An Algorithm for Half Toned Representation of
Three Dimensional Objects

Tomoyuki Nishita* «nd Eihaciro nakamae**

1. Introduction

i /
The prob%ems concerning hidden line eliminationl)NQ) and half toned presentation

4)~10) have to be solved to realistically display three dimensional objects on two

dimensional planes. However, these problems are usually neccessary considerably
cémplex input data and programs, and a great amount of computing time. Therefore,
from the view points of man-machine systems, these problems have not been solved

sufficiently. The authors presented an algorithm for hidden line elimination of poly-
hedra which were divided into proper convex polyhedra, and showed that the program
gased on this algorithm has ability of saving computing cime.a)Expand ng the algorithm
mentioned above, a half toned presentation algorithm for three dimensional objects
illuminated with parallel light are proposed, and some examples are expressed to
establish the usefulness of this~algorithm. The merits of this algorithm are as
follows; 1) as an object is divided into proper convex polyhedra and they are stand-
ardized, the preparation for input data is very easy and the data errors can be
reduced compared with traditional methods, 2) the procedures for changing sizes and
positions of convex polyhedra are very simple and the some of them can be generated
automaticaly, 3) :ﬁe algorithm of half toned representation is simple,and the computing
time is saved by making a good use of the property of the contour lines of convex
polyhedra.
2% Alsorithm

The technical terms used in this paper are the same as that of the reference [471.
The algorithm is based on the following assumption: 1) the light source is parallel

B

2) the illuminance caused by reflex light from objects are eliminated, 3) reflection

coefficients are constant due to the ability of the half toned representation,and 4)che

contrast caused by the distance from an observation point toobjects is also eliminated.

This paper first appeared in Japanese in Joho— Shori (Journal of the Information Processing
Socxety of Japan), Vol. 15, No.1 (1974), pp. 18~25.
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Curved objects and surfaces are approximated
by a set of convex polyhedra and planes.

The algorithm for half toned represen-

tation is as follows. First, a light source

is assumed as the first observation point,
(a)Pernpective drawing ‘(b)perepective drawing
and the shadows of objects are obtained for from light source. fron obscrvation point.
the light source. That 1is, the.vertices on Fig. 1 Perspective érawings.
convex polyhedra are transposed on the coordinates of a perspective plane for the
light source. Thus, the back faces for the light source become to be shade. The
inner edges and contour lines of the convex polyhedra are obtained by using the
directions of the planes. After that, the ‘Intersections of the contour 1lines are
searched. The part of the intersection is the shadow 'on a convex polyhedron by the
other one located. nearer than it from the light source as shown in fig.1(a). These
contour 1lines also make up the contour line of the.shadow on the ground. Therefore,
they are obtained by transposing the coordinates of the vertices on the perspective
plane. Second, an observer's observation point 1s assumed as the second observation
point and the half tone of the objecté#are obtained. That is, the vertices are trans-
posed on the coordinates of a perspective plane for the observation point, and tge
directions of planes are obtained. After that, the inner edges and contour lines of
the convex polyhedra are also obtained. Then, the Intersections concerning the
contour lines of the convex polyhedra on the perspective plane are calculated, and if
some of them intersect each other, the relationship between the locations of the poly-
hedra are stored. Last, oﬂ the perspective plane the convex polyhedra and the shadows
are scanned like television scanning, and the half tone on each point on scanning
lines 1s calculated and displayed.
2.1 Classificatlon of Edges
As a plane observed from an outside is defined as a clockwise, and is convex,
if the plane, S, is composed of the vertices, [ Pl’ PZ’ P3, .ee] , its normal
vector, N , is expressed by ( Pl-PZ)X( P3—P2). Therefo}e, whether the plane is
oriented to the observation point, Pv(xv’Yv’Zv)’ or not is judged by the sign of the
following equation,
APV =N (P-P)). . (1)
On the other hand, for the light source expressed by L(Xl,Yl,Zl ), the judgement

is carried out by equation (2), because it is located at infinity.
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A1 =N.L. ) (2)
However, for both of the light source and the observation point, if the direction
of Pl, P2 and P3 forming a plane is clockwise on the perspective plane, the plane
is front faced. Then, the direction of the plane is judged by means of the sign of

the following equation using the coordinate on the perspecti&e plane,

>0 ( front face )

c 3)
<
x, 75 1 X 0 ( back face ) .

From these relationship, the inner edges and contour line segments of each convex
polyhedron are obtained. Therefore, the contour lines of polyhedra are obtained by
the use of the directions of the contour line segments,
2.2 Location Relationship between Two Convex Polyhedra

Whether two convex polyhedra,k overlap or not when they are observed from an
observation point or a 1light source 1is judged by the use of the intersection
relationship  with the contour lines of .the polyhedra on the perspective planes .
In case the contour lines intersect each other, it is neccessary to judg which
one is nearest to the observatisg point. This is carried out by using the location
relationship between the points existing on one of the intersections of the contour
lines on the convex polyhedra. On the other hand, in cace a contour line is
surrounded by the other, the judgement about the distance from the observation point
is carried out by means of eq. (1) concerning the vertex, P, on the surrounded convex
polyhedron and the front face, S, surrounding P and belonging to the surrounding
convex polyhedron.
2.3 Shadow and Illuminance on Plane

In case the contour lines of two convex polyhedra intersect each other on the
perspective plane concerning a light source, &
a shadow occures on the planes belonging to P.
a hidden polyhedron. Assuming that the hidden

polyhedron is Vj and the hidding one is Vi,

the contour line of Vi makes a shadow on the ‘2' ﬁ
The algorithm to

planes belonging to Vj'

obtain the domain of the shadow is explained by Fig.2 Search for shadow on plane

fig.2. First, one of the intersections of the
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contour lines 1is obtained. Then, thexAintersection of the contour line segment, [Pb,
Pb+l]’ belonging to Vi and entering to Vj, and one of the contour 1line segments
belonging to the plane, Fb, shown in fig.2 1is searched. In case of no intersection,
the neighbor contour 1line segment of [Pb’ Pb+1] is chosen and an intersection is
searched in the same way. These procedures are continued until one of the contour
line segments of V1 intersects with one of the contour line segments or inner edges

belonging to Fb. If one of the contour line segments of V, intersects with an inner

i
edge, the plane neighboring Fi and including the intersection is searched and the

location of the intersection is also searched in the same way. These procecures are
continued until the contour line of Vi leaves Vj. In case polyhedra are observed from
an observation point, the coordinate of the shadows locating on the planes of polyhedra
are obtained as the points on three dimension coordinate, and transposed on a
perspective plane. ’

By the method mentioned above, the plane surrounded by the contour lines of Vi’
e.g. Fs in fig.2, can not be obtained. In this case, if an arbitrary vertex, Pl’
belonging to the plane which does not intersect with the: contour line is surrounded by
it, it is judged that the whole plane is in a shadow.

It is required to obtain the illuminance of the front faces concerning the
observer's observation point. Assuming that a unit light vector is expressed by L(xL
YL, Z ), as the illuminance of each plane is in proportion to cosine of the light and
the normal vector of the plane, N, the following relationship is established,

cos 8= (L-N)/ (|L]« |N|). (4)
Therefore, the tone of the plane H is expressed by

H=H (l-kcos®), (5)
where Hmax is maximum depth and k is a refrection coefficient. Obviously, the tone

expressing shadows 1s H .
max

2.4 Scanning Algorithm

Fig.3 Scanning. Fig.4 Tone on scanning line.
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The tone at each point 1is calculated by scanning from top to bottom on a per-

spective plane. Since all of the shapes of contour 1lines and shadows on the ground

and planes are composed of a convex polygon, the judgement about intersection is

easily carried out by the following procedures. Let Pmax be the maximum point in the

vertices of a convex polygon,S, concerning y axis, P n:he minimum point, and Yoax and

mi

the values of y axis coresponding Pmax and Pm as shown in fig.3, respectively.

ymin in

Assuming that the value of a scanning line is b concerning y axis and ymini y <y

si max’
the scanning line and S intersect each other and two intersections exist on clockwise
and counter clockwise line segments which are oriented from top to bottom. Therefore,
each of them is obtained independently.

The planes locating on the scanning line are searched by means of the following
procedures. Assuming that the points, x, and X1 are the intersections of a ¢onvex
polyhedron and the scanning line, and it enters at x, and leaves X, as shown in fig.4,
in case of Fe# Fl, the intersection of the inner edge belonging to Fe and the scanning
line 1is easily obtained. Using this dinner edge, the neighbor plane Fi is searched,

and the other intersection of it and the scanning line is obtained. The same pro-

cedures mentioned above are continued until the scanning line leaves the plane F

1

When many polyhedra and shadows overlap on a scanning line, it is neccessary
‘to determine which of these should be visualized. First, all of the shadows on the
ground are memorized. After that, the tones and shadows on the planes are memorized
in order of long distance from an observation’ ;::ﬁ;;’ o8 Plime ;iiﬁi" "

= | i

point. One of examples is shown in . fig. 5 (a). i(gﬁ ‘ r_%j
However, in the case of fig.5 (b), to judge (2)

the order 1s somewhat difficult. This trouble

1s solved by means of that the ordering is carried
out about only the polyhedra on the scanning

line.

The outline of the program based on <«he
algorithm mentioned above 1s shown in fig. 6,
where n, is the number of convex polyhedra, k=1
gives the flow for a 1light source and k=2 does

that for an observation point.

(b)
Fig.5 Relation of objects on
The examples obtained by employing the algorithm scanning line.

3. Examples and conclusion
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Fig.6 Flow-chart.
explained in this paper are shown in fig.7. The figures,(a) and (b), are the examples
composed of only the set of the standard convex polyhedra prepared in the program, and

(@), (b) and (c) are displayed by a line printer. The number of meshes is 135x180 and

the number of tone steps is 20. The figures, (d), (e) and (f), are displayed by a XY~

Lyt
i ah

Fig.7 Exémples.
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NO. OF | NO. OF | NO. OF | NO. OF CPU-TIME (sec.)
- | CONVEX I II III* ELIMINATING
FIGURES | POLYHEDRA | VERTICES | PLANES HIDDEN LINE
(a) 3 122 118 0.19 | 0.48|0.46(7.41)
(b) 5 120 70 0.30 | 0.80(0.33(7.72)
(c) 13 104 78 0.62 | 0.63{0.31(7.59)
() 15 76 50 0.65| 0.80|0.44(2.55) 0.78
(e) 27 218 163 1.14} 2.80 0.99(2.15) 1.75
(£) 27 218 163 1.14| 2.69/0.59(5.40) 1.52

* The numbers of parentheses show the print instruction times.

Tab‘le 1, Computing time.
recorder to show the boundary 1lines of planes which have same 1lluminance and to
treat the figures on planes and the lines in space. In these cases, the number of
tone steps is 10.

The hidden 1line algorithm in the reference [4] was applied. The program 1is
written by FORTRAN IV. The computing times on FACOM 230-60 are shown in Tablel,

where the computing times in the table correspond to fig.7.

The equations used in this program are very simple. Furthermore, the values once
obtained can be used repeatedly for many purposes so that the computing time becomes
shorter exceedingly. By means of the pre-procedures applied the feature of convex
polyhedra, the scanning time is ;educed and is not very much affected by the number

of meshes of an output picture.
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