Bcause the static preprocessing has to compute the

fixed N(N-1) one-way priority relations, it is slower than the
The BSP tree algorithm is an extremely efficient method for dynamic preprocessing.
calculating the visibility relationships among a static group of 3-D
polygons as seen from a frequently moving viewpoint [4]. The The Postprocessing Phase



Among the polygons in the same class of a priority list, no one

In our approach and the BSP tree algorithm,

the can be obstructed by the other polygons; hence these polygons

preprocessing phase which does the most time-consuming work ihave the same rendering priority that is another topological

just run one time for an object to establish a feudal priority tree or
a BSP tree respectively. For any new view vector or viewpoint,

only the postprocessing phase, which is much faster than theso this maintains their completeness.
are split by the BSP tree algorithm into smaller polygons.

preprocessing phase, is executed again.
In either the feudal priority tree or the BSP tree for both

property in our approach.

Our approach keeps most output polygons without splitting
But most input polygons
The
information of the input polygons in our approach is kept more

closed-volume and open-volume objects, almost each outputcomplete than that in the BSP tree algorithm so this is a great
polygon has to be decided if it is forward or backward in the advantage for our approach in the CAM application.

postprocessing so the inner product of its normal vector with the
view vector must be computed.
consuming work in the postprocessing so more output polygons
will slow down the efficiency of the postprocessing. The output

This is the most time- ACKNOWLEDGMENTS

We gratefully acknowledge the support of the National

polygons for an object in a feudal priority tree built by either the Science Council of The Republic of China under the grant
static preprocessing or the dynamic preprocessing is much feweNSC82-0115-E-002-396, and specially thank Jenn-Tsuen Wu for
than that in a BSP tree so the postprocessing efficiency of thehis help in creating the data file of the example house.

feudal priority algorithm is greatly better than that of the BSP tree
algorithm.

CONCLUSIONS

Our approach introduces a new concept of "absolute
priority" to remove several outward polygons by which the other

polygons are surrounded before searching for a separating plan¢?]

in the current polygon group so the possibility of finding the
separating plane is highly enhanced.
greatly reduced. This is the important concept of "separating
before splitting" because if there are more splittings, then it is

necessary to spend much more time in preprocessing and this
produces much more output polygons which greatly decrease the

efficiency both in the preprocessing and the postprocessing [1, 2].

Therefore, if separating is possible, to separate polygons is alwayg$4]

better than to split polygons. If there are several planes with the
least cutting polygons, select the one with the most balanced
polygons on its front side and back side as the splitting plane.

The approach proposed in this paper has been compared with

the well known BSP tree algorithm in both the preprocessing and
the postprocessing:

(1) In the dynamic preprocessing, an absolute priority polygon is

removed at once as it is found and the current polygons are

immediately separated into two groups while a separating
plane is searched for; therefore, the one-way priority relations
to be computed are much fewer than that in the static
preprocessing and even fewer than that in the preprocessing o
the BSP tree algorithm. The efficiency of the dynamic
preprocessing is better than that of the preprocessing of th
BSP tree algorithm. If all split polygons are separated into
simply-connected polygons, the dynamic preprocessing is
much faster than the preprocessing of the BSP tree algorithm.
(2) Polygon splittings either in the dynamic preprocessing or in
the static preprocessing are much fewer than that in the
preprocessing of the BSP tree algorithm. Consequently, the
output polygons in the feudal priority tree is much fewer than
that in the BSP tree so the efficiency of the postprocessing of
our approach is much better than that of the BSP tree
algorithm.
The dynamic preprocessing is very efficient in both the
preprocessing and the postprocessing. One drawback of th
dynamic preprocessing is that its feudal priority tree is not as brief

and uncomplicated as that built by the static preprocessing so the

rendering priority list obtained by the dynamic preprocessing is
longer than that obtained by the static preprocessing.

A topological property in our approach is that the polygons
in the two bunches with the same level linked to a connecting
node have the equal priority while searching the priority list.

Hence the splittings are

el
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