IMAGE PROCESSING DEVICE, IMAGE PROCESSING METHOD
AND PROGRAM DISTRIBUTION MEDIUM AND DATA DISTRIBUTION

MEDIUM FOR PROCESSING IMAGES

BACKGROUND OF THE INVENTION

Ficld of the Invention

This invention refates to an image processing device, image processing method,
a program distribution medium, and a data distribution medium more specifically, this
invention relates to an image processing device and image processing method, a program
distribution medium, and a data distribution medium, by which, for example, an image ol
detailed shape can be generated from rough shapes.
Description of the Prior Art

The higher degree of integration and higher speeds achieved in processors and
memories have made possible what was previously difficull, namely the generation of
three-dimensional images in real time, making it possible 1o display three-dimensional
imagcs. (three-dimensional graphics) with a sense of presence for example on video game
machines. If a three-dimensional image is to be displayed, in many cases the three-
dimensional image is broken up into multiple polygons (unit graphic forms), and the
three-dimensional image as a whole is drawn by drawing each of these polygons. Thus it
can be said that a three-dimensional image that is drawn in this way is defined as a
combination of polygons.

Three-dimensional images are produced by composing three-dimensional shapes
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with, for example, wire frames. Howcver, to compose a wire frame the producer must set
detailed parameters concerning three-dimensional shapes, which has been troublesome.
That is, as a three-dimensional shape becomes more complex, the wire frame parameters

must also be set in detail, which has been troublesome.

SUMMARY OI' TIIE lNYEN’l‘[(.)N

It is an object of the present invention 1o make i't‘;mssiblc to gencrate an image of
detailed shape from rough shapes.

To attain the above and other objects the image processing device of the present
invention compriscs an interpolated line computation means for determining an
interpolated linc that is the line which interpolates between two vertices from the
interpolation vector and vertex coordinates used for determining the line that interpolates
a space between a given point and another point in the vertices of a unit graphic form, and
an interpolated point computation means for determining, as the vertices of sub-unit
graphic forms, interpolated points which are points on the interpolated line,

An image processing method of the present invention comprises an interpolated
line computation step of determining the interpolated line which interpolates between two
vertices from the coordinates of the vertices and an interpolation vector used for
determining the line which interpolates between one verlex and another in the vertices of
a unil graphic form, and an interpolated point computation step of determining, as the
vertices of sub-unit graphic forms, interpolated points that are points on an interpolated

line.
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A program distribution medium of the present inventiuﬁ provides a computer
program that has an interpolated line computation step thal determines the interpolated
line that interpolates between two vertices (rom the coordinales of the vertices and an
interpolation vector used for determining the line that interpolates between one veriex and
another in the vertices of a unit graphic form, and an interpolated point computation step
that determines, as the vertices of sub-unit graphic forms, interpolated points thiat arc
points on an interpolated line. - .

According to an embodiment, an image processing device of the present invention
compriscs an operation means that is operated when a unit graphic form is input, and an
interpolation vector gencration means for generating an interpolation vector uscd for
determining the interpolated line that is the line that interpolates between a given vertex
and another vertex in the vertices of a unit graphic form that is input by the operation
means being operated.

An image processing method of the present invention comprises an interpolation
vector generation step of gencrating an interpolation vector used for determining an
interpolated line that is the line that interpolates between a given vertex and another
vertex in the vertices of a unit graphic form that is input by the operation means which the
latter is being operated.

A program distribution medium according to the present invention provides a
computer program that has an interpolation vector generation step that generates an
interpolation vector uséd for dclcrmining the interpolated line that is the line that

interpolates between a given vertex and another vertex in the vertices of a unit graphic



form that is input by the npcral_ion means which the latter is being operated.

In a data distribution medium of this invention, il a unit graphic form is input,
interpolation vectors are gencrated, used for determining an interpolated line which is the
line that interpolates a space between a given vertex and another verlex in the vertices of
the unit graphic form, and the data distribution medium provides as data concerning the
image, at least the coordinates of the vertices thus nhl.;linud and the interpolation vectors
at the vertices.

In an embodiment, an image processing device comprises a provision device
which includes an operation means that is operated when a unit graphic form is input, and
an interpolation vector gencration means thal generates interpolation vectors used for
delermining an intcrpolalbd line that is the line that interpolates between a given vertex
and another vertex in the vertices of the unit graphic forms input by the operated
operation means, and a client device which has an interpolated line computation means
for determining the intespolated lines from the coordinates of the vertices of the unit
graphic forms and from the interpolation vectors, and an inlerpolated point computation
means that detcrmines, as the vertices of sub-unit graphic forms, interpolated points that
are points on the interpolated lines.

In the image processing device of the preseat invention, the interpolated line
computation means determines the interpolated line that is the line that interpolates
between two vertices from the interpolation vector used for determining the line that
interpolates the space between a given vertex and another vertex in the vertices of a unit

graphic form and from the coordinales of the vertices, and the interpolated point



computation means delermines, as the vertices of sub-unit graphic forms, interpolated
points that are points on an interpolated line.

In the image processing method of the present invention, the interpolated line that
is the line that interpolates between two verlices is determined from the coordinates of the
vertices and the interpolation vector used for determining the line that interpolates
between a given vertex and another vertex in the vert ?ccs of a unit graphic form, and
interpolated points (hat are points on an interpolated linc'- érc determined as the vertices of
sub-unit graphic forms.

In the program distribution medium of the present invention, a computer program
is provided, which determines the interpolated Jine that is the line that interpolates
between two vertices from the coordinates of the vertices and the interpolation vector
used for determining the line that interpolates between a given vertex and another vertex
in the vertices of a unit graphic form, and determines, as the vertices of sub-unil graphic
torms, interpolated points that arc points on an interpolated linc.

In an embodiment of the image processing device, the operation means is operated
when a unit graphic form is input, and the interpolation veclor generation means gencralcs
the interpolation vector that is used 1o determine the interpolated line that is the line that
interpolates between a given vertex and another vertex in the vertices of the unit graphic
form input by the operated operation means.

According to yet another embodiment, in the image processing method of this
invention the interpolation veetor is generated that is used to determine the inerpolated

line that is the linc that interpolates between a given vertex and another vertex in the



vertices of the unit graphic form input by the operation means when the latter is being
operated.

In the program distribution medium of the present invention, a computer program
may be provided which gencrates an interpolation vector used for determining the
interpolated line that is the line that interpolates between a given vertex and another
vertex in the vertices of a unil graphic form that is inp.ul by the operation means heing
operated.

In the data distribution medium of the present invention, if a unit graphic form is
input, by generating the interpolation vector used for determining an interpolated line that
is the line which intqrpolalcs between a given vertex and another veriex in the vertices of
the unit graphic form, there are provided as data concerning the image, ai least the
coordinaices of the vertices thus obtained and the interpolation veclors at the vertices.

In yet another embodiment of the image processing device, the operation means is
operated when a unit graphic form is input, and the intcrpolation vector generation means
gencrates interpolation vectors used for determining the interpolaied line that is the line
that interpolates between a given vertex and another verlex in the vertices of the unit
graphic form input by the operated operation means. The interpolated line computation
means determines the interpolated lines from the coordinates of the vertices of the unit
graphic forms and from the interpolation vectors, and the interpolated point computation
means delermines, as the vertices of sub-unit graphic forms, interpolated points that are

points on the interpolated lines.



BRIEF EXPLANATION OF THE DRAWINGS

Figure 1 is a diagram that shows an example ol the conliguration of an
embodiment of a data provision system 1o which the present invention applies;

Figurc 2 is a block diagram ol an embodiment ol the data provision device of the
system of Figure 1;

Figure 3 is a block diagram of an cmlmdimcnlﬁr_yf the user terminal of the system
of Pigure 1;

Figure 4 iy a diagram showing polygons and normal veotors, for cxplaining the
computation method for interpolated lines according to the invention;

Figure 5 is a diagram that shows an interpolated line il angles 0 { and 89
between a line segment forms with the tangent veclors are equal;

Figurc 6 is a diagram for explaining how control edge lengths Ly and Ly are
determined in the method of the present invention;

Figurc 7 is a diagram for explaining how control edge lengths Ly and Ly arc
determined;

Figures 8(A)-8(C) show diagrams lor explaining how an interpolated line is
determined if angles @ 1 and g 9 are different from each other;

Figure 9 is a flowchart for explaining control point computation processing;

Figures 10(A) and 10(B) show diagrams of simulation results in which an
interpolated line is determined;

Figurcs 11(A) and 11(B) show diagrams of simulation results in which ap -

interpolated line is determined,;



Ligures 12(A) and 12(B) are diagrams showing simulation results in which an
intcrpolated line is determined;

Figure 13(A) and 13(B) arc diagrams which show simulation results in which an
interpolated line is determined;

Figure 14 is a diagram for explaining how an interpolated line is determined for a
polygon that compriscs a three-dimensional shape;

Figurc 15 is a diagram for cxblaining finc spIilting processing;

Figure 16 is a diagram for explaining how a normal vector at a verlex of a
subpolygon is determined,;

Figure 17(A) and 17(B) arc diagrams for explaining the difficuliies in tinc
splitling processing if only normal veclors at vertices are used as interpolation vectors;

Figure 18 is a diagram for explaining the difficultics in fine splitting processing it
only normal vectors al vertices are uscd as interpolation vectors;

Figurc 19(A)-19(D) are diagrams for explaining fine splitting processing if both
curved surface interpolation normal vectors and [rame line interpolation normal vectors
are adopted as interpolation vectors;

Figure 20 is a owchart for explaining splitting polygon data generation
processing;

Figure 21 is a diagram for explaining the processing of step S14 in Figure 20;

Figure 22(A) and 22(13) are diagrams that show how Bezier curves as frame lines
that constitutc a three-dimensional shape are drawn in sequence;

Figure 23 is a diagram Lor explaining frame lin¢ interpolation normal veetors



(normal vectors of frame lines);

Figure 24 is a diagram for explaining the processing of siep S16 in Figure 20),

Figure 25(A) and 25(B) are diagrams that show interpolated lines obtained using
framce linc interpolation normal vectors and interpolated lines obtained using curved
surface interpolation normal vectors;

Figure 20(A)-26(D) diagrammatically show the tifrmul of the splitting polygon
data;

Figure 27 is a llowchart for explaining (inc splitting processing;

Figure 28 is a diagram for explaining finc splitting processing;

Figure 29 is a diagram for cxplaining the processing of steps S21 and S22 in
Figure 27,

Figure 30 is a diagram for explaining the processing of steps S23 and S24 in
Figure 27,

Figure 31 is a diagram for cxplaining the processing of step S25 in Figure 27;

.l*‘igurc 32 is a diagram for cxplaining the processing of step S26 in Figure 27;

Figure 33 is a diagram for explaining the processing of step S25 in Figure 27;

Figure 34 is a flowchart for explaining splilting processing of frame lines;

Figuce 35 is a flowchart for explaining splitting processing in the interior of a
polygon;

Figure 36 is a diagram that shows polygons that constilule a cube 1o be subjected
to finc splitting processing;

Figurc 37 is a photograph of a halltone image appearing on a display that shows
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the drawing results it line splitting processing is not done on the polygons of Figurc 36;
Figure 38 is a photograph of a halftone image appearing on a display that shows
the drawing results if finc splitting processing is done on the polygons of Figure 36;
Figure 39 is a diagram that shows an cxample ol generation of a squashed sphere
(side views) at the state in which the interpolation normal vectors assigned to a cube to be
subjected to fine splitting processing are modificd;
Figure 40 is a photograph of a halitone image ap;)earing on a display that shows
the drawing results if fine splitting processing is donc on the polygons of Figure 36;
Figurc 41 is a photograph of a halftone image appearing on a display that shows
the drawing resalts it fine splitting processing is done on the polygons of Figure 36;
Figure 42 is a photograph of a halftonc image appearing on a display that shows
the drawing results il line splitting processing is done on the polygons of Figure 36;
Figure 43 is a flowchart for explaining the processing of user terminal in Figure 3;
Figure 44 is a block diagram that shows an example of the electric configuration if
the user terminal is configured as a video game machine; and
Figure 45 is a block diagram that shows an example of the configuration of the

graphic memory in Figure 44.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
The symbols designating various parts of the present inventions are as follows:
1 is a data provision device, 2 is a transmission medium, 3 is a recording medium,

4 is a user terminal, 11 is an input unit, 12 is a data processing unil, 12A is a memory, 13
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is a splitting databasc, 14 is a splitting processing unit, 15 is a rendering unit, 16 is display
unit, 17 is a texture databasc, 18 is a transmission/recording device, 21 is i
reception/playback device, 22 is a splitting database, 23 denotes a geomelry processing
unil, 24 designates a splitting processing unit, 25 is a rendering unit, 26 is a display unit,
27 is a texturc dalabase,. 28 is a main unit, 101 is a main bus, 102 is a sub bus, 111 is a
main CPU, 112 is a main memory, 113 is a main DMAC, 114 is MDEC, 115 is GPU, 116
is a bus controller, 117 is GTE, 118 is a graphic mcthdfji 119 is a cache memory, 121 is a
sub CPU, 122 s a sui) memory, 123 is sub DMAC, 124 is ROM, 125 is SPU, 126 is ATM
communication unit, 127 is an auxiliary memory device, 128 is an input device interface,
129 is a sound memory, 141 is a frame buffer, 142 is an Z bulfer, 143 is a (exture memory.
Referring now 1o the drawings in detail

Figure 1 shows an cxample of a data provision system to which this invention
applies ("system" means an aggregate in which multiple devices are collected together
logically, regardiess of whether the constituent devices are in the same housing).

In this data provision system, three-dimensional image data generated on the side
of a data provision device 1 is provided o a user terminal 4.

That is, data for three-dimensional images, such as data about polygons that
constitute a three-dimensional shape, is generated by the producer an data provision
device 1, and it is provided to user 1erminal 4 by being transmitted via a transmission
medium (transmission routc) 2, for example, via Internet, satellite circuit, ground wave,
cable television (CATV) network, public switched telephone network (PSTN), or

integrated service digital network (ISDN). O, alternatively, data for three-dimensional
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images generated by data provision device 1 is provided o user terminal 4 by being
recorded on recording medium 3, for example, on optical disk, optomagnetic disk,
magnetic disk, magnetic tape, or phase-change disk.

Al user terminal 4, the data provided [rom data provision device 1 as described
above is processed, and a three-dimensional image is displayed.

Figure 2 shows an example of the cnnﬁgunlli.on of data provision device 1 of
Figure 1.

Input unit 11, which is a keyboard, mouse, tablet, or similar device, is operated
when data for producing the polygons that constitute a three-dimensional shape is to be
input, when the texture to be mapped onto the polygons is o be specified, and when
necessary commands, etc, arc 1o be input. Here, data for producing the polygons that
constitute the three-dimensional shape that is input by input unit 11 being operated is
supplicd to data processing unit 12, the specification of the texture 1o be mapped onto the
polygons is supplicd to rendering unit 15, and comumands are supplicd to the necessary
block.

Data processing unit 12 generates tilc coordinates of the vertices on the polygons
in three-dimensional space, as well as the below-described interpolation vector at each
veriex, by processing, using memory 12A if necessary, the data for producing the
polygons that is supplied from input unit 11, and supplies them to splitting database 13,
Here the coordinaics of the vc;liccs of the polygons and the interpolation veclors are used
for splitting processing of the polygons, which is described below, 50 in the following, for

convenience, these are both referred to as splitting polygon data.
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Memory 12A temporarily stores the data needed for processing by data processing
unit 12, Splitting databasc 13 temporarily stores the splitting polygon data from data
processing unit 12,

Splitting processing unit 14 reads the splitting polygon data thal is stored in
splitting database 13, performs splitting processing ({ine splitting processing), which is
discussed below, splits rough polygons into mulliple fine polygons (herealter referred to,
for convenience, as subpolygons), and supplies them'to r(;tndcring unit 15.

Rendering unit 15 performs rendering processing on the subpalygons from
splitting processing unit 14. That is, rendering unit 15 performs on the subpolygons
brightness caleulations, cte. for shading, and converts the coordinate system of the
polygons in threc-dimensional space into the coordinate system (screen coordinate
system) of display unit 16 as a tlwo-dimensional output device that displays three-
dimensional images. Also, using the texture data stored in texture database 17, rendering
unit 15 carrics out calculation of the texture address for texture mapping, determines the
{inal RGB values (the brightness values of the R (red) component, G (grceni component,
and B (blue) component) of each pixel that comprises display unit 16, and outputs them lo
display unit 16. The textures for texture mapping are specificd by, for example, input unit
11 being operated.

Display unit 16, which is for example a cathode ray tube (CRT) or liquid crystal
display, displays the pixels that correspond to the RGB valucs from rendering unit 15.
Texture databasc 17 stores data on textures to be used {or texture mapping.

Transmission/recording device 18 reads the splitting polygon data stored in splitting
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databasc 13, reads the texture data stored in texture database 17, and transmils it via
transmission medium 2 or records it in recording medium 3.

Next, Figure 3 shows an example ol the configuration of user terminal 4 of Figure

The user tenminal includes a reception/playback device 21 which receives data
that is transmitted via transmission medium 2 or plays back the data that is recorded in
recording medium 3, and among this it supplies the é])lilling polygon data (o a splilting
database 22 and the fexture data to a texture database 27.

Splitting database 22 temporarily records the splitting polygon data from .
reception/playback device 21, A geomelry processing unil 23 reads the splitting polygon
data stored in splitling database 22, does geomelry processing on the input from input unit
28, that is, pertorms coordinate conversion, clipping, clc., and supplies it to a splitting
processing unit 24.

Splitting processing unit 24, or rendering unit 25, to which its output is supplied,
carries out the same processing as in the case of splitting processing unit 14 or rendering
unil 15, respectively, which forms part of data provision device 1 in Figure 2. A display
unit 26 is constituted in the same way as display unit 16, which forms part of data
provision device 1 in Figure 2, and it displays a three-dimensional image that corresponds
Lo the RGB values from rendering unit 25.

Texture database 27 stores the texture data from reception/playback device 21.
This texture data is used for the texture mapping done by rendering unit 25.

laput unit 28 is lor cxample a keyboard, mouse, joystick, buttoas, etc. and is
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operated by the user when a prescribed input (for example, in particular, information
about the viewpoint) is Lo be input.

Next, the processing in data provision device 1 of Figure 2 will be described and
in uscr terminal 4 of Figure 3. However, first the polygon splitting processing donc in
splitting processing unil 14 will be described, which forms part of data provision device 1
of Figure 2, and in splilting processing unit 24, which forms part of user terminal (client
terminal) 4 of Figure 3.

If a three-dimensional shape in a three-dimensional image is represenied by
polygons, the three-dimensional shape can be reproduced with greater fidelity by using
finer palygons. However, il finc polygons arc used, the number of polygons that
represent the three-dimensional shape increascs, so one must sct all the data for these
many polygons, which is troublesome; in addition, the quantity of data becomes greater.

On the other hand, if a threc-dimensional shape is represented by a small number
of polygons, a small quantity of data to be set suffices, but the reproduced three-
dimensional shape then becomes coarse, which degrades the quality of the three-
dimensional image.

In the polygon splitting thal is generally done, a number of fine polygons that
make up a three-dimensional shape are assembled to form a large polygon, and the large
polygon and the original fine polygons are selected as necessary, so the data that must be
set when constituting a three-dimensional shape is no different from the case in which the
three-dimensional shape is constituted by fine polygons.

In the polygon splitting that is done in splitting processing units 14 and 24 (called
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hercinafter line splitting processing to distinguish it {rom conventional polygon splitting),
from the beginning a rough polygon is split into detailed (fine) polygons so as to give a
smooth three-dimensional shape, and even il detailed data abuut the three-dimensional
shape to be realized is not given in this way, a delicate three-dimensional shape can be
obtained by simply giving, so to speak, rough data.

That is, splitting processing units 14 and 24 arc given, as splitting polygon data, at
least the interpolation vectors, and lhé coordinates of"(hé ;crliccs, for determining the line
that interpolates between a given vertex and another vertex in the vertices of the polygon,
and in finc splitting processing, interpolated lines that arc the lines that interpolate
between two vertices are determined from the interpolation vectors and the coordinates of
the vertices, and interpolated points that arc points on a given interpolated linc are
determined as the vertices of subpolygons into which the original polygon is split.

Here, as data for a threc—dimcnsiqnal image composed of polygons, generally the
coordinates of the vertices of a polygon are given for specifying the shape of the polygon.
For shading, the normal vector at each vertex of the polygons of a curved surface that
makes up part of a three-dimensional shape (o be realized by polygons is also given as
data for the three-dimensional image,

In fine splitting processing, the normal vectors at the vertices of the polygons are
used as interpolation vectors, and the interpolated lines that interpolate between two
vertices are determined,

Thalt is, in order now to simplily the explanation, given, as shown in Figure 4, two

vertices Pyoand Pp ol a polygon that makes up part of a (wo-dimensional shape, and
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normal vectors ny and 1y at vertices Py and Po, respectively, we deseribe the method for
caleulating the interpolated line that interpolates between vertices Py and Py in this casc.

In this embodiment, it is taken to be ideal for the interpolated line 1o be equal to
the arc of a circle or cllipse that passes through the two vertices that the interpolated line
interpolates, and such an interpolated line is to be determined. Here, all smooth curves
can be approximated by a succession of minute arcs (i'uclu.ding arcs of both circles and
cllipses), so here one adopts as interpolated lines curves that arc represented by functions
that can approximate an arc.

As shown in Figure 5, given normal vectors at vertices Py and Py of a two-
dimensional shape that passcs through vertices Py and Py (since normal vectors ng and np
arc perpendicular to the two-dimensional shape, tangent vectors can be detecrmined from
these norimal vectors np and ny), the angle that line segment P P5 joining vertices Py and
Py forms with the tangent vector at vertex Pq or Py, is denoted by 8 { and 89,
respectively. In this case, it @ | and O 9 arc equal, the arc of a circle that passes through
both vertices Py and Py can be taken as the interpolated line.

The curve that is taken as the interpolated line is selected with the relationship
between @ § and @2 as a condition: for example, if 8 1 and 99 are equal, for example
an arc of a circle that passes through both vertices P and Py is taken as the interpolated
tine; it 6 1 and O differ by a small amount, for example an arc of an cllipse that passes
through both vertices Py and Py is taken as the interpolated line; and if 8 | and 8 9 differ
by a farge amounlt, for cxample a spline curve that passes through both vertices Pp and Py

is taken as the interpolated line. Thus sometimes the interpolated line does not vary
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continuously when the relationship between 0 1 and 0 9 varics,

Thus here, for example, a Bezier curve is adopted uniformly as the interpolated
line regrardless of the relationship between @ § and 0 9 (strictly speaking, there should be
an acute aceent over the "e" following the "B" in "Bezier"). The order of the Bezier curve
is set 10, for example, 3, so that arbitrary @ | and O 9 can be given.

A third-order Bezier curve is specified by four controf points, two of which
coincide with the starting point and ending point of the Bezier curve. The other two
control poiats lic on the tangent at the starting point and ending point of the Bezicr curve,
respectively.

Mecanwhile, because the tangent vector at vertex P and Py is determined based on
normal vector ny or np, respectively, the tangent direction of the Bezier curve that passes
through vertex Py or Pg is specitied l)y.giving normal vector ng or np. And the starting
point or ending point of the Bezier curve that is the interpolated line is given by vertex Py
or P (or Py or P1), respectively. Therefore the third-order Bezicr curve as the
interpolated line that interpolates between vertices Pq and Po is specified uniquely if one
determines a control point in the direction of the tangent vector al verlex P1 or Py,
respectively.

In Figure 6, 1 is normal direction, 2 is length L1, 3 is tangent vector, 4 is an
interpolated line (Bezier curve), 5 is tangent vector, 6 is length Ly, 7 is normal direction.

In the situation shown in Figure 6: Qq is a control point in the direction of the 1angent
veclor at vertex Py, Q7 is a control point in the direction of the tangent vector at vertex 1%,

and the length Lg of line segment P1Qq and the length Ly of line segment PoQ9 are
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determined (in the {ollowing, for convenience, L and Ly are referred 1o as control edge
lengths).

First, the third-order Bezicr curve B that serves as the interpolated line is
expressed by the (ollowing cquation using parameter 1 (0 < t < 1) and (the coordinates o)
the four control points Py, P9, Q1, Q».

B = (1-03Py + 3(1-0%1Q7 + 3(1-)%0 + 3P (1)

Now il in Figure 6 we set 8 1= 89 = 0, tlien since as stated above it is ideal
here that the interpolated line be an arc of a circlg, the situation shown in Figure 7 results
it Figure 6 is rewritten so that, for example, the origin is taken as the center C of the circle
and line segment PqPy is parallcl to the x-axis. In Figure 7, 1 is length Li,2is
interpolated line, 3 is Y-axis, 4 is lenglh L2, R represents the intersection point of the y-
axis and the arc of the circle that is the interpolated line, and this intersection point R can
be determined by setting t = (1.5 in equation (1). Here, line segment RC is the radius of
the arc of the circle that is the interpolated line, and in this case, because center C lies at
the origin, the radius of the circle is R.

If the interpolated line is an arc of a circle, control edge lengths L and Ly will be
equal, so setting this lo L (= L1 = Lp), from Figure 7 the following equations holds irue.

P.1y= Pay=Rcos8, Qpy = Qay=P1y + Lsin0 e (2)

_v»}here P1y, Q1y are the y-coordinates of control points P1, Q;, and Pay, Qzy are
the y-coordinates of control points Py, Qp, respectively.

Also, intersection point R is expressed by the following equation by sctting t (o

0.5 in equation (1) and substituting the P1y, P2y, Qty, Qoy of cquation (2) for Py, P, Qy,
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R=RcosO/4 +3/4 (R cosO + Lsin0) . (3)

As shown by the following equation, the length L’ (= 1/(2 R sin0 ) of the contral
cdge when the length of chord PPy is normalized to 1 can be determined by solving
cquations (2) and (3) for control edge length L and dividing it by the length (2 R sin 8 ) of
chord P Ps.

L’ = 2/(3(1 + cos 0)) s - (@)

After control edge length L’ is determined from equation (4), by using this control
cdgé length L’ and verlex.]ﬁ or P, control point Q1 or Qp, respectively, can be
determined, and therelore the Bezicr curve is specified as the interpolated line.

In the foregoing, 8 1 and 6 9 are equal, but even if 8 1 and O 9 are different, by
performing a transformation to expand/contract onc axis, control points Q1 and Q7 can be |
determined in the same way as it @1 and @ 5 are equal. |

That is, if @ 1 and O 9 arc different, as shown in Figure 8(A), the triangle formed
by vertices P1 and Py and intersection point P’ where the tangents at vertex Pq or Py
intersect with each other will be a scalene triangle (whereas in the case in Figure 7 it is an
isosceles triangle), and here the length of side PP’ or PoP’ of this scalene triangle are
denoted by kq or ko, respectively. Also, the icngth of side 1P is denoted by K.

In this case, the following equations hold true.

ki sinf@q=kysinO@y, kj cosB1+kycosfg=K o (5)

Also, K can be determined from the coordinates of vertices Py and Po.

Solving equation (5) for k1 and kp, we get the following equations.
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ki =Ksin8o/(sin@ cos0 1 + cos B9 sin0 1)

ko = Ksin8 1/(sinf9 cos O 1 + cos 0 sin0 ) . (6)

Meanwhile, il for example as shown in Figure 8(B), denoting by V the
perpendicular dropped from point Py 1o stmiéhl linc Pq P, if point P is moved along
perpendicular V so as (o deform triangle P1P2P’ into triangle P1P2’P’ (expansion
transformation or contraction transformation) as shn\yn in Figure 8(C), then the ratio of
control edge length Ly from control point Py to Qp.in tri;mgle P1PP’ before the
deformation lo control edge length Ly’ from control point P2’ to Q3 in triangle P1Py’P’
after the deformation will be cqual to the ratio of length ko of side PP’ in triangle
P1P2P’ belore the deformation to length ko’ of side Py P’ in triangle P1Po’P* alter the
deformation, and as a result, the following equation holds truc.

koky' =19p:Ly’ : e (7)

Therelore il triangle P3Py’ P’ after the dcfn;’malion is made into an isosceles
triangle in which the length of side Py P’ and the length of side Po’P’ are cqual (but in
order to make trianglc P1P5’P’, afier a deformation by an expansion/contraction
transformation of one axis, inlo an isosceles triangle, O 1 and O 9 must be formed on the
same side of chord P1Py), then control edge length Ly’ can be determined by equation (4),
and control edge length I can be determined from equations (6) and (7). That is, control
edge length Ly can be determined by the following equation.

Inp=Kxkyx2xcosO’x2/(3(1 +cos8°)) | e (8)

Similarly, control edge length 1.9 can be determined by the following equation,

L1=Kxkyx2xcosO’ x2/(3(1 +cos8?)) e (9)
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The 0 in equations (8) and (9) denotes the angle formed between side 1P and
side Po’P” in triangle PPy’ P’ after the deformation (62" in Rigure 8(C)) (or the angle
lormed by side P1Py and side PP’ (8 1 in Vigurc 8(C)) (8 1 =8 5).

Alter control edge length Ly or Ly has been determined as described above,
control point Qj or Qp can be determined from vertex Pp or Py, respectively, and thereby
the Berier cueve is specilied as the inlerpolation linc. ‘_

Althougl 8~ can be accurately determined by cxr;ressing the contraction
transformation with a numerical ¢xpression, in this cmbodiment, in order (o reduce the
increase in the amount of calculation, cos @ is approximated by s in the following
equation.

cosO’s = (cos B 1 + cos 09)/2 .. (10)

In this case, control edge lengths Ly and Ly are determincd according to the
following equations.

Lll_ = Kxkt x2 xsx2/(3(1 + 5))

Lo =Kxky x2xsx2/3(1 +s)) . .- (11)

Next, referring 1o the flowchart in Figure 9, the method will be described for
calculating control points Q1 and Qg (control point computation processing) for
specilying the Bezier curve that is the interpolated line.

In computing control points Q1 and Qo first, in step S1, length k1 or ky of side
P1P’ or PoP’ of triangle P1P2P’ in Figure 8(A) is determined according to equation (6),
then onc proceeds to step S2. In step S2, the approximate value s of the cosine of basc

angle 07 (=0 1’ =09’) when triangle PP, is delormed, by performing an
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cxpansion/contraction transformation, to isosceles P1P’P’ as shown in Figure 8(C) is
determined according 1o cquation (10), then one proceeds (o step 83, In step S3,
cquations (11) are caleulated to determine control edge Iengths 1y and Ly, thereby
determining control points Q1 and Q3.

Bigurcs 10 through 13 show the results of simulations in which K = 1 is set,
control points Q1 and Oy are determined, and the inlc_rpulalcil line is determined that is
the Bezier curve specilicd by these control paints Qg zmd- Q2. In Figures 10 through 13,
(A) shows the radius of curvature of the interpolated line, and (B) shows the shape of the
interpolated line.  Also, Figure 10 shows the case where @ 1 =0 o = 18 degrees, Figure
11 shows the case where 81 = 18 degrees and 8 o = 22 degrees, Figure 12 shows the
case where 8 1 = 28 degrees and 0 9 = 32 degrees, and Figure 13 siu)ws the casc where
0 1 = 20 degrees and 6 5 = 60 degrecs.

The foregoing concerns a polygon that is part of a two-dimensional shape, but for
a polygon that is parl of a three-dimensional shape, the normal vectors ny or ny at its two
vertices Py or P are in general in mutually twisted positions.  As shown in Figure 14, the
angle formed by line segment P1Po and the projection (orthogonal projection) of this line
segment P3P onto the planc A which is perpendicular to mﬁmal vector ng and includes
verlex Pq is adopted as the 8 1 in equations (6) and (10). That is, the unit vector in the

dircction of the projection of line segment PPy onto the plane including vertex Py that is
perpendicular 1o normal vector nyq is taken as the tangent vector B of the three-
dimensional shape at vertex Py, and the angle formed by this tangent veclor and line

segment PPy is taken as the 0 1 in equations (6) and (10).
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Similarly, the angle formed by linc scgn-wnl P P2 and the projection of this line
segment PPy onto the plane C including vertex Py that is perpendicular to normal vector
ny is taken as the (5 in cquations (6) and (10).

In the {ollowing, as explained in Figurc 9, by dctermining control points Q1 and
Qy, the Bezier curve can be delermined as the interpolated line that inierpolates between
vertices Ppoand Py In this case, the Bezier curve as the interpolaled line is generally a
curve that is spatially twisted, but because the bulge is near to that of a circle or cllipse,
ultimately it interpolates smoothly between vertices P1 and Po.

Alicr the interpolated line is determined as described above, in fine splitting
processing, as stated above, interpolated points on a given interpolated line are
determined as vertices of subpolygons into which the original polygon is split, and these
interpolated points can be determined by inputting an appropriate value for parameter o in
cquation (1), which expresses the Bezier curve as the interpolated line.

The interval between vertices Py and Py can be split into M parts by selling M-1
interpolated points between them, and if this is done, then it suffices to calculate equation
(1) with parameter 1 set 1o, for cxample, iM (i=1, 2, ..., M-1).

Next the case, as shown for example in Figure 15, will be described in which four
vertices P7 through P4 are shown, and fine splitting processing is done on quadrilateral
polygon P1PoP4P3 that is part of a three-dimensional shape and in which line segments
P1P3 and P3P4 lic opposite each other, and line segments P1P3 and P4 P4 lic opposite
cach other.

Assuming now that the interval between vertices P and Py is split into, for
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example, two parts (in this case, the interval between vertices P3 and P4, which lics
opposite line scgment PPy, is also split into two parts), as explained in Figure 9,
interpolated line Bq2 (interpolated line 1), which interpolates between vertices Py and P,
is determined, and interpolated line B34 (intcrpolated line 2), which interpolates between
vertices P3 and Py, is determined. And interpolated point Pyg or P34 can be determined
on interpolated line By or B34 by computing cquuliqn (l) wilh parameter 1 set lo, lor
example, 0.5. |

| lu this way, quadrilateral polygon P1P2P4P3 is split into two subpolygons, the
quadrilateral polygons Py PyoP34P3 gmd P12P2P4P34.

And il the interval between vertices Py and P3 and the interval between vertices
Py and P4 arc cach split into two parts, then, likewise as explained in Figure 9,
interpolated line B13 (interpolated line 3), which interpolates between vertices Py and P,
is determined, and interpolated line Bog (interpolated line 4), which interpolates between
vertices Pg and Py, is determined. And interpolated point Py3 or Pog4 can be determined
on interpolated linc By3 or Boy by computing equation (1) with parameter ( sct lo, for
example, .5,

And in 1his case, interpolaied line B1234 (interpolated line 5), which interpolates
between interpolated points P19 and Py, wl_1ich were previously determined as the
verlices of subpolygons, is also determined as explained in Figure 9. And interpolated
point P1324 can be determined on interpolated line B1234 by computing equation (1)

with parameter ( set to, for example, 0.5,

Ln this way, quadrilateral polygon Py PaP4P3 is split into four subpolygons, the
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quadrilateral polygons P1P12P1234P13, P12P2P24.P1234, P1234P24P4 P34, and
P13P1234P34P3.

Here quadrilaterat polygon P1PoP4P3 is split into 2x2 (horizontal x vertical)
subpolygons, but if quadrilateral polygon P1PP4P3 is to be split into MxN subpolygons,
it suffices to split the interval between vertices Py and P and the interval between P3 and
P4 each into M parts, split the interval between vcrlic'es Py and P3 and the inferval
between Py and P4 cach into N paris, and split into N parls the interval between
corresponding members of the M-1 interpolated points that split the interval between
vertices Py and Pp into M parts and the M [sic; should be M-1] interpolated points that
split the interval between vertices P3 and Py into M parts.” Bul quadrilateral polygon
P1PaP4P3 can also be split into many subpolygons by repeating a process in which
quadrilatcral polygon P1PoP4P3 is split by finc splitting processing into (wo subpolygons
P1P12P34P3 and P12PoP4 P34, and these two subpolygons P1P19P34P3 and
P12P2P4 P34 arc cach split by fince spliiting processing into two l‘urthér subpolygons.

In fine processing, since the interpolated line that interpolates between two
vertices is determined using the coordinates and normal vectors of the two vertices, in
determining interpolated line B934 that interpolates between interpolated points P12 and
P34, for example in the case illustrated in Figure 15, it is necessary to have normal
vectors nq7 or n34 at interpolated points P17 or P34, respectively. And even if an
interpolated point with another interpolated point is an interpolated point that cannot be
determined (in the case of Figure 15, interpolated points P13, Pag, P1234), because the

interpolated point is the vertex of a subpolygon, a normal veclor is needed to do shading
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in rendering processing,

A normal vector at a vertex ol a subpolygon (excepl a vertex of the original
polygon) is determined here for example as follows.

Namely, taking the cxample of interpolated point P2 that splits the interval
between vertices Py and Py, its normal vector nyy is determined, as shown in Figure 16,
by linear interpolation using normal vector nq at vertex Py and normal vector ny at vertex
Py.

Specifically, if parameter t that is substituted in equation (1) when interpolated
point P12 on interpolated linc B13 is (o be determined is set to T, then unit vector nnyo,
which corresponds to the sum of (1-T) times nn-rmul vector ny plus TT times normal
veetor ng s determined according to the following equation.

nnq2 = ((1-T)ny + Tnp)/|(1-T)ng + Tny | . (12)
where ]xl represents the norm of vector x.

The veclor nnyp7 obtained by equation (12) is cqual to the normal vector
detcrmined in Phong shading,.

Vector nnqp may be adopted withoul mﬁdiﬂcalion as normal veetor np at
interpolated point P19, but because vector nn17 is obtaincd by linear interpolation using
normal veclors ng and ny, it is difficult to say that it faithfully reflects the shape of
interpolated line By5. So here we correct vector nng as follows, and adopt the corrected
vector as normal vector nq9 at interpolated point Pqa.

That is, first we determine tangent vector sp9 of interpolated line Byg at

interpolated point Pyy. Here tangent vector s19 can be determined from equation (1).
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Then we determine the vector product nnqg’ of vector nnyg and tangent veclor
812 according to the following cquation.

nn{’ =nnyg x 12 - (13)

Then we determine the vector product ol tangent vector s12 and vector nngp” and .
set this 1o normal vector nyy at interpolated point P12 as shown in the following cquation.

n)) =spy xnnpy’ . - (14)

Here the "x" in equations (13) and (14) represents a i:/cct;)r product,

Because normal vector nyo determined as described above faithfully expresses the
shape of interpolated line By, which is a Bezier curve, by using this in shading (highlight
calculation, ¢tc.), we can obtain an image whose brightness distribution accurately reflects
the shape of interpolated line Bqo.

As described above, with line splitting processing the normal vector is used as an
interpolation vector, the interpolated line that interpolates between two vertices is
determined from the normal vectors and the coordinates of the vertices, and an
interpolated point on a given interpolated line is determined as the veriex of a subpolygon
into which the original polygon is split, so one can compose a delicate three-dimensional
shape from polygons of rough shape.

And because the locality of the interpolation is preserved here, that is, because for
example in Bigure 15 each normal vector of an interpolated point that splits the interval
between vertices Py and P is determined from normal vector ny at vertex Py and normal
veclor np at vertex Py, the subpolygons obtained by splitting quadrilateral polygon

P1PyP4P3 and the subpolygons abtained by splitting another polygon that abuts
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quadrilateral polygon P1P2P4P3 at its side Py P arc connected continuously, and thus a
smooth three-dimensional shape can be obtained.

In the case described above, a quadrilateral polygon has been considered.,
Howecver, line splitting processing can also be done on a polygon that has a different
number of sides than four. For example, if done on a (riangular polygon, fine splitting
processing can be done on a triangular polygon in the Sallic Wity as o1 a quadrilateral
polygon by thinking of one of the pairs of vertices Py and Py, P3 and P4, P and P3, or Py
and P4 that make up the aforesaid quadrilateral polygon P1PoP4P3 as being the same
vertex,

Here, texture coordinates at the vertices of the subpolygons are required for doing
texture mapping on the subpolygons that result from fine splitting processing, but these
can be determined in the same way that, for example, normal vector nnq9 at interpolated
point 17 is determined, as cxplained in Figure 16. That is, although it was not stated
above, the data on the three-dimensional image that is generated in data provision device
1 includes, besides splitting polygon data and texture data, the texture coordinates at each
vertex of the original polygons; for example, the texture coordinates at interpolated point
P12, which splits the interval between vertices P1 and P9, can be determined by adding
(lincarly interpolating) the texture coordinates at vertex Pq and the texture coordinates at
vertex Pg in agcordancc with the ratio 1-t:t corresponding to parameter ¢ substituted in
cquation (1) for determining interpolated point P12,

Il the shape of the interpolated line By between vertices Pq and Py is biased (for

cxample, il the radius of curvature of the part ncar onc or the other of vertex Pp or Py is
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large, and the radius of curvature of the part ncar the other is small), there will arise
distortion in the texture if texture mapping is done using the texture coordinates
determined by lincar interpolation as described above. That is, if parameter 1 substituted
in equation (1) for determining interpolated point P19 assumes, among the values it may
assume, [or example its midpoint valuc 0.5, but because of the shape of interpolated line
R12 is biased, interpolated point Pp3 is set ina pnsili(l_)n where its distance along
interpolated line B17 is very close to, say, veriex Pp -bc't‘“‘l::cn veriex P1 or Py, then texture
distortion will arisc if texture mapping is donc using the texture coordinates determined
by linear interpolation.

In cases where such texture distortion is a problem, it suffices to do curvilinear
integration along intcrpolated line Byo, determine the distance along interpolated line Byo
[rom vertex Py or Po, respectively, to interpolated point Py, and, according to this
distance correct the ratio that is used when the texture coordinales at interpolated point
P17 are determined by linear interpolation. That is, it sulfices to make a correction
whereby the ratio that is used when the texture coordinates at interpolated point Py are
determined by linear interpolation is made to approach (or set cqual o) the ratio between
the dislance along interpolated line By from vertex Pj 1o interpolated point P19 and the
distance along interpolated line B9 from vertex Py to interpolated point Pyo.

Next, in many cases a smooth three-dimensional shape can be realized by doing
tine splitting processing using the normal vectors at the vertices as the interpolation
veelors, but depending on the three-dimensional shape to be realized, it is sometimes

inadvisable o usc only the normal vectors at the vertices as the interpolation vectors.
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That is, there are for cxample cases where, with a circular cylinder or other body
of revolution made by rotating a plane shape about an axis of rotation, or a similar three-
dimensional shape, there is a large discrepancy between the direction of the orthogonal
projection of the line segment that joins a given vertex a of a polygon that is part of the
three-dimensional shape and another veriex b (where vertex b is a vertex that is adjacent
to verlex a) onto the plane that is perpendicular to lhc._: nqrnml vector at vertex a, and the
tangent direction (hereafter called, for convenience, the ﬁamc line direction) at vertex a of
the curve (hereafier called, for convenicnce, the frame line) that joins vertices a and b
along the three-dimensional shape (o be realized; in such a casc, if fine splitting
processing is done as described above, then the interpolated line that joins vertices a and b
will, s0 1o speak, be in a bent state, and if texture mapping is done, the texture will appear
unnatural.

Specifically, consider a case in which a three-dimensional shape, as shown for
cxample in Figure 17(A), is composed of rough polygons, and the three-dimensional
shape resulting from rotating this about axis of rotation Y is to be realized. Normal vector
A at vertex a, which is the intersection point of sides 1 and 2 of polygon p thal is part of
the three-dimensional shape of Figure 17(A), is a vector in an obliquely upward direction,
which is a direction that is roughly perpendicular to polygon p. In this case, there is a
large discrepancy between the frame line direction at vertex a and the direction of the
orthogonal projection of line segment ab (side 1) that joins this vertex a and another
vertex b of polygon p onto the plane that is perpendicular to the normal vector at vertex a.

That is, in this case, because normal vector A is a vector in an obliquely upward direction,
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the direction of the orthogonal projection of line segment ab (side 1) onto the plane that is
perpendicular to the normal veetor has a till with respect to the plane that is perpendicular
to axis of rotation Y. On the other hand, the frame line direction at vertex a is the tangent
dircction, al vertex a, of the circle that is the locus of vertex a il polygon p is rotated about
axis of rotation Y, so it is parallel to the plane that is perpendicular to axis of rotation Y,

In this case, il fine splitting processing is dnm:: on pulygon p, then the interpolated
line that interpolates between vertices a and b will bt benl as shown in Figure 17(B), and
it will be dilticult to compose a smooth three-dimensional shape.

Also, if there is no need Lo perform fine splitting processing on the polygons and
make the three-dimensional shape that is composed by the subpolygons thus obtained into
a specilied shape and the above-mentioned bending of the interpolated line causes no
problems, then it sulfices to use only the normal vectors at the vertices as interpolation
vectors. But if the above-mentioned bending of the interpolated line causes problems or if
it is necessary to make the three-dimensional shape composed by the subpolygons into a
specified shape, then it may be impossible 1o realize the specified shape by using only the
normal vectors at the vertices as the interpolalion vectors.

That is, if, for example, as shown in Figure 18, tine splitting processing is to be
done on quadrilateral polygon abdc, thereby composing circle O, which is the base of a
circular cylinder as indicated by the dotted line in this diagram, then it will be necessary
to split quadrilateral polygon abdc into subpolygons so as to compose circle O, whiéh will
be the base of the circular cylinder. But in this case, denoting normal vectors A through

D at vertices a through d, respectively, vectors are given that are perpendicular to circle O
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that forms the base, so if fine splitting processing is done using such normal vectors A
through D, quadrilateral polygon abde will be split in a direction parallel to side ab (cd) or
side ac (bd). That is, splitting will not be done on the subpolygons that are to compose
circle O.

This is duc to the same reason explained with Figure 17. Namely, in Figure 18,
the direction of the orthogonal projection ol the line scgment that joins a veriex a with
another vertex b onto the planc that is pcrpcudicuIar"t(')'ﬂnlormal vector A at verlex a
coincides with the dircction of line segient ab. On the other hand, the curve along the
three-dimensional shape 1o be realized that joins vertices a and b, that is, the frame line, is
an arc ab that is part of circle O, and the tangent dircction of this arc ab al vertex a, that is,
~the frame line direction, is the direction of the tangent ()l’-circlc O at vertex a. Therefore
the direction of the orthogonal projection of line segment ab onto the plane that is
perpendicular to normal vector A at vertex a of quadrilateral polygon abde that composes
the circular cylinder differs greatly from the frame line direction at vertex a, so
quadrilateral polygon abdc is not split into subpolygons so as to compose circle O. That
is, with fine splitting processing, the interpolated line that interpolates between vertices a
and b is formed in such a way that it touches the orthogonal projection of line segment ab
onto the plane that is perpendicular to normal vector A at vertex a and touches the
orthogonal projection of line segment ab onto the plane that is perpendicular to normal
vector B at vertex b, while the frame line, which is the curve that joins vertices a and b
along the circular cylinder to be realized, is arc ab, so the interpolated line and the [rame

line are different, and quadrilateral polygon abde is not split into subpolygons so as o



34

campose circle O (the circumlerence of the circle), which is the frame line (onc only docs
splitting so that sides ab, cd, ac, bd arc cach taken withoul modilication as an interpolated
line).

As interpolation vectors at a given veriex not only the normal veetor at that vertex
has been adopted but also a vector (the interpolated line dircetion vector) that expresses
the direction (the frame line direction) of the frame ling Ihz:t passcs through that vector. If
fine splitting processing is done using the vector lllal"cki);cs.scs the frame linc dircction as
an interpolation veclor, the interpolated line is formed in such a way that it coincides with
the frame line (because this is something that constitutes an interpolated line such that the
vector that expresses the frame line direction coincides with the frame tine il it is used in
the fine splitting processing), and the polygons are split into subpolygons to composc the
three-dimensional shape to be realized.

As vectors that express the frame line direction at a vertex, there are, for example,
the tangent vector at the vertex (corresponding to the slope of a curve in a two-
dimcnsional plane) and the normal vector of the frame line at the vertex (the definition of
the normal vector of a frame line is discussed below), but here we adopt the normal vector
of the frame line.

If fine splitting processing is done using the normal vectors (the normal-direction
vectors of the three-dimensional shape to be realized) at the vertices that are given for
shading, the normal vector faces the normal direction of the curved surface that is the
three-dimensional shape to be realized, so the polygons are split into suhpulyguns s0 as o

compose the curved surlace that is the three-dimensional shape to be realized. That is, if
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fine splitting processing is done using as interpolation vectors the normal veclors at the
vertices that are given for shading, splitting into subpolygons is doae so as, so to speak, (o
interpolate the curved surlace that is the three-dimensional shape to be realized. Thus in
the following, for convenience, these normal vectors are referred o as curved surface
interpolation normal vectors.

On the other hand, if fine splitting processing of polygons is done using the
normal vectors of the frame lines, lﬁe‘n the sides that"_m.a;ll‘c.e up a polygon are split into
subpolygons that have sides that, so to speak, interpolate the frame lines, that is, the
curves (curves included in curved surfaces) that constituie the curved surface that is the
three-dimensional shape to be realized. In following, for convenience, these normal
vectors are relerred 1o as frame line inlcrpnlaﬁnn normal vectors.

It for example the circular cylinder indicated by the dotted line in Figure 18 is
composed with subpolygons obtained by fine splilting processing, the curved surface
interpolation normal vectors a1 vertices a through d of quadrilateral polygon abdc are
normal vectors A through D, respectively, and the frame line interpolation normal vectors

-al vertices a through d are unit vectors io the direction of straight lines extending trom the
center of circle O toward vertices a through d.

If not just curve interpolation normal vectors but also frame line interpolation
normal veclors are adopted as interpolation veclors, then frame line interpolation normal
vectors are used when determining interpolated points (for example, interpolated points
P12, P23, P13, P24 in Figurc 15) that interpofate between adjacent vertices in the original

polygon that is the object of [line splitting processing, and curved surface interpolation
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normal vectors arc used when determining, so to speak, internal interpolated points in the
original polygon (for cxample, interpolated point P934 in Figure 15).

It such fine splitting processing is done on, for cxample, quadrilaieral polygon
abdc in Figure 18, then frame line interpolation normal vectors are used as interpolation
vectors for cach of the intervals between vertices a and b, between vertices b and d,
between vertices d and ¢, and between vertices ¢ aud a, and interpolated points arc
determined as described abbve. As a result, intcrml‘it_c;l points arc formed on arcs ab, bd,
dc, and ca. [n the interior ol quadrilateral polygon abde, curved surface inlerpolation
normal vectors are used as interpolation vectors, and interpolated points are determined as
described above. As a result, interpolated points arc formed in the plane that includes
circle O. As a result, quadrilateral polygon abde js split into subpolygons so as to
constitute circle O.

That is, il for example fine splitting processing is donc so as o gencrate four
subpolygons by splitting quadrilateral polygon abdc into two parts in each of the
directions of sides ab (cd) and ac (bd), then when, as shown in Figure 19(A), cach of
vertices a through d is given a frame line interpolation normal vector in the direction from
the center of circle O toward veriex a through d, respectively, and cach is given a curved
surface interpolation normal vector in a direction perpendicular to circle O (in Figure
19(A), in the direction flying out perpendicularly from the surface of the diagram), then
first, for the interval between vertices a and b or the interval belween vertices ¢ and d, the
{rame line interpolation vectors arc used as interpolation vectors, and arc ab or cd,

respectively, is determined as the interpolated line, and interpolated point ¢ or [is set on



37

the respective interpolated line, as shown in Figure 19(B). Likewisc [or the interval
between verlices a and ¢ or the interval between vertices b and d, the frame line
interpolation vectors are used as interpolation vectors, and arc ac or bd, respectively, is
determined as the interpolated line, and interpolated point g or hiis set on the respective
interpolated line, as shown in Figure 19(C).

Also, for cxample Lor the interval between ixlllt_:.x].)u!ulud points ¢ and [ (or the
interval between interpolated points g and h), line sc‘éméﬁt cl is determined as an
interpolated line using curve interpolation normal vectors as interpolation vectors, and
interpolated point i is set on this interpolated line as shown in Figure 19(D). As a result,
as shown in Figure 19(D), quadrilateral polygon abde is split into quadrilateral polygons
acig, ebhi, hdli, fegi as four subpolygons to comprise circle O.

By the above-described fine splitting processing, a polygon is split into detailed
(fine) polygons so as to give a smooth three-dimensional shape, so even if detailed data
about the three-dimensional shape to be realized is not given by data provision device 1, a
delicate three-dimensional shape can be composed and presented to the uscr just by
giving rough data concerning the shape. Also, on the side of uscr terminal 4, a delicate
three-dimensional shape can be reproduced from sparse dala.

Next, the processing of data provision device 1 of Figure 2 will be describex.

When input unit 11 is operated by the producer so as to compose a three-
dimensional shape, splitting polygon data gencration processing that generates the
splitting polygon data used lor linc splillfng processing is perlormed by data provision

device 1.
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Referring to the flowchart in Figure 20, we describe the splitting polygon data
gencration processing.

In splitting polygon data gencration processing, first, in step SI1, data processing
unit 12 decides whetlicr the coordinates (coordinates in three-dimensional space) of the
vertices of the polygons that comprise the three-dimensional shape and the normal vectors
ol the ramic lincs at the vertices (as stated below, these wjll be used as the frame line
interpolation vectors) have been inpl-.ll from input unit 1'1:.

In step S11, il it is decided that the coordinates of the vertices and the normal
vectors of the frame lines at the vertices have not been input, one skips step S12 and
proceeds to step S13.

Ifin step S11 it is decided that the coordinates of the verlices and the normal
vectors of the [rame lines at the vertices have been input, that is, if the coordinates of the
vertices and the normal vectors of the frame lines at the vertices have been input by the
producer operating input unit 11, then one proceeds Lo step S12, the coordinates of the
vertices and the normal vectors of the frame lines at the vertices that have been input are
temporarily stored in memory 12A, and one procecds to step S13.

In step S13, data processing unil 12 decides whether inpul unit 11 has been
operated so as to confirm the stored content of memory 12A as splitting polygon data
(hereafier called, for convenience, confirmation operation). Ifin step S13 it is decided
that conlirmation operation has not been done by input unit 11, one returns 1o step S11
and thereafler repeats the same processing.

IFin step S13.it is decided that confirmation operation has been done by input unit
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11, one proceeds o S14, and data processing unil 12 reads the stored content of memory
12A and supplies it to, and stores it in, splitting database 13. Also, data processing unil
12 for example goes through the vertices in the order in which they were input and
detcermines, based on the stored content of memory 12A, third-order Bezier curves in
which the angle formed with the normal vector of the frame line at cach verlex is 90
degrees, and supplics Lhis, via splitting database 13, sll_)lill_‘ing processing unil 14, and
rendering unit 15, to display unit 1.6:and causes it tcf"bé‘(iisplayed.

In this way, as shown in Figure 21, Bezier curves (indicated in the diagram by the
dottcd line) as the frame lincs that constitute the three-dimensional shape are displayed on
display unit 16.

Therealter, one proceeds 10 step S15, where data processing unit 12 decides
whether input unit 11 has been operated so as to add any input of coordinates of the
vertices and normal vectors of the frame lines at the vertices (herealter called, for
convenience, additional operation). If in step S15 it is decided that additional operation
has been done by input unit 11, the stored content of memory 12A is cleared, one returns
to step S11, and thereafier, by repeating the processing of steps 811 through S15, Bezier
curves as the frame lines that constitute the three-dimensional shape are drawn one afier
another.

That is, for example, as shown in Figure 22(A), the producer inputs the
coordinates of vertex P1 and normal vector (frame line interpolation normal vector) Aq of
the frame line at this vertex Pq,.as well as the coordinates of vertex P9 and normal vector

Aj of the frame line at this vertex Po, and il confirmation operation is done by input unit
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1, data processing unit 12 determines Bezicr curve PpPg as a frame line that compriscs
the three-dimensional shape, and causes display wnit 16 to display it. Also, the producer
does additional operation on input unit 11 and, for cxample, as shown in Figure 22(A),
inputs the coordinates of vertex P3 and normal vector Az of the frame line at this vertex
P3, as well as the coordinates of vertex Py and normal vector Ag of the frame line at this
vertex Py, and it confirmation operation is done on input anit 11, data processing unit 12
determines Bezier curve P3Py as a frame linc that dﬂxﬁ[;;iscs the three-dimensional shape,
and causes display unit 16 to display it.

Thercatier, the producer does additional operation on input unit 11, and, for
example, as shown in Figure 22(B), inputs the coordinates of vertex Pt and normal veetor
(frame linc interpolation normal vector) By of the frame line at this vertex P 1, as well as
the coordinates of vertex P3 and normal vector B3 of the frame line at this vertex P3, and
if confirmation operation is done by input unit 11, data processing unit 12 determines
Bezicr curve Py P3 as a frame line that comprises the three-dimensional shape, and causes
display unit 16 1o display it. Also, the producer docs additional operation on input unit 11
and, for example, as shown in Figure 22(B), inputs the coordinates of vertex Py and
normal vector By of the frame line at this veriex Po, as well as the coordinates of vertex
P4 and normal vector B4 of the frame line at this vertex P4, and if confirmation operation
is done on input unit 11, data processing unit 12 determines Bezier curve PoPy as a frame
line that comprises the three-dimensional shape, and causes display unit 16 to display it.

Here, in Figures 22(A)-22(B) there are shown for cxample two vectors A1 and B

as normal vectors of the frame line of vertex P1. However, vector AjorByis
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pcrpendicula( to curve PPy or P1P3, respectively. Similarly, vector Aj or By is
perpendicular to curve PyPy or PyPy4, vector Az or B3 is perpendicular to curve PyP3 or
P3P4, and veclor Agq or By is perpendicular to curve P3Py or P3Py4, respectively.

Also, given two vertices P1 and Py and normal vector A1 or Ag ol the frame line
al such vertex Pp or Py, data processing unit 12 goes through these two vertices Py and Py
and determines third-order Bezier curves, as frame lings cpmprising the three-dimensionat
shape, in which the angle formed with normal vcctoxf-‘Ai or Ay, respectively, is 90
degrees; this is delermined, for example, in the following way.

Namely, as shown in Figure 23, data processing unit 12 determines linc scgment
I’1°Pp’, which is the projection (orthogonal projection) of line scgment P1P5 onto plane R,
which includes vertex Pp and is perpendicufar to normal vector Aj. In the same way,
data processing unit 12 determines fine scgment Pp”’P2”’ (not shown), which is the
projection of line segment P1Py onto the plane that includes vertex Po and is
perpendicular to normal veetor Ap. With the data processing unit ].?., control points Qy
and Q7 are determined, as explained in Figure 9, from the coordinates of vertices P and
P2 and from the angle formed by line scgment PPy and line segment P¢’P9’ and the
angle formed by line segment P1P5 and linc segment P1’’P2”’, and the third-order Bezier
curve specified by thesc control points Q7 and Q) as well as control point P1 and P is
determined as a frame line that composes the three-dimensional shape.

The Bezier curve as the frame line that is thus determined coincides with the
interpolated line that is obtained if line splitting processing is done by taking as

interpolation vectors the normal vector of the frame line at vertex Py and the normal
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veetor of the framce line at vertex Py.

Returning to Figure 20, in step S15, ilit is decided that input unit 11 was aperated
not with additional operation but so as to cnd the input of the coordinates of vertices and
the normal veetors of the frame lines at the vertices, onc procecds to step S16, and with
data processing unit 12 the curved surface formed by the frame lines determined thus far

(the curved surface that constitutes the lhrcc-dimcns‘inqnl shape) is determined. That s, if,
for cxample, frame lincs P1Pp, P3Py, P1P3, PoPy are deiérmincd as described in Figure
22, then in step S16 curved surface S is determined, which is surrounded by frame lines
P1Py, P3Py, P1P3, PoP4 as shown in Figure 24.

Then one proceeds to step S17, and data processing unit 12 computes the frame
line interpolation normal vector and curved surface interpolation normal vector for each
vertex stored in splitting databasc 13. That is, g)zllan processing unit 12 takes the pormal
vector of the frame line at cach vertex stored in splitting database 13, as is, as the [rame
line interpolation vector for each respective vector. Therefore the frame line interpolation
normal vector at a given verlex (as well as the normal vector of the frame line at the
vertex), from what was explained in Figure 23, bccmﬁes the normal-direction vecior in
the specified plane in the case where the Bezier curve as a frame line (the Bezier curve
determined as explained in Figure 23) is touched by the line that is the projection of the
line segment that joins the vertex and another vertex onto a specified plane that includes
the vertex.

Also, in step 817, data processing unil 12 determines the normal veetors of the

curved surface determined in step S16 at each vertex stored in splitting databasc 13, sets
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them to the curved surface interpolation normal vectors at the corresponding vertices, and
supplics them to, and stores them in, splitting database 13. The curved surface
interpolation normal veetors coincide with the normal veetors used in the case when
shading ot the polygons is done,

Herc, if in fine splitting processing the interpolated lines between vertices are
determined using only the curved surface inlcrpul:uimll normal veetors amnong the frame
line interpolation normal vectors and curved surlhcc.-.imcr:polalion normal vectors, then,
for example, as shown in Figurc 25(A), the interpolated line will sometimes not coincide
with the curved surface (frame line) determined in step S14 and will be bent. On the
other hand, if the interpolated lines between vertices are determined using the frame line
interpolation normal veetors, then, for ckamplc, as shawn in Figure 25(B), a smooth
interpolated line will be obtained that coincides with the curved surface (frame line)
determined in step S14.

In step S17, when data processing unit 12 determines the frame linc interpolation
normal vectors and curved surface interpolation qormal vectors, one proceeds to step S18,
and vector coalescence processing is done.

That is, if there is a large discrepancy between the direction of the orthogonal
projection of the line segment that joins one vertex with another vertex adjacent to it onto
the plane that passes through the one vertex and is perpendicular to the curved surface
interpolation normal vector, and the direction of the tangent at the one veriex of the
curved surface (frame line) along the three-dimensional shape to be realized (1he frame

line dircction), then, as stated above, the interpolated line will be bent, and the size of this
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discrepancy is reflected in the difference between the frame line interpolation normal
vector and the curved surface interpolation normal vector.

On the other hand, the size of the aforesaid discrepancy is ofien zero (including
cases in which it is almost zero) (where the size of the discrepancy is large is, for example,
a case in which, as stated above, a circular cylinder or ather body of revolution made by
rotating a plane shape about an axis of rotation, or a s?milar three-dimensional shape, is 1o
be realized); in this case, the frame line interp()lalicyn.-norti;al vector and the curved surface
interpolation normal vector coincide (roughly coincide). It is redundant to separate the
frame line interpolation normal vector al.ld the curved surface interpolation normal vector
that thus coincide and scparatcly make them into splitting polygon data.

In order to reduce the volume of data in the splitting polygon data, in sicp S18 the
frame linc interpolation normal vector and the curved surface interpolation normal vector
al the same vertex are compared, and if they coincide (roughly coincide), then vector
coalescence processing is done, in which the frame line interpolation normal vector and
the curved surface interpolation normal vector are combint;,d into a single vector. Here, if
the frame line interpolation normal vector and the curved surl:'acc‘ interpolation normal
vector coincide completely, then in step S18, for example, one or the other vector is
selected, and this is made the result of the vector coalescence processing. And if the
frame line interpolation normal vector and the curved surface interpolation normal vector
coincide roughly, then in step S18, for example, their average value is determined, and
this is made the resull of the vector coalescence processing. The result of the vector

coalescence processing is writlen in instcad of the frame line interpolation normal vector
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and the curved surface interpolation normal vector that are stored in splitting database 13
and arc the object of this vector coalescence processing. If the lrame line interpolation
normal vector and the curved surface interpolation normal vector at the same vector do
not coincide, they are kept in the state in which they are stored in splitting databasc 13.

Once data processing unit 12, in step S18, perforins vector coalescence processing
on all the vertices stored in splitting database 13, one proceeds 1o S19, in which the
splitting polygon dala is composed based on lhé content .';"éorcd in splitting database 13,
and splitting polygon data gencration ﬁl‘()ccssing is terminated.

Figure 26 shows the format of the splitting polygon data composed in step S19.

Spli_lling polygon data consists of, for cxample, T reference data items #1 through
#1, followed by I polygon dala.ilcms #1 through #] arranged in scquence, as shown in
Figure 26(A).

Here, polygon data item #i (i = 1, 2, ..., I) is generated, for example in the splitting
polygon data generation processing of Rigure 20, every time a curved surface such as that
shown in Figure 24 is made, for the quadrilateral polygons P1PyP4P3 that make up this
| curved surface S. Therefore Figure 26(A) shows the splitting polygon data for the case in
which a three-dimensional shape consists of I polygons.

As shown in Figure 26(B), polygon dala item #i consists of the coordinqtes
(Px1,0¥1,P21), (PX2,py2,P22), (PX3,PY3.pZ3), ... of the vertices that constitute its polygon
#i, the normal veclots (nxq,nyq,nz1), (nxg,ny7,nzp), (nx3,ny3,nz3) that arc frame line
interpolation normal vectors or curved surface interpolation normal vectors at each vertex,

and other dala. Attached Lo the vertex coordinates and normal vectors arranged in
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polygon data item #i arc indexes for specitying them. And in the embodiment of Figure
26(B), sequential numbers are actually attached to the vertex coordinates and normal
veetors as indexes, but for the indexes it is also possible to allocate sequential numbers 1o
the veriex coordinates and normal veclors in the sequence in which they are arranged,
without writing the index into polygon data item #i.

Reference data item #i, which is data that is used when polygon data item #i is
referenced, consists for example of the number of vemoob as the number of vertices that
constitute polygon #i and reference data on each vertex, as shown in Figure 26(C).
Therefore if polygon #i has J vertices, J reference data items concerning vertices will be
laid out. As shown in Figure 26(D), reference data on vertex # (= 1, 2, ..., J) consists of
ihe index of the coordinates of vertex #j, the indexcs of frame line interpolation normal
vectors A and B at the vertex, and the index of the curved surface interpolation normal
vector at the vertex, arranged scquentially.

If, for example, 1 is laid out as the index of the coordinates of veriex #j, then the
coordinates (pxl,pyl,pZ]) to which index *1" is assigned in polygon data item #i, which
corresponds to reference data item #i, will be the coordinates of \./crlcx #.

For example if, say, 1 is laid out as the index of frame line interpolation normal
veclor A, then the normal vector (nx1,nyq,nz1) to which index "1" is assigned in polygon
data item #i, which corresponds to reference data item #i, will be frame line interpolation
normal veclor A at vertex #j.

And for example if, say, 2 is laid out as the index of frame line interpolation

normal vector B, then the normal vector (nxg,nyg,nzp) to which index "2" is assigned in
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polygon data item #i, which corresponds to reference data item #i, will be frame line
inerpolation normal vector B at \./crlcx #.

And for cxample if, say, 3 is laid out as the index of the curved surface
interpolation normal vecior, then the normal vector (nx3,ny3,nz3) to which index "3" is
assigned in polygon data item #i, which corresponds to relerence data item #i, will be the
curved surface interpolation normal vecinf at vertex #

The reason why there are twa frame line intcr-po’lziiinﬁ narmal veclors, vectors A
and B, at one verlex #], is as follows. For example at each vertex Py through Pg of
quadrilateral polygon P1PyP4P3 that comprises curved sur('ucc.: S shown in Figure 24,
which are gencrated in the aforementioned splitting polygon data gencration processing,
two curves (frame lines) of different direction intersect, but the normal vectors (or these
two curves are given as curved surface interpolation normal vectors.

In the foregoing case, frame line interpolation normal veclors A, B and the curved

surface interpolation normal vector are each given a diflerent index, but in a casc where in
step S18 in Figure 20 framc linc interpolation normal vectors A, B and the curved surface
interpolation normal vector coincide and are coalesced into a single vector, each of the
frame line interpolation normal vectors A, B and the curved surface interpolation normal
veclor is given an index allocated to their single coalesced vector. That is, if for cxafnple
frame line interpolation normal vectm's. A, B and the curved surface imcrpo.lalion normal
vector are each represented by (nxq,nyq,nz1), then the index of each of the frame line

interpolation nornal vectors A, B and ol the curved sarface interpolation normal vector is

set (o 1, which is the index allocated to normal vector (nxq,nyq,nz1) (in this casc, normal
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veetor (nxg,nyg,nz1) is the resull of vector coalescence processing (in step S18 in Figure
20) on lrame line interpolation normal vectors A, B and on the curved surlace
interpolation normal vector).  Also, in this case, only veetor (nxq,nyq,021) is mapped lo
bnlygon data item #i as a normal veclor.

In the splitting polygon data generation processing in Figurce 20, the producer
causes the coordinates of the vertices and the normal vectors of the frame line at the
vertices to be input, and then the three-dimensional sha'f)e"iis defincd by determining the
curves that will be the trame lines and causing the cuﬁcs (o intersect, but a three-
dimensional s'hzlpc can also I;c composcd in the following way.

First, onc takes aclual measurements for the three-dimensional shape to be
rcalized, determinces the coordinates of cach vertex in three-dimensional space and the
normal veetors of the three-dimensional shape at each vertex, that is, determines the
curved surface interpolation normal vectors, and has these input into data processing unit
12 by the producer. Data processing unit 12 is made to determine and display the curves
that will be the frame lines, taking the curved interpolation normal vectors 1o be the frame
line interpolation normal vectors A, B for each of the two frame lines that intersect at a
given vertex, Then, for the displayed frame lines that are bent (distorted), one has the
producer correct frame line interpolation normal vectors A, B that are equal to the curve
interpolation normal vector in such a way that the frame lines become smooth. In this
case, onc may dispense with the processing of steps S17 and S18 in Figure 20.

Next, splitting polygon data gencration processing (Figure 20) is done by data

provision device 1, and when splitiing polygon data as shown in Figure 26 has been
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stored in splitting databasc 13, the splitting polygon data is read from splitting databasc 13
in splitting processing unit 14, and fine splitting procc.lssing is done.

Relerring to the flowchart in Figure 27, we describe the fine splilting processing
performed on polygons in splitting processing unit 14,

Here, for example a quadrilateral polygon PyPP4P3 as shown in Figure 28 is
split into M or N parts horizontally or vertically, respectively, therehy making something
that is composed of MxN quadrilatetal subpolygonss(hér’t:j, for example, the dircction of
linc segment PPy (or P3Py4) of quadrilateral polygon P1P2P4P3 in Figure 28 is taken as
the horizontal direction, and the direction of line segment P1P3 (or PpPy) is taken as the
vertical direction).

The curved surface interpolation vector at vertex Pi (i = 1, 2, 3, 4) of quadrilateral
polygon P1PoP4P3 is denoted by ny, the line frame interpolation normal vector for the
horizontal framne line at vertex Pj is denoted by A, and the line frame interpolation
normal vector for the vertical frame line is denotcd by B;.

In this case, in fine splitting processing, first, in step S21, fine splitting processing
of frame line P1P7 is done. That is, in step S21, M-1 interpolated points P15 are set
between vertices P1 and Py, and-a curved surface interpolation normal vector nqy is
determined at each of these M-1 interpolated points Pyp9.

Then one proceeds to step S22, where splitting processing of frame line P3Py is
done. That is, in step S22, M-1 interpolated points P34 are sct between vertices P3 and
P4, and a curved surface interpolation normal vector n34 is determined at cach of these

M-1 interpolated points Pyy4.
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Thercalter, one proceeds in sequence to steps S23 and S24, where splitting
processing of frame line Py Py and splitting processing ol trame line PyPy is done. That is,
in step 823, N-1 interpolated points Pq3 are sct between vertex Py and vertex P3, and a
curved surface interpolation normal vector np3 is determined ai cach of these N-1
interpolated points P13. And in step S24, N-1 interpolated points P4 arc set between
verlex Py and vertex Py, and a curved surface interpolation normal vector nayq is
determined at each of these N-1 interpolated points _[,_’54: :

Then one proceeds to step S25, where splitting processing inside the polygon of
quadrilateral polygon P1PoP4P3 is done. That is, in step S25, N-1 interpolated points arc
st between cach of the M-1 interpolated points P17 and the corresponding onc of the M-
1 interpolated points P34,' thus setting a total of (M-1)x(N-1) interpolated points P1234,
and a curved surlace interpolation normal veclor nq234 is determined at each of these (M-
1)x(N-1) inlcrpﬂ.lalcd points P1234.

Therealicr, one proceeds to step S26, wh‘erc quadrilateral polygon P1P2P4P3 is
split into MxN quadritateral subpolygons based on the interpolated points Pyg, P34, P13,
P24, and P1234 determined in steps S21 through S25, and fine splitling processing is
terminated.

For example, assuming now that quadrilateral polygon P1PoP4P3 shown in
Figure 28 is split into 2x2 quadrilateral subpolygons (and therefore M-1=N-1=1), in step
S21 of Figure 27, an interpolated line that coincides with frame line PP is determined
by performing the control point computation pracessing of Figure 9 using the coordinates

of vertices 1 and Py and the frame line interpolation normal vectors Ap and Az, And in



51

step 821, interpolated point P2, which is one point on interpolated line PPy, is
determined as shown in Figure 29, by substituting for example (1.5 (or the parameter ¢ in
equation (1) of the Bezicer curve that represents this interpolated line PP, Also, in step
S21, curved surface interpolation normal vector ny9 al interpolated point Pyp is
determined (rom curved surface interpolation normal vector ng or o at vertex Py or P,
respectively, as explained in Figure 16,

Likewise in step S22, the same processing as_.,iﬁ slep $21 is done on vertices P3
and P4, thereby determining interpolated point P34, which is one point on interpolated
line P3P4, and dctermining curved surface interpolation normal vector n34 at this
interpolated point P34, as shown in Figure 29. -

In step $23, an interpolated line that coincides with frame line P P3 is determined
by performing the control point computation processing of Figure 9 usiag the caordinates
of vertices Pq and P3 and the frame linc interpolation normal vectors B and B3. In step
S23, interpolated point P13, which is one point on interpolated line 1P, is delermined as
shown in Figure 30, by substituting for cxample (.5 for the parameter t in equation (1) of
the Bezier curve that represents this interpolated line P1P3. Also, in step 523, curved
surface interpolation normal vector nq3 at interpolated point P13 is determined from
curved surface interpolation normal veclor nj or n3 at vertex Pp or P3, respectively, as
explained in Figure 16.

Likewise in step $24, the same processing as in step S23 is done on verlices Py
and P4, thereby determining interpolated point Pog, which is one point on interpolated

line P7P4, and determining curved surface interpolation normal vector npg at this
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interpolated point Pog, as shown in Figurc 30,

In step S25, interpolated lines are determined that interpolate between
corresponding interpolation members of the interpolated points on interpolated line PPy
and the interpolated points on interpolated line P3Py, and on such an interpolated line, the
same number of interpolated points are sct as the interpolated points set on interpolated
linc P1 P (or interpolated line PyP4). That is, in the present case, as shown in Figure 31,
interpolated line P12 P34, which interpolates between }ntgrpolalcd points P12 and P13y, is
determined by performing the control point computation processing of Figure 9 using the
coordinates of interpolated points P19 and P34 and the curved surlace interpolation
normal veclors nq2, n34. The interpolated point P934, which is one point on
interpolated line P12P14, is determined as shown in Figure 31, by substituting for
example (1.5 for the paramcier 1 in equation (1) of the Bezicr curve that represents this
interpolated line P12P34. Also, curved surface interpolation normal veclor ny234 at
interpolated point P1934 is determined from curved surface interpolation normal vector
n{7 or n34 at interpolated point P19 or P34, respectively, as explained in Figure 16.

In step S26, quadrilateral polygon P1PyP4P3 is split into 2x2 quadrilateral
subpolygons based on the interpolated points P19, P34, P13, P24, and P1234 determined
in steps S21 through S25. That is, quadrilateral polygon P PoP4P3 shown iﬁ Figure 28 is
split into four quadrilateral Subpolygons P1P12P1234P13, P12P2P24P1234,
P1234P24P4P34, and P13P1234P34P3, thereby realizing a three-dimensional shape that
is smoother than in the case of just quadrilateral polygon P1PaP4P3.

In the above casc, in step 825, interpolated lines are determined that interpolate
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between corresponding interpolation members of the interpolated points on interpolated
linc P1 Py and the interpolated points on interpolated line P3P4, and on such an
interpolated line, the same number of inferpolated points are set as the interpolated points
set on interpolated line PpP3 (or interpolated line PpPyg), but otherwise it suffices 1o
determine interpolated lines that interpolate between. corresponding interpolation
members of the interpolated points on interpolated line P1P3 and the interpolated points
on interpolated line PoP4, and on such an inlerpn]at;;& -lin'}c, the same number of
interpolated points are set as the interpolated points sct on interpolated line PPy (or
interpolated line P3Py).

That is, il for cxample quadrilatcral polygon Py P2P4P3 shown in Figure 28 is to -
be split into 2x2 quadrilateral subpolygons, in step S25, as shown in Figure 33,
interpolated line P3Py that interpolates between interpolated points Py3 and Pp4 is
detcrmined by performing the control point computation processing of Figure 9 using the
coordinates ol interpolated points P3 and P4 and the curved surface interpolation
normal vectors n13 and ny4. Instep S25, interpolated point P34, which is one point on
interpolated line P121734, is determined by substituting Jfor example 0.5 for the parameter t
in equation (1) of the Bezier curve that represents this interpolated line P13P94, and
curved surface iﬁlerpolalion normal vector nj324 at intespolated point P304 is
determined from curved surface interpolation normal veclor nq3 or ny4 at interpolated
point P13 or P4, respectively, as explained in Figure 16.

In this case, quadrilateral polygon P1P2P4P3 in Figure 28 is split into four

quadrilateral subpolygons P1P12P1324P13, P12P2P24P1324, P13241P24P4 P34, and
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P13P1324P34P3.

Here it is possible in step S25 to determine both interpolated points Pyp34 (Figure
31) and P34 (Figure 33) and set the final interpolated point to the point that is
expressed by, say, the average valuc of their coordinates. In this case, the curved surlace
interpolation normal veclor at the final interpolated point is set to, say, the average value
of curved surface interpolation normal vectors ny34 and n1324.

The subpolygons obtained by the above fine §plill:i}1g processing are supplied from
splitting processing unit 14 to rendering unit 15 and are drawn by rendering processing
being performed. That is, rendering unit 15 for example performs rendering on the
subpolygons and converts them to the screen coordinalc system. The shading of the
subpolygons is done using the curved surface interpolation normal vector at cach vertex.
Rendering unit 15 determines the final RGB values of cach pixel that constitutes display
unit 16, such as by calculating the texture addresses for texture mapping using the texture
data stored in texture database 17, and outputs them to display unit 16. La this way, the
three-dimensional image consisting of the subpolygons is displayed on display unil 16.

And if there are no problems in the three-dimensional image displayed on display
unit 16, the producer operates input unit 11 so as to supply the stored content of splitting
database 13 to transmission/recording device 18. In response to this, the splitting polygon
data stored in splitting database 13 is supplied 10 transmission/recording device 18. When
it receives the splitting polygon data, transmission/recording device 18 reads the texture
data from texture database 17, multiplexes it with the splitting polygon data, and transmits

it via transmission medium 2 or records it on recording medium 3.
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II" there is any problem with the three-dimensional image displayed on display unit
16, the producer corrects the splitting polygon data by operating input unit 11.

Next, referring to the flowchart in Figure 34, we further describe the frame line
splitting processing in steps S21 through S24 in Figure 27, Here one vertex that
constitutes the polygon is denoted by Py, and another vertex that is adjacent to this vertex
P1 is denoted by Pa. Also, the frame line interpolation vector at vertex P or P2 f'nr [rame
line P1P7 between vertices Py and Py is denoted IJy_.-Af or Ay, rcspectivély, and the
curved surface interpolation normal vector at vertex P1 or Py is denoted by nq or np,
respectively.

In frame line splitting processing, first, in siep S31, straight linc (linc segment)
PP is determined, one proceeds to step S32, straight line PqP7 is orthogonally projected
onto the plane that includes verlex Py or Pp and is perpendicular to trame line
interpolation normal vector Aq or Ag, respectively, the unit vector in the straight-line
direction projected onto each planc is determined, and each is taken as the tangent vector
al vertex Pq or Py, respectively.

One then proceeds to step S33, which determincs the angle 81 or @ 7 that
straight line P{P; forms with the langent vector at vertex Pq or Py, respectively. Then
one proceeds in sequence to steps S34 and S35, where a third-order Bezier curve is
determined as the interpolation line that coincides with frame line PP, as in the case in
Figure 9.

That is, in step S34, based on angles 6 { and 85 and the coordinates of vertices

P and PP, onc determines control edge length Ly or Ly, which is the distance from
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control point Pq or P2 1o another control point Qg or Qp, respectively. And in step S35,
control point Qq or Qp is determined from control edge length Ly or Ly, respectively, and
lhcreby.a three-dimensional Bezier curve is specified as the interpolated line that
coincides with frame line P P7.

Proceeding in sequence to steps S36 and S37, interpolated points P19 are set on
interpolated line P1P», which is a Bezier curve, curved surface interpolation normal
veclors nq7 at these interpolated points P17 are detg_;_r-tri'iﬁi:d, and frame line splitting
processing is terminated.

That is, in step S36, an interpolated point Pq7 is determined by substituting a
specified value into parameter t in equation (1) that expresses intérpolated line PP,
which is a Bezicr curve. And in step S36, tangent vector 12 al inferpolated point Ppg of
interpolated line PPy is determined as explained in Figure 16, and vector nnyp described
in Figure 16 is determined by doing linear interpolation using curved surface interpolation
normal vectors nq and np. And in step S37, vector nnp2 is correcled by tangent vector
512 as explained in Figure 16, and the result of the correction is deterimined as final
curved surface interpolation normal vector nq2 at interpolated point P19.

Next, referring o the flowchart in Figure 35, we (urther describe the splitting
processing inside polygons in step S25 of Figure 27. Here, one interpolated point on the
frame line oblained by frame line splitting processing is denoted by P1, and the
interpolated point on the frame line that is opposite this frame Tine and corresponds Lo
interpolated point Py is denoted by Pp. Also, in the frame line splilting processing for

determining interpolated point Py or Po, the curved surface interpolation normal vector



57

determined together with interpolated points Py and P9 is denoted by nj or np,
respectively.

In splitting processing of the interior of polygons, the same processing is done in
steps 41 through S47 as in the case of steps 831 through S37 in Figure 34 -except that in
step S42 the tangent vector at interpolated point P or Pz is determined using not the
frame line interpolation normal vector but curved surface interpolation vecetor ny or ny,
respectively - and the interpolated poihts on the Bczicr"c;wc as the interpolated line that
interpolates between interpolated points Py and Py, and curved surface inlcrpp lation
normal vector nq7 at these interpolated points arc determined.

I, as aho.vc,.a vertex has both a frame line interpolation normal vector and a
curved surface interpolation normal vector, then an interpolated point that interpolates
between vertices of the original polygon on which fine splitting processing is done is
determined using the frame line interpolation normal vectors, and an interpolated point
that interpolates between interpolated points is determined using the curved surface
interpolation normal vectors. But if the bending of the interpolated line (frame linc) as
stated above is not a problem, then an interpolated point may be determined using only
the curved surface interpolation normal veclors, even if the vertices have both frame line
interpolation normal vectors and curved surface interpolation ﬁorma] veclors.

With the aforesaid fine splitting processing, subpolygons that constitute a smooth
three-dimensional shape can be generated from splitting polygon data concerning rough
polygons.

That is, or example the cube shown in Figure 36 consists of six quadrilateral
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(square) polygons constituting its six faces, and if drawing is donc without performing
any fine splitlting processing on these six quadrilateral polygons, what results is, for
cxample, a cube us shown in Figurc 37. In contrast 1o this, if cach vertex of the six
quadrilatcral polygons is given as an interpolation veetor (curved surface interpolation
normal vector) a vector that extends radially from the center of the cube, and fine splitting
processing is carried out, then what results is, for example, a sphere as shown in Figure 38.
In Figure 38 (as in Figure 40 through Figurc 42, wh,i__&:ll'ili;;;: discussed below), each
quadrilateral polygon is split into 55 subpolygons.

Furthermore, by changing the interpolation vectors given at each vertex of the six
quadrilateral polygons from those shown in Figure 36 to, for example, onces that arc tilted
as shown in the side view in Figure 39, the six quadrilateral polygons, by fine splitting
processing, arc split into subpolygons that comprisc a distorted sphere as indicated by the
dotted linc in this diagram. That is, by just changing the interpolation vectors assigned to
the six quadrilateral polygons that constitute the cube, one can oblain a, so o speak, egg-
shaped three-dimensional shape as shown in Figure 40 or Figure 41.

Here the three-dimensional shapes shown in Figure 38, Figure 40, and Figure 41
can be realized by using as interpolation veclors only the curved surface interpolation
normal veclors.

Also, for example, a circular cylinder as shown in Figure 42 can be realized
through fine splitting processing by assigning 1o the vertices of those of the six
quadrilateral polygons comprising the cube shown in Figure 36 that will constitute the

side taces of the circular cylinder the normal vectors of these quadrilateral polygons as
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frame line interpolation normal vectors or curved surface interpolation normal vectors,
assigning to the vertices of the quadrilateral polygons that will comprise the circle that is
1o be the basc of the circular cylinder, as frame line interpolation normal vectors, normal
veetors in a direetion extending radially from the center of this circle, and assigning
normal-direction vectors of (the surface of) this circle as curved surface intcrpolation
normal vectors.

Since, as described above, line splitting pmc_essixié makes it possible to gencrate
subpolygons that constitute a smooth three-dimensional shape from splitting polygon dala
concerning rough polygons, the producer is given lhé abilily to composc a complex three-
dimcnsinnal shape even without selting detailed parameters concerning the three-
dimensional shape.

Next, referring to the flowchart in Figure 43, the processing of user terminal 4 in
Figure 3 will be described.

With uscr terminal 4, reception/playback device 21 receives data transmitied via
transmission medium 2 or plays back data recorded on recording medium 3, and among
this data, the splitting polygon data is supplied to and recorded in splitting database 22,
and the texture data is supplied Lo and recorded in texture database 27.

The splitting polygon data recorded in splitting database 22 is read, for example in
one-frame uﬁils, by geometry processing unit 23, and in step S51 of Fig. 43, geomelry
processing unit 23 performs geometry processing (such as coordinate transformations
according to the viewpoint) on this splitting polygon data in responsce 1o operation by the

user ol input unit 28, and supplics the result to splitting processing unit 24, In step 852,
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splitting processing unit 24 performs fine splitting processing on the splitting polygon
data in the same way as in splitting processing unit 14 of data provision device 1, and the
resulting subpolygons are supplicd to rendering unit 25. In step 853, rendering unit 25
performs a perspective transformation (perspective projection transformation) on the
subpolygons from splitting processing unit 14, and proceeds (o step S54. In step S54,
brightness calculation (shading (for cxample, Gouraud‘ shading or Phong shading)) is
done on the transformed data, and texture address c_allculz;i.‘tion, etc. is done, thereby
determining the RGB valucs of cach pixel. In step S55, in rendering unit 25 the RGB
values of each pixel are written to a frame buller that is not shown in the diagram, and
one returns to step S51 to wail for splitting polygon data concerning the next frame to be
read from splitting database 22. The three-dimensional image as RGB values written into
the frame buffer is read out with the prescribed timing and is displayed on display unit 26.

Therefore, with user terminal 4 100, as in the case of data provision device 1,
subpolygons that constitute a smooth lhrcc—dimcnﬁonal shape can be gencerated from
splitting polygon data concerning rough polygons.

Next, Figure 44 shows an cxample of the configuration if user terminal 4 is, say, a
video game machine. And if user terminal 4 is a video game machine, in addition to data
for displaying three-dimensional images, game programs (compuler programs), eic. are
also provided lo user terminal 4 from data provision device 1 via transmission medium 2
or recording medium 3.

This video game machine has two kinds of buscs for exchanging data among the

blocks, main bus 101 and sub bus 102; main bus 101 and sub bus 102 are connecied via
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bus controller 116.

Connccted to main bus 101, besides bus controller 116, are, for example, main
CPU (central processing unit) 111, which consists of subpracessors, cte., main memory
112, which [or example consists of RAM (random access memory), main DMAC (direct
memory access controller) 113, MDEC (MPEG (Moving Picture Experts Group)
decoder) MDEC 114; and GPU (graphic processor unit) 115.

Connecled to sub bus 102, besides bus controller 1;.6, arc GPU 115, sub CPU 121,
which for example is configured in the same way as main CPU 111, sub memory 122,
which for example is configured in the same way as main memory 112, sub DMAC 123,
ROM (read only memory) 124, which holds the operating system, cte., SPU (sound
processing unit) 125, ATM (asynchronous transmission modce) communication unit 126,
auxiliary memory unit 127, and input device interface I/F 128.

Iere, data is exchanged at high speed by main bus 101 and at low specd by sub
bus 102. That is, the high-speed performance of main bus 101 is assured by using sub bus
102 for data that can be exchanged at low speed.

Bus controller 116 is made so as to disconnect main bus 101 and sub bus 102 and
connect main bus 101 and sub bus 102. Ifmain bus 101 and sub bus 102 are
disconnected, only devices connected to main bus 101 can be accessed from main bus 101,
and only devices connecled to sub bus 102 can be accessed from sub bus 102, but if sub
bus 102 is connected to main main bus 101, any device can be accessed from either main
bus 101 or sub bus 102. And in the initial state, such as immediatcely after the powcer (o

the device has been turned on, bus controller 116 is in open state (the state in which main
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bus 10T and sub bus 102 arc connccted).

Main CPU 111 performs various processing in accordance with programs stored
in main mcm-ory 112. That is, main CPU L11, lor example when the device is aciivalcd, '
reads via bus controller 116 the booting program from ROM 124 (connected to sub bus
102), which is on sub bus 102, and execules it. In this way, main CPU 111 causes the
application programs (here, the game programs and programs for performing the
aforementioned finc splitting processing, etc.) and neccss.lry data to be loaded from
auxiliary memory device 127 into main memory 112 and sub memory 122, Then main
CPU 111 exccutes the programs it has thus caused to be loaded into main memory 112.

Main CPU 111 includes a built-in GTE (Geometry Transfer Bngine) 117; this
GTE 117 has for example a parallel operation mechanism which executes multiple
operations in parallel, and in accordance with requests from main CPU 111 performs
high-speed arithmetic processing for such geomelry processing as coordinate system
transformations, eic. Thus, by carrying out processing (geometry processing) in
accordance with requests from main CPU 111, GTE 117 generates 511(1 supplies to main
CPU 111 the data for the polygons that constilute the three-dimensional image 10 be
displayed. When main CPU 111 receives the polygon data from GTE 117, it transfers il
to GPU 115 via main bus 101.

Main CPU 111 also includes a built-in cache memory 119; processing can be
speeded up by accessing this cache memory 119 instead of accessing main memory 112,

As described above, main memory 112, besides storing programs, also storcs data,

etc. that is nceessary for processing by main CPU 111, Main DMAC 113 controls DMA



63

transfers to devices on main bus 101. However, when bus controller 116 is in open slate,
.main DMAC 113 also controls devices on sub bus 102. MDEC 114, which is an 1/O
device that can operate in parallel with main CPU 111, {unctions as an image cxpansion
cngine. That is, MDEC 114 decodes image data which was compressed by MPLEG
cncoding,

GPU 115 functions as a rendering processor. .Thul is, GPU 115 receives data,
including splitting polygon data, transmitted from main é‘PU 111 and splits it into
subpolygons by performing fine splitting processing. Also GPU 115, by performing
perspective projection transformations on the subpolygohs, converts it to data in a two-
dimensional plane (screen coordinate system), and computes and writes (draws) to
graphic memory 118 the pixel data that constitutes the polygons bascd on, for cxample,
color data for the vertices of the polygons (although not stated above, color data is also
included in the splitting polygon data) and Z valucs that indicate their depth (depth from
the viewpoint). Also, GPU 115 reads oul the pixel data that has been written into graphic
memory 118 and outputs it as a video signal. In addition, GPU 115, as nccessary,
receives splitting polygon data also from main DMAC 113 or devices on sub bus 102 and
performs similar processing in accordance with the data.

Graphic memory 118 consists of, for example, DRAM, and has frame memory
141, Z buffer 142, and texiure memory 143, as shown in Figure 45. Frame memory 141
stores the pixcl data to be displayed on the screen, for example the portion for one frame.
Z buffer 142 stores the Z value of the polygon that is ncarest to the viewer in the image 1o

be displayed on screen; it has enough memory capacity to store, for example, the Z values
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{or onc frame. Texture memory 143 stores data on the texture to be attached to the
polygons.

GPU 115 performs processing using frame memory 141, Z buller 142, and texture
memory 143. That is, GPU 115 causes the Z value ol the subpolygon constituting the
three-dimensional image that is nearest to the viewer to be stored, and based on the values
stored in this 7 buffer 142, it is decided whether to dra.w the pixel data (RGB values) to
frame buffer 141, If the pixel data is (o be drawn, lc:;tuf(;. .dala is read from texture
memory 143, and this data is used to determine the pixel data to be drawn, and drawing is
done to {rame memory 141,

Returning to Figure 44, sub CPU 121 performs various processing by reading and
cxeculing programs stored in sub memory 122. Stored in sub memory 122, as in main
memory 112, are programs and the required data. Sub DMAC 123 controls DMA
transfers (o devices on sub bus 102. Also, sub DMAC 123 acquires bus rights oﬁly when
bus controller 116 is in closed state (when main bus 101 and sub bus 102 arc
disconnected). ROM 124, as described above, stores the booting program and the
operating sysiem, etc. Also stored in ROM 124 arc programs for both main CPU 111 and
sub CPU 121, ROM 124 here has a slow access speed, and therefore it is on sub bus 102.

SPU 125 receives packets transmitted from sub CPU 121 or sub DMAC 123 and
reads audio data from sound memory 129 according to the sound commands faid out in
these packets. Then SPU 125 outputs the read-out audio data to a speaker not shown.
ATM communication unit 126 performs control (ATM communication control) of the

conwnunication that is done via, for example, transmission medium 2. In this way a video
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game machine user can compete with other video game machine users by exchanging
data either dircetly or via data provision device 1, a server on the Internet, or a so-called
pcrsomﬂ computer communications center.

Auxiliacy memory device 127 plays back information (programs, data) stored on
recording medium 3 by, for example, a disk drive. Input device interface 128 consists of
control pad 128A for giving various inpu( and intcrfmic, agnd 1288 or 128C, ctc. lor
receiving external input such as imaées or audio pla;i'cd ‘p‘;ck by other devices; it outputs
to sub bus 102 signals that respond to input from outside. Sound memory 129 stores
audio data.

In uscr terminal 4 in Figure 3, reccplion/pluylmck device 21 corresponds to ATM
communication unit 126 and auxiliary memory device 127 of Figure 44, splitting databasc
22 corresponds to main memory 112 of Figure 44, geometry processing unit 23 |
corresponds o GTE 117 in Figure 44, splitting processing unit 24 and rendering unit 25
correspond 1o GPU 115 in Figure 44, texture database 27 corresponds 10 texiure memory
143 in Figure 45, and input unit 28 corresponds to control pad 128A in Figure 44.

In a game machine configured as described above, when the power 1o the device
is turned on, by the booting program being read from ROM 124 and exccuted in main
CPU 111, programs and data are read by ATM communication unit 126 via (ransmission
medium 2, or programs and data are read by auxiliary memory device 127 via recording _
medium 3, and are expanded into main memory 112 and sub memory 122, In main CPU
111 or sub CPU 121, respectively, the program cxpanded into main memory 112 or sub

memory 122 is exceuted, thereby playing back the game images (here assumed to be



66

moving images) and sound.

That is, for example, in main CPU 111 geometry processing is donc on the
splitting polygon data stored in main memory 112, and is supplied to GPU 115 via main
bus 101.

Upon receiving splitting polygon data from main CPU 111, GPU 115 splits it into
subpolygons by performing fine splitting brncessiﬂg. CPU 115 also performs a
perspective transformation on the subpolygons, zlnd..dra“;;: the transformed subpolygons
to frame memory 141 using Z buffer 142. T'he results of drawing to frame memory 141
arc appropriately read in GPU 115 and output as a video signal. In this way, three-
dimensional images for the game are displayed on, for example, display unit 26 (Figure 3)
asa lWO-dimt}I;SiOIHll output device.

Meanwhile, in sub CPU 121, sound commands that direct the gencration of audio
are generaled in accordance with the data stored in sub memory 122. These sound
commands are packetized and supplicd to SPU 125 via sub bus 102. SPU 125 reads
audio data from sound memory 129 and outputs it in accordance with the sound
commands from sub CPU 121. In this way, background music for the game and other
sounds are output.

As described above, interpolated lines that interpolate between one verlex and
another are determined from the coordinates of the vertices of a polygon and interpolation
veetors at the vertices, and inlcrpé]atcd points on the interpolated lincs are determined as
vertices of subpolygons, so it is possible to realize a smooth three-dimensional shape just

by given data on polygons that arce (o some extent rough.
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Since a smooth three-dimensional shape can be realized with data concerning
rough polygons, that is, with a small amount of data, data can be clliciently stored and
transmitted if three-dimensional images arce to be provided on, for cxample, the World
Wide Web (WWW), which has been constructed on the Internct. That is, the splitting
polygon data can be provided to user terminal 4 using a rclatively small-capacity
transmission mediam 2 or recording medium 3.

From the standpoint of processing cfficicncy.in, lor cxample, video game
machines or other graphic systems in which real-time display of three-dimensional
images is important, the processing of polygons can be minimized by finely displaying
three-dimensional shapes that are ncar to the viewpoint and coarsely displaying three-
dimensional shapes that are far from the viewpoint. When doing so, the level of fineness
(coarseness) of the three-dimensional shape, indicating how [inely (or coarscly) the three-
dimensional shape is to be made, is known As its level of detail (LOD), and three-
dimensional shapes of the appropriate finencss (coarseness) can be displayed by
determining according o the level of detail the number of partitionings of polygoﬁs when
fine splitting processing is to be done.

If a threc-dimensional shape composed of polygons is to be enlarged, the
coarsening of the three-dimensional shape due to its enlargement can be prevented by
doing fine partitioning and splitting the polygons into a number of subpolygons that
depends on the enlargement ratio. That is, in this case, a three-dimensional shape of fixed
smoothness can be presented regardless ol the enlargement ratio,

Also, because the splitting polygon data obtained by splitting polygon data
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punctation prucessing includes the vourdinates of the vertices of the polygons and the
normal vectors al cach polygon that are conventionally used for display of three-
dimensional images (the curved surface interpolation normal vector conventionally
coincides with the normal vector assigned to a vertex), this data can be handled even on
an existing low-specd video game machine or other graphics system, and three-
dimensional shapes can be displayed, although they will be coarse.

Since the quantity of splitting polygon data nmnall, the amount of calculation in
geometry processing and the like can be kept small by making surc that geometry
processing for deformation or rotation of a threc-dimensional shape, as well as the
processing up Lo just belore division by the Z value for perspeclive translformation
(perspcclivc division), are done prior to doing finc splitting processing, and by carrying
(uﬁ division by the Z value for perspective transformation on the subpolygons that are
obtaincd alter fine splitting processing,.

Also, in this cmbodiment it is considered ideal for an interpolated line to be equal
to the arc of a circle or cllipse that passes through the two points interpolated by the
interpolated line, and because such interpolated lines are detcrmined, polygons that
constitute a sphere, body of revolution, or similar shape can be represented with a smaller
quantity of data than, for example, the case in which a sphere, body of revolution, or
similar shape is represented by splinc curves or Bezier curves.

The foregoing discussion concerns data provision sysiems or video game
machines to which this invention applics, but this invention also is applicable to dcviccs

that perform computer graphics processing, such as cllectors that give special effects to
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images, or CAD. Moreover, this invention is also applicable 1o, for examnple, a recording
and playback device or transmission device that encodes natural iniages (aken with a
video camcera and records and plays back or transmits and receives. That is, splitting
polygon data generation processing can be applicd to encoding processing so as to
represent with polygons a natural image taken by a video camera or similar device, and
line splitting processing can be applicd to decoding pf(.)ccssing in which splitting polygon
data obtained by .such encoding is decoded into the _r)rigf;al nataral image.

This invention is applicable to drawing cither moving images or still imagcs.

This embodiment deals with three-dimensional graphics, bat this invention is also
applicable 1o, for example, two-dimensional graphics as well. “That is, the present
invention makes it casy 1o draw circles and ellipses just by prescribing, for cxample, a few
points (at lcast two) by which an arc of a circle or cllipse can be formed, along with
interpolation vectors at these points. Since the curvature of curves obtained in this way
varies smoothly as is evident from Figure 10 through Figure 13, it is possible to obtain
curves that va.ry smoothly.

The number of partitions of polygons by fine splitting processing, besides being
determined according to the level of detail or the enlargement ratio as discussed above,
can be determined, fqr example, according Lo the processing capacity of the hardware that
performs the fine splitting processing, or randomly using a random number. If the
number of partitions of polygons is determined according to the processing capacity of
the hardware that performs the fine splitting processing, one can display a three-

dimensional shape of a smoothness appropriate to its processing capacity. If the nunmber
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ol partitions ol polygons is determined randomly, the paltern that appears on the surface
of a three-dimensional shape (the pattern composcd by the boundary lincs between
polygons) can be varied randomly.

Also, in this embodiment it is considered ideal for an interpolated line to be equal
to the arc of a circle or cllipse that passes through the two points interpolated by the
interpolated line, but an interpolated line is not limited to this. That is, an interpolated line
may be determined so as 1o minimize the square errer i‘a’viih the curve, (frame line) along
the three-dimensional shape to be realized, that passes through the two points that the
interpolated line interpolates between.

In this embodiment, cos @’ is approximated as shown in equation (10), but cos & °
may also be determined accurately, withoul performing such an approximation. Also, in
this embodiment the determination is made by calculating the control edge length ratios
1.1/K and Lp/K of the third-order Bezier curve from 0 1 and 0 2, but in order to speed up
this calculation, one may first prepare a correspondence table that discretizes from (€ 1,
87) to (1.4/K, Lp/K), and determine L4/K, [/K using this correspondence table.

Also, this embodiment adopts third-order Bezier curves as inferpolated lines, but
the interpolated lines may be Bezier curves of order other than three, or parametric curves
other than Bezier curves.

If the three-dimensional shape composed by subpolygons obtained by fine
splitting processing is allowed to be an arbitrary shape, then it suffices to have only
curved surlace interpolation normal vectors as the interpolation vectors, with no need for

frame linc interpolation normal vectors.



71

Also, this embodiment adopts normal vectors of frame lines as vectors that
express the direction of the frame line at a veriex, but as vectors that cxpress the dircction
ol the frame line at a vertex one may also adopt tangent vectors ol the frame line, as stated
above. But because this tangent vector dillers in its oricatation by just 90 degrees from
the normal vector of the frame line, it often differs from the curved surface interpolation
noreal vactar ag el enin etep QIR in Tigure 20 they will often not be coalesced into a
single vector, thus increasing the quantity of data in_.l-he's';;lilling polygon data.

A computer program for performing the above-described fine splitting processing
can be provided, along with the splitting polygon data, (o user terminal 4 via transmission
medium 2 or recording medium 3. Similarly, a computer program for performing line
splitting processing or splitting polygon data gencration processing can be provided to
data provision device 1 via optical disk, optomagnetic disk, or other recording medium, or
may be provided via Internct, satellite circuit, or other transmission medium.

Splitting polygon data generation processing or tine splitting processing, besides
being done by having a processor cxecute a computer program, may be done on dedicated
hardware.

In this embodiment, the three-dimensional image is displayed on display unit 16
(display unil 26), which is a CRT, liquid crystal display, or the like, but this invention also
applies to cases in which, for example, the three-dimensional image is printed by a printer
(two-dimensional output device).

To summarize the elfects of the present inveation it should be noted that with the

image processing device image processing method and program distribution medium of
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the present invention, interpolated lines which arc lines that interpolate between two
vertices arc determined from interpolation vectors used for determining lines that
interpolate between a given vertex and another vertex in the vertices of a unit graphic
form, and from the coordinatces of the vertices, and interpolated points which are points on
interpolated lines are determined as vertices of sub-unit graphic forms. Therefore, for
cxainple, sub-unit graphic forms that constitute i smo.t')l'h shape can be obtained from
rough unit graphic forms.

The image processing device splits a unit graphic form into multiple sub-unit
graphic forms by processing an image delined by a combination of unit graphic forms,
and has an interpolated line cnmpulﬁlion means (lor example, program processing steps
S31 through S35 in Figure 34, or program processing steps S41 through S45 in Figurc 35)
which determines the interpolated line that is the line that inferpolates between two
vertices from the interpolation vector used for determining the line that interpolates
between a given vertex and another vertex in the vertices of the unit graphic forms and
from the coordinates of the vertices, and an interpolated point computation means (for
example, program processing step S36 in Figurc 34, or program processing steps S46 in
Figure 35) that determines, as the vertices of suh-urlﬁt graphic forms, interpolated points
that are points on an interpolated line.

The image processing device further has an interpolation vector computation
means (for example, program processing ;;lcp S36 in Figure 34) that determines the
interpolation vectors at interpolated points on interpolated line 1 from interpolation

vectors at vertices 1 and 2 and determines interpolation vectors at interpolated points on



73

interpolated line 2 from interpolation vectors at vertices 3 and 4, and the interpolated line
computation means detcrmines interpolated line 5 (rom interpolation vectors at
interpolated points on interpolated lines 1 and 2 and from the coordinates of the
interpolated points,

That image processing device further comprises an interpolation vector
computation means (for example, program processing step S36 in Figure 34) which ‘
determines, from interpolation vectors at the vertices, lll'(;illlcrpulalion vector to be used
for determining the line that interpolates between one interpolated point and another
interpolated point among the interpolated points.

The image processing device of that embodiment further comprises a correction
means (for cxample, program processing step S37 in Figure 34) that corrects the
interpolation vector at an interpolated point determined by the interpolation vector
compulation means.

If the image is a three-dimensional image the image processing device has a
rendering means (for example, rendering unit 25 in Figure 3) that renders sub-unit graphic
forms.

With the image being a three-dimensional image, the interpolated line
computation means has an angle computation means (for example, program processing
steps S31 through 533 in Figure 34) which determines angle 1 or 2 formed by the straight
line that joins one vertex and another vertex interpolated by an interpolated line, which is
a Bezicr curve, and cach projection of the straight line onto a plane perpendicular to the

interpolation veetor at the one vertex or other vertex, which is a plane that includes the
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once vertex or the other vertex; a distance computation means (for example, program
processing step S34 in Figure 34) that determinces, based on angles 1 and 2, a control edge
length 1 or 2, which is the distance from the one vertex or the other verlex to control point

1 or 2 of the Bezier curve; and a Bezicr curve computation means (for cxample, program
processing step S35 in Figure 34) that determines the Bezier curve as the interpolated line
that interpolates between the one vertex and the other vertex by determining, based on
control edge length 1 or 2, cach control point 1 and 2.

If the coordinates of the vertices of the unit graphic forms and the interpolation
vectors are recorded on a recording medium, the device further has a playback means (for
cxample, reception/playback device 21 in Figure 3) that plays back Irom the recording
medium the coordinates of the vertices and the interpolation vectors.

If the coordinates of the vertices of the unit graphic forms and the interpolation
veelors are transmitted via a transmission route, it further has a reception means (for
example, reception/playback device 21 in Figure 3) that reccives the coordinates of the
vertices and the interpolation vectors that are transmitted via the transmission route.

If the image is a three-dimensional image, and the device further comprises an
operation means (for example, input unit 28 in Figure 3) that is operated when a
prescribed input is given, a geometry processing means (for example, geometry
processing unit 23 in Figure 3) that reads data concerning unit graphic forms from a
recording medium and performs geomeltry processing on the data in accordance with the
input from the operation means, a conversion means (for example, rendering unit 25 in

Figurc 3) that converts sub-unit graphic forms obtained by splitting the unit graphic forms
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resulting afier said geomelry processing into ones in the coordinate system of a two-
dimensional output device, and a rendering means (for cxample, rendering unit 25 in
Figure 3) (hat renders the sub-unit graphic {orms converted by the conversion means.

With the image processing device the image processing method and the program
distribution medium of another embodiment of the present invention as described above,
interpolation veetars are generated which are used for determining interpolated lines that
are lines which interpolate between a given vertex and éiri¥)thcr vertex in the vertices of a
unit graphic form input by an operation means being operated. Thercfore, for example,
smooth shapes can be constituted by using these interpolation vectors.

This image processing device, which is an image processing device that
processes images defined by a combination of unit graphic forms, includes an operation
means (for example, input unit 11 in Figure 2) that is operated when unit graphic forms
are input; an interpolation vector generation means (for example, data processing unit
12 in Figure 2) that gencrates interpolation vectors used for determining the interpolated
linc that is the line that interpolates between a given verlex and another vertex in the
vertices of the unit graphic forms that are input by operation of the operation means;
and a provision means (for example, transmission/recording device 18 in Figure 2) for
providing the coordinates of the vertices of the unit graphic forms and the interpolation
vectors.

The image processing device of another cmbodiment further includes a splitting
means (for example, splitting processing unit 14 in Figure 2) that splits a unit graphié

form into multiple sub-unit graphic forms based on the coordinates of the vertices and the
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interpolation vectors, and a rendering means (for example, rendering anit 15 in Figure 2)
that renders the sub-unit graphic forms. The splitting means includes an interpolated line
computation means (for cxample, program processing steps S31 through S35 in Figure 34,
or program processing steps S41 through S45 in Figure 35) that determines interpolated
lines based on the coordinates of the vertices and the interpolation vectors, and an
interpolated point computation means (for example, program processing step S36 in
Figure 34, or program processing stép S46 in Figure 35) tﬁal delermines, as the vertices of
the sub-unit graphic forms, interpolated points that arc points along the interpolated lines.
‘The splitting means further has an interpolation vector computation means (for example,
program processing step S36 in Figure 34) that determines, from the interpolation vectors
at the vertices, interpolation veetors to be used for determining the line that interpolates
between a given interpolated point and another interpolated point among the interpolated
points. The splitting mcans further has a correction means (for example, program
processing step S37 in Figurc 34) that corrects the interpolation vectors at interpolated
points determined by the interpolation vector computation means,

With the data distribution medium of the present invention there are provided at
least, as data concerning the image, the coordinates of the vertices and interpolation
vectors at the verlices that are obtained by gencrating interpolation vectors used for
determining interpolated lines that are lines that interpolate between a given vertex and
another vertex in the vertices of a unit graphic form if the unit graphic form is input.
Therefore, for example, smooth shapes can be constituted by using these interpolation

veelors and the coordinates of the vertices.
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With the image processing device of yet another embodiment of this invention as
described above, interpolation vectors are gencrated which arc used for determining
interpolated lincs which are lines that interpolate between a given vector and another
vector in the vertices of a unit graphic form input by an operation means being operated.
The interpolated lines arc determined from the coordinates of the vertices and the
interpolation veetors of the unit graphic forms, and the interpolated points that are points
on interpolated lines arc determined as sub-unit grap.hic‘ f(;rms. Therefore, for example,
sub-unit graphic forms that constitute smooth shapes can be abtained from rough unit
graphic {orms.

The image processing device of this yet another embodiment has a provision
device that provides data concerning images and a client device that reccives data from
the provision device and splits unit graphic forms into multiple sub-unit graphic forms;
the provision device has an operation means (for example, input unit 11 in Figurc 2) that
is operated when unit graphic forms are input, an interpolation vector generation means
(for cxample, data processing unit 12 in Figure 2) that generatcs interpolation vectors
used for determining the interpolated linc that is the line that interpolates between a given
vertex and another veriex among the vertices of the unil graphic forms input by operation
of the operation means, and a provision means (for example, Iransmission/recording
device 18 in Figure 2) that provides to the client terminal the coordinates of the vertices of
unit graphic forms and the interpolation vectors; and the client device has an interpolated
line computation means (for example, splitting processing unit 24 in Figurc 3) that

determines interpolated lines from the coordinates of the vertices of unit graphic lorms
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and interpolation vectors, an inlcrpola.!cd point computation means (for cxample, splitting
processing unit 24 in Figure 3) that determines, as the vertices of the sub-unit graphic
lorms, interpolated points that are points along the interpolated lines, a conversion means
(for cxample, rendering unit 25 in Figurc 3) that converts sub-unit graphic forms into ones
in the coordinate system ol a two-dimensional output device, and a rendering means (for
example, rendering unit 25 in Figure 3) that renders the sub-unit graphic forms converted

by the conversion means, o
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CLAIMS

What is claimed is:

1. An image processing device which by processing an image defined by a
combination of unit graphic forms splits said unit graphic forms into multiple sub-unit
graphic forms,

the image processing device comprising: -

an interpolated line compu!ali(.)n mcans for determining an interpolated linc
which is the line that interpolates a space between (wo vertices from an interpolation
veetor used for determining a line that interpolates a space between a given vertex and
another vertex of vertices of said unit graphic forms and from coordinales of said
vertices; and

an interpolated point computation means for determining as vertices of said sub-
unit graphic forms, interpolated points which are points on said interpolated line.

2. The image processing device as described in claim 1 wherein:

il a unit graphic form has vertices 1 through 4, a line segment which joins
vertices 1 and 2 of said vertices 1 through 4 and a line segment that joins vertices 3 and
4 of said vertices 1 through 4 lie opposite each other, and a line segment which joins
said vertices 1 and 3 and a line segment that joins said vertices 2 and 4 lie opposite each
other;

said interpolated line computation means defermines an interpolated line 1

which interpolates a space between said vertices 1 and 2, an interpolated line 2 which
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interpolates said vertices 3 and 4, an interpolated line 3 which interpolates a space
between said vertices 1 and 3, and an inicrpolated linc 4 which interpolates said vertices
2 and 4, and also detcrmines an interpolated line S which interpolates a space hetween
an interpolated point on said interpolated line 1 and an interpolated point on said
intcrpolated linc 2; and

said interpolated point cmnpulzll‘i(ln means dcl‘c:‘rmines interpolated points on
said interpolated lines 1 through S as vertices of said-?su'l')-imit graphic forms.
3. The image processing device as described in claim 2, and further comprising:

an interpolation vector computation means for determining said interpolation
veetars al interpolated points on said interpolated line § from said interpolation vectors
at said vertices | and 2 and determining said interpolation vectors at interpolated points
on said interpolated line 2 from said interpolation vectors at said vertices 3 and 4;
wherein

said interpolated line computation means determines said interpolated line 5
from said interpolation vectors at interpolated points on said interpolated lines 1 and 2
and {rom coordinatcs of the interpolated points.
4. The image processing device as described in claim 3, wherein

said interpolation vectors at vertices 1 through 4 of said unit graphic forms are
normal-direciion normal vectors of a shape to be produced by said unit graphic forms,
5. The image processing device as described in claim 3, wherein

said interpolation vectors at vertices 1 through 4 of said unit graphic forms are

veclors which define a dircetion at said vertices 1 through 4 of each said interpolated
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linc which passcs through said vertex 1 through 4, respectively.
6. The image processing device as described in claim 4, wherein

said interpolation vectors at vertices 1 through 4 of said unit graphic forms
further include, in addition to said normal vectors, interpolated line dircction vectors
which define a dircetion at said vertices 1 through 4 of cach said interpolated line which
passes throngh said vertex 1 through 4, respectively
7. The image processing devicé as described in.cldilf: 6, wherein

said interpolated linc computation means deiermines said interpolated lines 1
through 4 using said interpolated line direction vectors, and

said interpolation vector computation means determines said interpolation
vectors at interpolated points on said interpolated lines 1 and 2 using said normal
veclors.
8. The image processing device as described in claim 2, whercein

any onc set of vertices among said vertices 1 and 2, said vertices 3 and 4, said
vertices 1 and 3, or said vertices 2 and 4 is the same set of vertices.
9. The image processing device as described in claim 1, wherein

said interpolation vectors at vértices of said unit graphic forms are normal-
direction normal vectors of a shape to be produced by said unit graphic forms.
10.  The image processing device as described in claim 9, wherein

said interpolation vectors at the vertices of said unit graphic forms further
include, in addition to said normal vectors, vectors which deline a direction of said

interpolated lines at said vertices.
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11, The image processing device as described in claim 1,

said interpolation vectors at the vertices of said unit geaphic forms are
interpolated line direction vectors which define directions of said interpolated lines al
said vertices.
12, The image processing device as described in claim 11, whercin
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scgment which joins said vertex and another vertex in a f;rescril)cd planc which includes
said vertex, said interpolated linc dircction vectors are normal-direction vectors in said
prescribed plane.
13, The image processing device as described in claim 11 whercin

said interpolated line direction vectors arc vectors which define a tangent
dircction of said interpolated lines at said vertices.
14.  The image processing device as described in claim 1 and further comprising:

an interpolation vector computation means for determining {rom interpolation
vectors at said vertices, an interpolation vector to be \.xscd for determining the line which
interpolates the space between a given interpolated point and another interpolated point
of said interpolated points.
15.  The image processing device as described in claim 14, wherein

when a ratio of values corresponding to a distance from said interpolated point
belween one vertex and another verlex to one of said one vertex and the other vertex,
respectively, is denoted by (:1-1,

said inlerpolation vector computation means determines as the interpolation
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veelor at said interpolated point the result corresponding to the sum of (1-t) times the
interpolation vector at said one vertex plus t times the interpolation vector at said other
veriex.
16, The image processing device as described in claim 15, and further comprising:

a correction means for correcling the interpolation vector at said interpolated
point determined by said interpolation vector computation means.
17.  The image processing device as described inrcléiiti; 16, wherein said correction
means determines the vector product of the interpolation vector at said interpolated
point determined by said interpolation vector computation means and a tangent-
dircction tangent vector of said interpolated line at said interpolated point, determines
the veetor product of said vector product and said tangent vector, and takes a resulting
vector as a post-correction interpolation vector at said interpolaied point.
18.  The image processing device as described in claim 17, wherein said image is a
three-dimensional image, iand the image processing device {urther comprises a
rendering means for rendering said sub-unit graphic forms.
19.  The image processing device as described in claim 18, wherein said rendering
means performs shading based on said post-correction interpolation vector.
20.  The image processing device as described in claim 11, wherein said interpolated
line is a Bezier curve.
21.  The image processing device as described in claim 20, wherein:

said image is a three-dimensional image; and

said interpolated line computation means includes:
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an angle computation means lor determining an angle 1 or 2 formed by a
straight line which joins une vertex and another vertex interpolated by said interpolated
linc, which is said Bezier curve, and cach projection of the straight linc onto a planc
perpendicular to the interpolation vector at said onc vertex or other vertex, which is a
plane that includes said one vertex or other vertex,

a distance computation means for determining, bascd on said angles 1 and 2, a
control edge length 1 or 2, which is a distance from $aid i)nc vertex or other vertex to a
control point 1 or 2 of said Bezicr curve, and

a Bezier curve computation means for determining said Bezier curve as the
interpolated line which interpolates the space between said one vertex and other vertex
by determining, bascd on said control edge length 1 or 2, each said control point 1 and 2.
22.  The image processing device as described in claim 1, wherein

.if the coordinates of the vertices of said unit graphic forms and the interpolation
vectors arc recorded on a recording medium, the image processing device {urther
comprises a playback means for playing back from the recording medium the
coordinates of said vertices and the interpolation vectors,

23.  The image processing device as described in claim 1, wherein

if the coordinates of the vertices of said unit graphic forms and the interpolation
veclors are transmilted via a transmission route, the image processing device fucther
comprises a reception means for receiving the coordinates of said vertices and the
interpolation vectors transmitted via the transmission route.

24. The image processing device as described in claim 1, whercin
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said image is a three-dimensional image, and the image processing device

further comprising:

an operation means which is operated when a prescribed input is given;

a geometry processing means for reading data concerning said unit graphic
forms from a recording medium and performing with respect to the data, geometry
processing that corresponds Lo input from said npcmtﬂinn means,

a conversion means for converting said sub-unil {;raphic forms obtained by
splitting said unit graphic forms resulling after said geometry processing into oncs in the
coordinate system of a
two-dimensional output device, and

a rendering means for rendering said sub-unit graphic forms converted by said
conversion mecans.

25.  Animage processing method for an image processing device which by
processing an image defined by a combination of unit graphic forms, splits said unit
graphic forms into multiple sub-unit graphic forms,

the image processing method comprising:

an interpolated line computation step of determining an interpolated linec which
is a line that interpolates a space between two vertices from an interpolation vector used
for determining a line that interpolates a space between a given vertex and another
verlex of vertices of said unit graphic forms and from coordinates of said vertices; and

an interpolated point computation siep of determining, as the vertices of said

sub-unit graphic forms, interpolated points which are points on said interpolated linc.
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26.  The image processing method as described in claim 25, whercin

il'a unit graphic form has vertices 1 through 4, a line segment which joins
vertices 1 and 2 of said vertices 1 through 4 and a line segment that joins vertices 3 and
4 of said vertices 1 through 4 lie oppositc cach other, and a linc segment that joins said
vertices 1 and 3 and a line segment that joins said vertices 2 and 4 lic opposite each
other,

said interpolated line compu.t.ation step dcler'ihil;c‘s an interpolated line 1 that
interpolates a space between said vertices 1 and 2, an interpolated line 2 that
interpolates said vertices 3 and 4, an interpolated line 3 that interpolates the space
hetween said vertices 1 and 3, and an interpolated line 4 that interpolates said vertices 2
and 4, and also determines an interpolated line 5 that interpolates a space between an
interpolated point on said interpolated line 1 and an interpolated point on said
interpolated line 2, and

said interpolated point computation step determines the interpolated points on
said interpolated lines 1 through 5 as vertices of said sub-unit graphic forms.
27.  The image processing method as described in claim 26 and further comprising:

an interpolation vector computation step of determining said interpolation vector
at interpolated points on said interpolated line 1 from said interpolation vector at said
vertices 1 and 2 and determining said interpolation vector at interpolated points on said
interpolated line 2 from said interpolation vector at said vertices 3 and 4, and wherein

said interpolated line computation step determines said interpolated line § from

said interpolation vector at interpolated points on said interpolated lines 1 and 2 and
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from coordinates of the interpolated points.
28. The image processing method as described in claim 27, whercin:

said inlcrpolﬁtiun vectors at vertices 1 through 4 of said unit graphic forms arc
normal-dircction normal vectors of a shape to be produced by said unit graphic (orms.
29.  The image processing method as described in claim 27, wherein:

said interpolativn vectors at vertices 1 lhrnugh:-'l of said unil graphic forms arc
vectors which definc the direction at said vertices 1 thrdtigh 4 of cach said interpolated
line which passes through said vertices 1 through 4, rcspcclivdy.
30.  The image processing method as described in claim 28, wherein:

said interpolation vectors al vertices 1 through 4 of said unit graphic forms
further include, in addition Lo said normal vectors, interpolated line direction vectors
which define a direction at said vertices 1 through 4 of each said interpolated line that
passcs through said vertices 1 through 4, respectively.
31. The image processing method as described in claim 30, whercin:

said interpolated line computation step determines said interpolated lines 1
through 4 using said interpolated line direction vectors, and

said interpolation vector computation step determines said interpolation vectors
at interpolated points on said interpolated lines 1 and 2 using said normal vectors.
32.  The image processing method as described in claim 26, wherein:

any one set of verlices among said vertices 1 and 2, said vertices 3 and 4, said
vertices 1 and 3, or said vertices 2 and 4 arc the same vertices.

33. The image processing method as described in claim 25, wherein:
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said interpolation vectors at vertices of said unit graphic forms are normal-
dircction normal vectors of the shape to be realized by said unit graphic forms.
34.  The image processing methad as described in claim 33, wherein:

said interpolation vectors at the vertices of said unit graphic forms further
include, in addition to said normal vectors, vectors which define directions of said
interpolated lines at said verdices.
35.  The image processing method as described ifi c'l.air.n 25, wherein:

said interpolation vectors at the vertices of said unit graphic forms are
interpolated line direction vectors which define directions of said interpolated lines at
said vertices.
36.  The image processing method as described in claim 35, wherein

il, in a prescribed plane that includes said vertices, said interpolated line is
touched by a line onto which is projected a line segment that joins a given vertex and
another vertex, said interpolated line direction vectors are normal-direction vectors in
said prescribed planc.
37.  The image processing method as described in claim 35, whercin

said interpolated line direction vectors are vectors that express the tangent
direction of said interpolated lines at said vertices.
38.  The image processing method as described in claim 25, and further comprising:

an interpolation vector computation step of determining, from interpolation
veclors at said vertices, the interpolation vector to be used for determining a line that

interpolates the space betwecen a given interpolated point and another interpolated poinl
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in said interpolated points.
39.  The image processing method as described in claim 38, wherein

when the ratio of values corresponding to a distance from said interpolated point
between one vertex and another vertex to said one vertex or 1o the other veriex,
respectively, is denoted by (:1-1,

said interpolation veclur computation step determines as the interpolation vector
at said interpolated point a result coffcsponding to the sum of (1-1) times the
interpolation vector at said one verlex plus t times the inlcrpollalion veclor at said other
veriex.
40.  The image processing method as described in claim 39, and further comprising:

a correction step of correcting the interpolation vector at said interpolated point
determined by said interpolation vector computation step.
41.  The image processing method as described in claim 40, wherein

said correction step

determines a vector product of the interpolation vector at said interpolated point
determined by said interpolation vector computation step and a tangent-direction
tangent vector of said interpolated line at said interpolated point,

determines the vector product of said vector product and said tangent vector, and

takes the resulting vector as a post-correction interpolation vector at said
inlgrpolalcd point.
42.  The image processing method as described in c];\i;rl 41, wherein

said image is a three-dimensional image, and further comprising
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a rendering step of rendering said sub-unit graphic forms.

43.  The image processing method as described in claim 42, whercin

said rendering step performs shading based on said post-correction interpolation
veelor.

44.  The image processing method as described in claim 25, wherein
said intcrpolated line is a Bezicr curve.
'45.  The image processing method as described if clalm 44, whercin

said image is a three-dimensional image, and wherein

said interpolated line computation step includes:

an angle computation step of determining an angle 1 or 2 formed by a straight
line that joins one vertex and another vertex interpolated by said interpolated line,
which is said Bezicr curve, and each projection of the straight linc onto a planc
perpendicular to the interpolation vector at said onc veriex or other vertex, which is a
plane that includes said one vertex or other vertex,

a distance computation step of dclcrmining, based on said angles 1 and 2, a
control edge length 1 or 2, which is the distance from said one vertex or other vertex (o
control point 1 or 2 of said Bezier curve, and

a Bezier curve computation step of determining said Bezier curve as the
intetlpnlated line that interpolates the space between said one vertex and other vertex by
detcrmining, based on said control edge length 1 or 2, each said control point 1 and 2.
46.  The image processing method as described in claim 25, whercin

il the coordinates of the vertices of said unit graphic forms and the interpolation
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vecetors are recorded on a recording medium, the image processing method further
compriscs a playback step of playing back {rom the recording medium the coordinates
of said vertices and the interpolation vectors.

47.  The image processing method as described in claim 25, wherein

if the coordinates of the vertices of said unit graphic forms and the interpolation
veclors are transmitled via a transmission roule, the il;nage processing method further
comprises a reception step of recciw)ing the coordina'ics-(;{l:' said vertices and the
interpolation vectors transmitted via the transmission route.

48.  The image processing method as described in claim 25, wherein

said image is a three-dimensional image, and

said image processing device includes an operation means which is operated
-when a prescribed input is given, and

the image processing method [urther comprising:

a geomelry processing step of reading data concerning said unit graphic forms
from a recording medium and performing with respect to the data, geomelry processing
thal corresponds to input from said operation means,

a conversion step of converting said sub-unit graphic forms obtained by splitting
said unit graphic forms resulling after said geometry processing into ones in the
coordinate system of a two-dimensional output device, and

a rendering step of rendering said sub-unit graphic forms converted by said
conversion step,

49. A program distribution medium for providing a compuier program to cause a
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computer to do processing that, by processing an image defined by a combination of
unit graphic forms, splits said unit graphic forms into multiple sub-unit graphic forms,

said computer program comprising:

an interpolated line computation step that determines the interpolated line that is
the linc that interpolates a space between two vertices from an interpolation vector used
for determining the line that interpolates a space bclwgcn,a given vertex and another
vertex of the vertices of said unit gr;a.phic forms énd-‘frdil; ;:()()rdinalcs of said vertices,
and

an interpolated point computation step that determines, as the vertices of said
sub-unil graphic forms, interpolated points that arce points on said interpolated line.
50, The pmgmm distribution medium as described in claim 49, wherein

il a unit graphic form has vertices 1 through 4, a line segment which joins
vertices 1 and 2 of said vertices 1 through 4 and a linc segment that joins vertices 3 and
4 of said vertices 1 through 4 ie opposile each other, and a line segment that joins said
vertices 1 and 3 and the line segment that joins said vertices 2 and 4 lie ()plnosite each
other,

said interpolated line computation step determines an interpolated line 1 that
interpolates a space between said vertices 1 and 2, an interpolated line 2 that
interpolates said vertices 3 and 4, an imerpolale;i line 3 that interpolates a space
between said verlices 1 and 3, and an interpolated linc 4 that interpolates said vertices 2
and 4, and also determines an interpolated line § that interpolates a space between an

interpolated point on said interpolated line 1 and an interpolated point on said
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interpolated line 2, and

said interpolated point computation step determines the interpolated points on
said interpolated lines 1 through 5 as vertices of said suh-.unil graphic lorms.
51.  The program distribution medium as described in claim 50, wherein

said computer program further comprises an interpolation veetlor computation
step Wil determines said interpolation veetor at inlcrpo(al._cd poiats on said interpolated
line 1 from said interpolation veclor .a-l said vertices 1 and 2 and determines said
interpolation vector at interpolated points on said interpolated line 2 from said
interpolation vector at said vertices 3 and 4, and

said interpolated line computation step determines said interpolated line 5 from
said interpolation vector at interpolated points on said interpolated lines 1 and 2 and
from the coordinates of the interpolated points.
52. ’i‘hc program distribution medium as described in claim 51, whercin

said interpolation vectors at vertices 1 through 4 of said unit graphic forms are
normal-direction normal vectors of the shape 1o be realized by said unit graphic forms.
53.  The program distribution medium as described in claim 51, whéréin

said interpolation veelors at vertices 1 through 4 of said unit graphic forms are
vectors which define the direction at said vertices 1 through 4 of each said interpolated
line that passes through said vertices 1 through 4, respectively.
54.  The program distribution medium as described in claim 52, wherein

said interpolation vectors at vertices 1 through 4 of said unit graphic forms

further include, in addition to said normal vectors, interpolated line direction vectors
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which define a dircction at said vertices 1 through 4 of each said interpolated line that
passes through said vertices 1 through 4, respectively.
55.  The program distribution medium as described in claim 54, wherein

said interpolated line computation step determines said interpolated lines 1
through 4 using said interpolated line dircction veetors, and

said interpolation veetor computation step determines said interpolation veetors
at interpolated points on said imcrp{ilatcd lines 1 and 2“u;;ing said normal vectors.
56.  The program distribution medium as described in claim 50, wherein

any onc set of vertices among said vertices 1 and 2, said vertices 3 and 4, said
vertices 1 and 3, or said vertices 2 and 4 are the same vertices.
57.  The program distribution medium as described in claim 49, whercin

said interpolation vectors at vertices of said unit graphic forms are normal-
direction normal vectors of the shape to be produced by said unit graphic forms.
58.  The program distribution medium as described in claim 57, wherein

said interpolation vectors at the vcrt. ices of said unil graphic forms further
include, in addition to said normal vectors, vectors which define a direction of said
interpolated lines at
said vertices.
59.  The program distribution medium as described in claim 49, wherein

said interpolation vectors at the vertices of said unit graphic forms are
interpolated line direction veetors which define a direction of said interpolated lines at

said vertices.

gy
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60.  The program distribution medium as described in claim 59, whercin

if, in a preseribed planc that includes said vertices, said interpolated line is
touched by a linc onto which is projected a line segment which joins a given vertex and
another verlex, said interpolated line direction vectors arc normal-direction vectors in
said prescribed plane.
61.  The program distribution medium as described in f:laim 59, wherein

said interpolated line directidh veelors are vc"i:u;r;which define a tangent
dircction of said interpolated lincs at said vertices.
62.  The program distribution medium as described in claim 49, whercin

said computcr program lurther includes an interpolation vector computation step
that determines, from interpolation vectors at said vertices, the interpolation vector to be
uscd for determining the line that interpolates the space between a given interpolated
point and another interpolated point in said interpolated points.
63.  The program distribution medium as described in claim 62, wherein

when a ratio of the values corresponding Lo a distance {rom said interpolated
point between one vertex and another vertex to said onc vertex or to the other vertex,
respectively, is denoted by t:1-1,

said interpolation vector computation slep determines as the interpolation vecior
at said interpolated point the result corresponding to the sum of (1-) times the
interpolation vector at said one vertex plus ( times the interpolation vector at said other
veriex.

64.  The program distribution medium as described in claim 63, wherein
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suid computer program further includes a correction step that corrects the
interpolation vector at said interpolated point determined by said interpolation vccio_r
computation step.
65.  The program distribution medium as described in claim 64, whercin

said correction step

determines a vector product of the interpolation vector at said interpolated point
determined by said interpolation vector compulatiun’-‘stép: and a tangent-direction
tangent vector of said interpolated line at said interpolated point,

determines the vector product of said vector product and said tangent veetor, and

takes the resulting vector as a post-correction interpolation vector at said
inicrpolated point.
66.  The program distribution medium as described in claim 65, wherein

said image is a three-dimensional image, and

said program further includes a rendering step that renders said sub-unit graphic
forms.
67.  The program distribution medium as described in claim 66, wherein

said rendering step performs shading based on said post-correction interpolation
vector.,
68.  The program distribution medium as described in claim 49, wherein

said interpolated line is a Bezier curve.
69.  The program distribution medium as described in claim 68, wherein

said image is a three-dimensional image; and
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said interpolated line computation step includes:

an angle computation step that determines angle 1 or 2 formed by a straight fine
that joins one vertex and another vertex interpolated by said interpolated line, which is
said Bezier curve, and cach projection of the straight line onto a planc perpendicular to
the interpolation vector at said one vertex or other vertex, which is a plane that includes
said one vertex or uther verlex,

a distance computation slep that dclcrmincs,-haﬁéd on said angles 1 and 2, a
control edge length 1 or 2, which is the distance from said onc vertex or other vertex 1o
control point 1 or 2 of said Bezicr curve, and

a Bezier curve computation step that determines said Bezier curve as the
interpolated line that interpolates the space between said one vertex and other vertex by
determining, based on said control edge length 1 or 2, cach said control point 1 and 2.
70.  The program distribution mcd.ium as described in claim 49, wherein

if the coordinates of the vertices of said unit graphic forms and the interpolation
vectors are recorded on a recording medium,

said compuler program further includes a playback step which plays back from
the recording medium the coordinates of said vertices and the interpolation vectors.

71.  The program distribution médium as described in claim 49, wherein

if the coordinates of the vertices of said unit graphic forms_and the interpolation
vectors are transmitled via a transmission route,

said computer program further includes a reception step that reccives the

coordinates ol said vertices and the interpolation vectors transmitted via the
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transmission route.
72.  The program distribution medium as described in claim 49, wherein

said image is a three-dimensional image,

said computer has an operation means which is operated when a preseribed input
is given, and

said computer progeam further includes:

a geomelry processing step that reads data dimcéﬁing said unit graphic forms
from a recording medium and with respect to the data performs geometry processing
thal corresponds 1o an inpul
from said operation means,

a conversion step that converts said sub-unit graphic forms obtained by splitting
said unil graphic forms resulting alter said geometry processing into ones in the
- coordinate system of a two-dimensional output device, and

a rendering step that renders said sub-unit graphic forms converted by said
conversion step.

73.  The program distribution medium as described in claim 49, which

also provides the coordinates of the vertices of said unit graphic forms and the
inferpo lation vectors.

74.  Animage processing device for processing an image defined by a combination
of unit graphic forms, comprising:

an operation means which is operated when said unit graphic forms are input

thereto,
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an interpolation vector generation means for generating interpolation vectors
used for determining an interpolated line that is the line that interpolates a space
between a given vertex and another vertex in vertices of said unit graphic forms input
by said operation means when said operation means are operated, and

a provision means for providing coordinates of the vertices 'of said unit graphic
forms and the interpolation vectors.
75.  The image processing device as described in-é’laih; ..74, whercin

said provision means provides by recording on a recording medium the
coordinaics of the vertices of said unit graphic forms and the intcrpolation vectors.
76.  The image processing device as described in claim 74, whercin

said provision means provides by transmilting via a transmission route the
coordinates of the vertices of said unit graphic forms and the interpolation vectors.
77.  The image processing device as described in claim 74, wherein

said interpolation veclor generation means generates as said interpolation
vectors, normal-direction normal vectors of the shape to bc produced by said unit
graphic forms.
78.  The image processing device as described in claim 77, wherein

said interpolation vector generation means also generates as said interpolation
veclors, in addilion to said normal vectors, vectors which define directions of said
interpolated lines at
said vertices.

79. The image processing device as deseribed in claim 74, wherein
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said intcrpolation vector gencration means gencerates as said interpolation
veelors interpolated line direction vectors which define the direction of said interpolated
lines at said vertices.
80.  The image processing device as described in claim 79, whercin

if, in a prescribed planc that includes said vérliccs, said intcrpo.lalcd linc is
touched by a line onto which is projected a line segment ll_ml joins a given vertex and
another vertex, said interpolated line direction vectors aro normal-direction vectors in
said prescribed plane.
81.  The image processing device as described in claim 79, wherein

| said interpolated line direction vectors are vectors which define a tangent

direction of said interpolated lines at said vert iccs.
82.  The image processing device as described in claim 74, and further comprising:

a splitting means for splitting said unit graphic forms into nlmlliplc sub-unit
graphic forms based on the coordinates of said vertices and the interpolation vectors;
and |

a rendering means for rendering said sub-unit graphic forms.
83.  The image processing device as described in claim 82, wherein

said splitting means includes:

an interpolated line computation means for determining said interpolated lines
bascd on the coordinates of said vertices and said interpolation vectors, and

an interpolated point computation means for determining, as the vertices of said

sub-unit graphic forms, interpolated points that are points on said intcrpolated line.
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84.  The image processing device as described in claim 83, wherein
said splitting means further includes an interpolation vector computation means
lor determining from the interpolation vectors at said vertices, interpolation vectors
uscd for determining a line that interpolates the space between a given interpolated
point and another interpolated point in said interpolated v

points.
85. The image processing device as described in claim 84 ,wherein

when a ratio of the values corresponding to a dislilncc from said interpolated
point between one vertex and another vertex 1o said ':mc VéI:l:Cx or to the other verlex,
respectively, is denoted by (:1-1,

said interpolation vector computation means determines as the interpolation
veetor at said interpolated point the result corresponding to the sum ol (1-1) times the
interpolation vector at said one vertex plus t times the interpolation vector at said other
vertex,
86.  The imagc processing device as described in claim 85, wherein

said splitting means further includes a correction means for correcting the
interpolation vector at said interpolated point determined by said interpolation vector
compulation means.
87.  The image processing device as described in claim 86, wherein

said correction means

determines a vector product of the interpolation vector at said interpolated point
determined by said interpolation veclor computation means and a tangent-direction

tangent veetor of said interpolated line at said interpolated point,
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determines the vector product of said vector product and said tangent vector, and

takes the resulting vector as a post-correction interpolation vector at said
interpolated point.

88.  The image processing device as described in claim 87, wherein

said rendering means performs shading based on said post-correction
interpolation vector.

89.  The image processing device as described in,clai'n;. 83, wherein
said interpolated linc is a Bezier curve.
90.  The image processing device as deseribed in claim 89, wherein

said image is a three-dimensional image, and

said interpolated line computation means includes:

an angle cnmputétian means that determines an angle 1 or 2 formed by a sfraight
line that joins one vertex and another veriex interpolated by said interpolated line,
which is said Bezier curve, and.each projection of the straight linc onto a planc
perpendicular to the interpolation vector at said one vertlex or other vertex, which is a
planc that includes said one vertex or other vertex,

a distance computation means that determines, based on said angles 1 and 2, a
control edge length 1 or 2, which is the distance from said one vertex or other vertex (o
control point 1 or 2 of said Bezier curve, and

a Bezier curve computation means that determines said Bezier curve as the
interpolated line that interpolates the space between said one vertex and other veriex by

determining, based on said control edge length 1 or 2, cach said control point 1 and 2.
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91.  Animage processing method for an image processing device thal processes an
image defined by a combination of unit graphic forms, said image processing device
including an operation means which is operated when said unit graphic forms arc input,
the image processing method comprising:

an interpolation vector generation step of generating interpolation vectors used
for determining an interpolated line which is the line ll}ut interpolates a space between a
given verlex and another vertex in vertices of said unit gr;phic forms input by said
operation means when said operation means is operated; and

a provision step of providing coordinates of the vertices of said unit graphic
forms and the interpolation vectors.
92. The image processing method as described in claim 91, wherein

said provision step provides by recording on a recording medium the coordinates
of the vertices of said unit graphic forms and the interpolation vectors.
93 The image processing method as described in claim 91, wherein

said provision step provides by transmitting via a transmission route the
coordinates of the vertices of said unit graphic forms and the interpolation vectors.
94.  The image processing method as described in claim 91, wherein

said interpolation vector generation step gencrates as said interpolation vectors
normal-direction normal vectors of the shape to be produced by said unit graphic forms.
95.  The image processing method as described in claim 94, wherein

said inlcrpolation vector generation step further generates as said interpolation

vectors, in addition to said normal vectors, vectors which define the direetion of said
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interpolated lines at said vertices.
96. The image processing method as described in claim 91, wherein

said interpolation veclor gencration step generates as said interpolation vectors
interpolated line direction vectors which define the direction of said interpolated lines at
suid vertices.
97.  The image processing method as described in claim Y6, wherein

it, in a prescribed plane that includes said vcfliécis:, said interpolated line is
touched by a linc onto which is projected a line segment (hat joins a given vertex and
another vertex, then said interpolated line dircction vectors are normal-dircction vectors
in said prescribed planc.
98.  The image processing method as described in claim 96, wherein

said interpolated line dircetion vectors are vectors that express the tangent
direction of said interpolated lines at said vertices.
99.  Thc image processing method as described in claim 96, and further comprising:

a splitting step of splitting said unit graphic forms into multiple sub-unit graphic
forms based on the coordinates of said vertices and the interpolation vectors, and

a rendering step of rendering said sub-unit graphic forms.
100. ‘The image processing mclhod.as described in claim 99, wherein

said splitting step includes:

an interpolated line computation step of determining said interpolated lines
based on the coordinates of said vertices and said interpolation vectors, and

an interpolated point computation step of determining, as the vertices of said
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sub-unit graphic forms, interpolated points that are points on said interpolated linc.
101, The image processing method as described in claim 100, wherein

said splitting step further includes an interpolation vector computation step of
determining, from the interpolation vectors at said vertices, interpolation vectors uscd
for determining a line that interpolates a space between a given interpolated point and
another interpolated point in said interpolated points.
102.  The image processing method as described i_n—clz'li"; 101, wherein

when a ratio of the values corresponding 1o a distance from said interpolated
point betwecn one verlex and another verlex to said one vertex or to the other vertex,
respectively, is denoted by T:1-T,

said interpolation vector computation step determines as the interpolation vccllor
at said interpolated point the result corresponding to the sum of (1-T) times the
interpolation vector at said one vertex plus T times the interpolation vccfor at said other
vertex.
103. The image proccssing method as described in claim 102, wherein

said splitting step further includes a correction step of correcting the
interpolation vector at said inlerholatcd point determined by said interpolation vector
computation step.
104. The image processing method as described in claim 103, wherein

said correction step

determines a vector product of the interpolation vector at said interpolated point

determined by said interpolation vector computation step and a tangent-direction
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tangent vector of said interpolated line at said int erpul#lcd point,

determines the vector product of said vector product and said tangent veclor, and

takes the resulting vector as the post-correction interpolation vector af said
interpolated point.

105.  The image processing method as described in claim 104, wherein

said rendering step performs shading based on said post-correction interpolation
vector.

106.  The image processing method as described in claim 100, wherein
said interpolated line is a Bezier curve.
107.  The image processing method as described in claim 106, wherein

said image is a three-dimensional image, and

said interpolated fine computation step has

an angle computation step that determines angle 1 or 2 formed by the straight
line that joins onc vertex and another veriex interpolated by said interpolated line,
which is said Bezier curve, and each projection of the straight line onto a plane
perpendicular to the interpolation vector al said one vertex or other vertex, which is a
plane that includes said one vertex or other vertex,

a distance computation step that determines, based on said angles 1 and 2, a
control edge length 1 or 2, which is the distance from said one vertex or other verlex to
control point 1 or 2 of said Bezier curve, and

a Bezier curve computation step that determines said Bezier curve as the

interpolated line that interpolates the space between said one vertex and other vertex by



LA EE

determining, bascd on said control edge length 1 or 2, cach said control point 1 or 2.
108. A program distribution medium which provides a compuler program to causc a
computer Lo process an image delined by a combination of unit graphic forms,

said computer including an operation means which is operated when unit
graphic forms are input thereto, and

the computer program provided by the program distribution medium comprising

an interpolation vector generation step which géricralcs interpolation vectors
used for determining an intorpolated line that is the line that interpolates a space
between a given vertex and another vertex in vertices of said unit graphic forms input
by said operation means when said operation means is operated, and

a provision step of providing coordinates of the vertices ol said unit graphic
forms and the interpolation vectors.
109.  The program distribution medium as described in claim 108, wherein

said provision step provides by recording on a recording medium the coordinates
of the vertices of said unit graphic forms and the interpolation vectors.
110.  The program distribution medium as described in claim 108, whercin

said provision step provides by transmitling via a transmission route the
coordinates of the vertices of said unit graphic forms and the interpolation vectors.
111. The program distribution medium as described in claim 108, wherein

said interpolation vector generation step generates as said interpolation vectors, |
normal-direction normal vectors of a shape to be produced by said unit graphic forms.

112, The program distribution medium as described in claim 111, wherein
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said interpolation vector gencration step lurther gencrates as said interpolation
veetors, in addition to said normal vectors, vectors which define the direction of said
interpolated lines at said vertices.
113, The program distribution medium as described in claim 108, wherein

said interpolation vector generation step gencrales as said interpolation vectors
interpolated linc direction vectors which define directions of said interpolated lines at
said vertices.
114.  The program distribution medium as described in claim 113, wherein

if, in a prescribed plane that includes said vertices, said interpolated line is
touched by a line onto which is projected a line segment that joins a given vertex and
another vertex, said interpolated line dircetion veetors are normal-direction vectors in
said prescribed planc.
115.  The program distribution medium as described in claim 113, wherein

said interpolated linc direction vectors are vectors which define a tangent
direction of said interpolated lines at said vertices.
116. The program distribution medium as described in claim 108, wherein

said computer program further comprises

a splitting step that splits said unit graphic forms into multiple sub-unit graphic
forms based on the coordinates of said vertices and the interpolation vectors, and

a rendering step that renders said sub-unit graphic forms.
117.  The program distribution medium as described in claim 116, wherein

said splitting step includes
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an interpolated line computation step which determines said interpolated lines
basced on the coordinales of said verlices and said interpolation vectors, and

an interpolated point computation step that determines, as the vertices of said
sub-unit graphic forms, interpolated points that arc points on said interpolated line.
118.  The program distribution medium as described in claim 117, wherein

said splitting step further includes an interpolation vector computation step that
determines, from the interpolation vectors at said veﬂic’:‘c‘é interpolation vectors used for
determining a line that interpolates a space between a given interpolated point and
another interpolated point in said interpolated points.
119.  The program dis(-rihulinn medium as described in-clmln 118, whercin

when a ratio of the values corresponding to a distance from said interpolated
point between one vertex and another vertex 1o said one vertex or to the other vertex,
respectively, is denoted by 1:1-t,

said interpolation vector computation step determines as the interpolation vector
at said interpolated point the resalt corresponding to the sum of (1-t) times the
interpolation vector at said one vertex plus t times the interpolation vector at said other
vertex.
120. The program distribution medium as described in claim 119, wherein

said splitting step further includes a correction step that corrects the interpolation
vector at said interpolated poini determined by said interpolation veetor computation
step.

121.  The program distribution medium as described in claim 120, wherein
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said correction step

determines a vector product of the interpolation vector at said interpolated point
determined by said interpolation vector computation step and a tangent-dircetion
tangent veetor of said interpolated line at said interpolated point,

determines the vector product of said vector product and said tangent vector, and

lakes the resulting vector as the post-correction interpolation veetor at said
interpolated point. -
122.  The program distribution medium as described in claim 121, wherein

said rendering step performs shading based on said post-correction interpolation
veclor.
123.  The program dist.ribulion medium as described in claim 117, whercin

said interpolated line is a Bezier curve.
124.  The program distribution medium as described in claim 123, wherein

said image is a three-dimensional image, and

said interpolated line computation step includes:

an angle computation step that determines an angle 1 or 2 formed by a straight
line that joins one vertex and another vertex interpolated by said interpolated line,
which is said Bezier curve, and each projection of the straight line onto a plane
perpendicular to the interpolation vector at said one vertex or other vertex, which is a
planc that includes said one vertex or other vertex,

a distance computation step that determines, based on said angles 1 and 2, a

control edge length 1 or 2, which is the distance from said one verlex or other vertex to
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control point 1 or 2 ol said Bezier curve, and

a Bezier curve computation step that determines said Bezier curve as the
interpolated line that interpolates the space between said one verlex and other vertex by
determining, based on said control edge length 1 or 2, cach said control point 1 and 2.
125. A data distribution medium that provides data concerning images defined by a
combination of unit graphic forms, wherein

if a unit graphic form is inpui,_ then by gcncr:;-lin'gr';m erpolation vectors used for
determining an interpolated line that is the line that interpolates a space between a given
vertex and another vertex in vertices of the unit graphic form,

it provides as data concerning said image, at leastinterpolation vectors at said
verlices and coordinates of said vertices thus oblained.
126.  The data distribution medium as described in claim 125, whercin

said interpolation vectors are normal-dircction normal vectors of the shape to be
produced by said unit graphic forms.
127. The data distribution medium as described in claim 126, wherein

said interpolation vectors further include, in addition to said normal vectors,
vectors which define a direction of said interpolated lines at said vertices.
128. The data distribution. medium as described in claim 125, wherein

said interpolation vectors are interpolated line direction vectors which define the
direction of said interpolated lines at said vertices,
129. . The data distribation medium as deseribed in claim 128, wherein

il; in a prescribed plane that includes said vertices, said interpolated line is
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touched by a line onto which is projected a line segment that joins a given vertex and
another verlex, said interpolated line direction vectors arc normal-direction vectors in
said prescribed plane.
130. The data distribution medium as described in claim 128, wherein

said interpolated line direction vectors are vectors which deline a tangent
dircction of said interpolated lines at said vertices.
131,  The data distribution medium as described in.-cl';'li’i; 125, wherein

said interpolated line is a Bezier curve.,
132, | The data distribution medium as described in claim 125, wherein

said image is a three-dimensional image.
133.  Animage processing device for processing images defined by a combination of
unit graphic lorms, comprising:

a provision device for providing data concerning an image, and

a client device for recciving a provision of the data from said provision device
and splitting unit graphic forms defining the image into multiple sub-unit graphic forms;

said provision device including:

an operation means which is operated when said unit graphic forms are input,

aﬁ interpolation vector generation means for generating interpolation vectors
used for determining an interpolated line that is the line that interpolates a space
between a given vertex and another vertex in vertices of said unit graphic forms input
by said operation means when said operation means is operated, and

a provision means for providing to said clicnt device coordinates of the vertices
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of said unit graphic forms and the interpolation veetors; and

sail clicnt device including:

an interpolated linc computation means for determining said interpolated lines
{rom the coordinates ol the vertices of said unit graphic forms and from said
interpolation vectors,

an interpolated point computation means for determining, as the vertices of said
sub-unit grabhic forms, interpolated points that are poiiili: on said interpolated lincs,

4 conversion means for converting said sub-unit graphic forms into oncs in a
coordinale system of a two-dimensional output device, and

a rendering means for rendering said sub-unit graphic {orms converted by said

conversion means.



