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Abstract

The degree of rearism of the sheded inage of o
three-dinensional scene depends renarkably on the
successful  simulation of shadowing and shading
effects., The shading ®model has twe  main
ingredients: properties of surface and properties of
the illuninaticns fallimg on it. In most previous
work, it seems that researchers' interest hes been
concentrated cn the former rather than the latter,
and & major deficiency in mest computer-synthesized
images has been the lack of penimbrae.

This paper prosents shading algorithas for aren
sources and polyhedron sources. The advanced points
are as follews: 1) The use of shadew volumes formed
by 8 convex polyhedron and an area [or Felyhedron)
source  TESULTE  in easy determination of regioms of
penufbrae and unbrae on faces. 17 The illuminance
in penumbrae caused by several polvhedra can be
obtained by wsing the <ontour imtegration method.
3} The precise calculation of the 1lluminance £ar
area  sources  and palyhedrom  sources gives the
much-inproved reality of half-tone representation,

1. Imtroducticn

Half-tone representation af three-dimensional
ovhjects is one of the uwseful tools not anly for
CADSCAM of bwlldings and machines but alsas  for
lighting problems. This paper discusses the
depiction nethod of quite realistic images of scenes
usetul for lighting design.

[n order to display three-dimensional ohjects
lénding reality and vividness, researchers have
recently developed expression techniques considering
the  properties of ocbjects such as reflection,
refraction  andfor  Tramsparencyie .g., [1,2,3]).
However, the light socurces used im thess techniques
have been limited to parallel light sources and/or
point light sources, Therefere, Bost  previous
algorithms have handled wunbrae only. Actunl arti-
ficial sources hawve thelr Ffinite sizes and their
shadows involve unbroe and penunbrae. In many chses
of the lighting design of room interiars, the
Lllumination from windows and/or a luminous ceiling
shauld be hamdled as the illumination from area
SOUTCES.

Thiz paper proposes the metkods
represeptation af three-dimenticnal chjects
illminated by ares spurces or pelrhedron sources.
Mbjects are treated as sets of convex polyvhedras, and
the shapes of light sources are conves polygons ot
cenves polyhedra; the intensity characteristics of
then are the lambertiam distribution.

of half-tone
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i. Shading for Ares Sources and Polvhedron Sources

Calculating illuminance at each poist on 3-0
abjects is necessary for half-tone represemtation of
these obj#cts, and requires the shadow detection of

#ach paint., The nethod, detectimg the shadow
boundaries on esch face prior to  illuminance
calculation in order to shorten the computation
time, hax been proposed(d4],[5]. This paper makes

use of the same idea, thet is, shadow detection amd
calculation of shadow bourdaries are dome prior to
11leminance caleulation.

The conception of shedow volume for point sources
and parallel sources has been proposed[6]. For ics
improvément, we propose an umbra volume and a pen-
uabra wolumé formed by a convex poelyhedron and  an
areafor palyhedron) source., Furthermore, we discuss
the calculation method of shadow boundaries om each
face by using these shadow volumes as well as the
method of illuminance calculation in penunbra
regions.

.1 Preparation

Far the faclilivation of the fellowing dis-
cussion, some definition amd Functions are given
prior to the main subject:

(1] 3D objects are treated as sets of convex paly-
hecra ard convex polygons, Each face of a
Palyhedron is defined by the string of vertices in &
clockwise direction whem wviewed from sutside the
pelyhedren, and the mermal of a face is  assumed  as
an gutward painting wector.
[} The function F which decides the relationship
between & face and a point, and the function H which
decides the relaticnship between a Face and a poly=
hedronfor a face), are defined as follows:

The relationship between a face 57 consisting
of vertices Fy (i=1,21,3...) and an arbitrary paint
QUX.Y.I) is determined by the following equaticn:

Fp(Q1=(F -F )=(F -K 1 (&R J=apkebeYiceZeds, (1)

whera [a sbroeel is the somal of 5, Assuming that
Lhe half-space of the pointing side of the nornal of

Sr 18 positive-space and the rest of 3-0 space is
megative-space, and if Fg_(Q)»0, then Q exists
within the positive-space.” If Fg.(Q)<0, then @

exists within the negative-space. 17 Fﬁf[QJ-D, then
0 exists on the plane including ]

For a polyhedron Vier a face 5} comsisting of
vertices Py(k=1,Z,...,n;n=tumber of vertices of V or
51, H is defined by the following eguation:
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{2} Illuminance Calculation in Shadow Areas

For wumbrae, the illuminance calculation is
simplyfied. Where we consider the shadows from many
polyhedrn, 1f the point P is included im st least

oe umbra, then the illuminance at P is zera.

im the other hand, the illuninance calculation in
the penunbra is move compleéx. A penunbra area is
the region in which the light from the source is
partially  imterrupted by  several polyhedra.
Therefore, the illumipance At the point P must be
caleelated by applying equaticn (7) for the wvisibhle
parts of the securce from P.

The illuminance in the penumbra caused by several

pelyhedra  can  be caleulated by the following
procedurs:
i) Extract the polyhedra casting penumbra on  the
point P.
11) Extract the contour lines of these polrhedra

when viewed from P.

Lii} Integrate the visible segmentsie.g., Qe in
Fig 4-8, Q@ inm Fig.4-b) of the contour line of
the source in a counter-clockwise direction where
the boundary of an ares source corTesponds with
the comtour llne.

i¥) Integrate the segments which exist within the
conteur line of the source amd outside the contour
lines of snother polyhedra (e.g., B P im Fig. 4-
4], in a clockwise direction.

The illuminance at P is abtained by sumning up
the integrated values in 1ii) amd iv) because it is
equel to the integration of the closed region{shaded
repions in Fig. 4].

The Lntegration segments(visible segments) in
iii}  are determined by the following method:
Censidering the pyramid(open convex space) formed by
the point P and the contour lime of the convex
polyhedron, the segments are obtained by the Lnter-
EECTion  tTest between the prranid ard the contour
line af the scurce. These tests are done for every
polyhedra extracted in 1), The decision of the
viglble segments of the comteur line is executed by
using the notion of quantitative ipvisibility uwsed

for hidden line ellimination([7.8]; the segments
whose gquantitative invisibility eguals zero are
¥igihle,

Far the integratiom segments of the contour lipes
in iwv), first each edge of the contour lines is
clipped aut by the pyramid formed by the point P oand
the contour line of the source; cutside segments of
the pyramid are cut off. Then the integration
segments are obtained in the same manner as iii).

3. Examples

Some @xamples for the proposed method
in Fig. 5.

Flecture [a) is an example of & rectangular surface
source and (b) is an example of & rectangular prism
SguTCE.

Pietures (&) through [f) are examples of practi-
cal application for lighting simulation of the
interiar of a room-the coEputer room in which these
exanples were made. Pictures (¢] and (d) show the
roca in the day time; in the former the room is
illuninated only by a windew, while in the latter a
Tectangular source is lighted. Pictures [e) and [f])
show the examples of the room in the night; the
former has  tue rectangular surface sources and the
latter has two rectangular prism Sources.

are shown

21

Ficture (g) depicts an example of a sphere source.
PFicture [h), where the light source is assumed as &

point spurce, is shown in order o compare the
lighting effect; the effect of penumbrae gives much
reality.

The computer used here is TOSBAC DS-&00, and the

CRT is GRAPHICA M-=50%,

4. Conclusion

This paper described the representation methed of
3-I' chjects llluminated by ares sources or poly-
hedron sources,

The following comclusions cam be stated from the
results:

1] The illuminance fgr area sources or poalyhedren
saurces 1s calculated precisely, and the reality of
half-tone representation is  much improved.
Therefore, the proposal cam be  applicable o
lighting designs.

2) 3-D objects composed with a set of comves
polyhedra make it essy tTo cbtain the volumes of
penunbrae and umbras needed for shadow detection.

3} The illuminance calculation becomes simple
because searching for the aress of penunbras and
umbrae on each face is completed before scarning for
hidden surface removal.

4] The illuminance in unshadowed portions for a
pelyhedron source can be calculated by using the
contour Lntegration methed only for the comtour line

of the source when wiewed from the caleulation
Faint,

§) The illuminamce calculation im the penumbra
caused by several polyhedra is done by setting the

visible parts of the source when viewed from the
caleulating podnt &8 the new sources. Therefore,
the illuminance can be obtained by using the contour
integration method only for the visible segnents of
the contour line of the securce and polyhedra.
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a3 for both area sources and poalyhedron sources,
That is, the shadow exists cn the face intersecting
thé petunbra or the wusbra wvelume as previeusly
menticoned.

In the first step, an intersection test betwesn a
face and 8 penuabra volume is executed because &
perunbra volume alweys inciudes an umbra volume. IF
the penumbra wolume and the face intersect aach
other, there 15 at least ope pepumbra on the face,
In this case, the umbra is detected by means of the
intersection test between the umbra volume amd the
face; where the faces required for shadow detection
are anly the faces of type A and B.

We describe the decision methed whether or not a
polyhedron ¥ casts & shadow on 8 _face far a
BOUT S8 E-.I::-r \'a}. Assume that U is t pemmbra
valume fermed by the scurce Sa(or Ve) and the convex
palyhedren ¥, and Spip=1,2,.... ) are the faces of 0,
then there is 8 pessibility of intersection anly
when the equations (5) amd (4] are satlsfied.

Hi&, Vik-1 ,
H{3n.5r) %1

where the equation (5) means that there is no shadow
from any polyhedron existing within the negative-
space af . Here, for area sources, there are no
shadows en HiSg,¥)=-1 because lighting direction
iz limited.

The penumbra area is obtained as the intersection
region of the penumbra volune of ¥V and the face i
The points consisting the boundaries of penumbra &
easily obtained as the intersection peints of the
face S5y and the edges between 5§ and 5 in Table 1
(e.g., the line including Qif, QA , etc.). The
chtained boundaries are cransformed o the
ceordinate system of the image sSpace and &re
memerized to seve memory and to sioplify the
scanning for the shadow secilons on each scan line.

(5]

‘Enra!!.'%]]cﬂ, (el

Z.5 [lluninance Caluculation

e describe che illuminance caleculation far the
point having no shadows from any polyhedra and the
illuminance calculation in the reglon shadewed area
by one or moras polyhedra. Here we assume that the

0w

cofitour Jing =

polvtadron fosEae

(L1

Fig. ¥ llluminance caleulatlon for an area sourcs
and an polyhedron source.
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light sources are composed by uniform brightness
surfaces, and use the contour integrstion method for
caleulatimg the direct illuminance.

In corder to save computation time, the preclse
1l1luminases calculation is  executed &t regular
intervals om esch scan line, and each pixel in the
interval is interpolated in linear except the
houndaries of faces and shadows. The illwminance aof
these parts usually changes abruptly.

(1] Illuminance Calculation of Unshadowed Areas

The Hlluminance calculation for ares sources is
as follows: As shown im Fig. 3-a, if the polygon
source has m vertices and an intensity of L, the
illuminance at a point P on a face 3¢ is given by
the fellowing equation:

L}

L T
B = 3L Bircosdy o N
where 87 i5 the amgle between PQ; and PQy,.j. 57 is

the angle between the face 5‘; and the triangle P,
Q'lf-‘ q"wh'

In the case where the face 5» is the type B[ses
#q.0(3}), the new calculaticn scurce is the part of
positive side cut by the plane including the &, and
#q.(7) is applied,

The illuminance calculatiom for polyhedron
sources can be obtained by the following method: In
the case where the face 57 is type A, equation (7)
is applied for each visible face(froat face] of the
polyhedren  source when viewed from point P, and the
1lluninance at P is obteined by summing up each
illueipance of the visible face. Fig. 3-b shows the
conteur line of the source when viewed from the
paint P. As it is clear from the figure, the edges
between two wvisible faces are integrated in the
appesite direction from each other amd those
canpanents of the integration are cancelled.
Therefore, the illuminance i3 obtained by the
contour integration methed for the contour line of
the source, The conteur line is defined in a clock-
wise direction, but the integration is executed
coumter-clockwisze in order to obtain the positive
value.,

In the case where the face &S
illumipance is choained by eutting the contour line
aof the source with the plane includimg 5S¢ and
executing the contgur integration af the part af the

is type B, tihe

contour  line which exists in the pesitive-space af
3_1-'.
|:_|,| cencour Line {5
af polybedren
TR T

comsas line
afl surde

eonloui Lifs
af polybslren—

Fig. 4 Illuminance calculatlon

in penumbrae by using
the contour integration method.




The wnbra area and the pepumbra area for a
palyhedren sceurce are determined in the same manner
of the area source(se=e Fig.I],

Expanding this ideia ro thres-dionensiomnal Space,
We condider a shadow volume Uy which is formed by a
convex pelyhedron V and one vertex {y of a source as
shown in Fig. l=a, The shadow wolume U is the
volume[unclosed convex vwolume] surrounded by the
following twe types of faces: the planes, each of
which h&s a normal outward pointing vector from L
formmed by the adjacent vertices PI,{-! FE,‘I:.'GI (£=1,
Zpae Mgy me=l=1] and p, ad the faces of ¥V whose
nermal faces toward Q (front face for Qp).

hext, we describe the shadow valume caused by an
area Source 3g and a polyvhedrsn ¥. A volume which
makes an wmbra iz defined as the common  convex
volune surrounding W (f=1,3,... m); we call this
volime an usbra volume. A penunbra  volume is
defiped as the wipioum coBvex velume surrounding
U {i=1,24... m}, therefore the volume which makes a
pemumbra 15 the region inside the penupbrs volume
apd cutside the umbra volume,

pefuEl i aFEl
E‘EEH wEyrl ATEd

PETRBGER wioluse
T }E‘H“H

Fig, 2 Regions of wmbra amd penunbra for &
pelyhedron source.

Ia the case where the polyhedren ¥ exists within
the negative-space of the source S5, (H{S ,¥)==1}, ¥
receives no  light, therefore the wsbhrs volume and
penumbra volume cannot be defined. Except far this
case, the usbra and penunbro volumes are defined as
follows: :

AREUGe that 5 is the face formed by a vertex i} ]
of a source and an edge of a polyhedron vV, § iz the
face formed by § vertex of V and an edge of the
source, and 5 iz cne of the faces of V, then the
faces which satisfy Table 1 in the faces of &, 5 and
§ form the penunbra volume, Here, in the case of
H(5. ,¥}=0, the plane including 5 intersects V, and
only a part of ¥ receives the light. Therefore, in
this «case, the penumbra and usbra velumes are the
pection aof the positive-space of 5. among shadow
volumes obtained by Table 1.

In application of this same manner, the usbra and
penumbra volumes for polyhedron sources are forned
by the Faces satisfying Table 1. However, paly-
hedrem sources  have oo restriction for their
lighting directien unlike area sources, 50 the
peremora and uobra volumes Rlways exist.

In Table !, the faces satisfving H(B,V)=-1 are
formed by a vertex ; of the source and the edges of
the contour line of V when viewed from Q -
Therefore, the faces of the pemmbra volume are
obtained by the following steps. First, we extract
the contour line of ¥V for each vertex of the source,
then consider the pyranlds formed by the contour apnd
euch vertex of source, and finelly extract the faces
satisfying H(R,5)=1(er H(8,%.)=1) among those
pyramids. The faces of the umbra wolume are
cbtained by extracting the faces satisfying
H(8, 5, )=-1(or H(8,V.)=-1) among these pyramids, The
faces of 5 satisfying Table 1 are obtained by using
the classification of faces(see eq.(3) and(4)].
That is, the faces of type A correspond with the
perunbra volune, and the faces of type A or B
correspond with the webra velume.

2.4 Shadow Boundaries on Faces

It is inefficient to detect shadows in using the
pelnt by point methed when illuninance caleulation
is executed. Here we use Che method that calculates
the shadow boundaries on each face prier to the
illuninance caleulation for seach point, Namely, the
polykedrs casting shadows on sach face are extract-
ed, These palyhedra are obtained by the same method

Table L Faces constructing penumbra and umbra volumes.,

ATEd SouToE polvhedron seurce
types of face
penunbra vl uribra wvelume penushra wolume unmhra volume
. HiE, v e-1 TERILI HeE ¥y =-1 ERILE!
& B(8,50)=1 G, 5a)=-1 A(E, Vel =1 HiS, Vel=-1
HiE vie-1 e WS, vi=-1
: HIT, Sel=1 - HT, Vel =1
5 Hid,80=1 (5, 5,001 HEE, Vel =1 A, ¥gln-1
)




1 Fg (B2 for all RV

H(S V) = 4 -1 @ FSAPZ 0 for all PEV (7]

0 ! else

wWhare H.;E:l-*,'-'}-ll-l,, ard O means that ¥ exists within
the positive-space of 57, WV exists within the
negative-space of 5., and V intersects with the
flane including 5-) respectively.
[3] The shape J;t' avery Afea sSource is a convex
pelygen consisting of m vertices, and the Lllumi-
nating direction of the socurces is only toward the
positive-space, A polyhedron Source i3 8 convex
palyhedron with all its faces bright.

[#] The contour line of a palyhedron ¥V viewed from
an arbiteary point § is defined as follews; the
string of edges consisting af twa types of faces,
cne Incudes 0 within the poesitive-space and the
octher includes (] within the negative-space; where
the string of vertices is defined in a clockwise
direction when viewed {rom the point. The comtour
line viewed from the paint [ always appears to be =
convex palygaon.

(5] In order te sinplify the shadew processing and
the illuminance calculation, the faces of pn]}'h.tdrg.
are classified inte the following types
corresponding to the posivional relationshlp between
each face and the source. Far an area source Sa,
the face 5p is classified into the following three
types by wsing equation (1)

H{Sp, 50071,
Type B : H(Sp5.]=0,
Type € : H(Sp.5.)=-1 or H(S, ,57)=-1.

In the sape manmer, the face ﬁ_l: ig classified ingo
the following three types for a polyhedron scurce V-

Type A : H[sr,'.'l__]-l

Type A : H[ﬁﬂ,ﬁﬁllri

HUS,.5p8-1 (3]

fype B : H{Sp,V,)=0 (4]

Type € : H(Sp¥,_ )=-1 ,
’

wheres a face of type A receives the light from whole
regplon af the seurce, & face of type B recelves the
light from a part of the source, and the face of
type C receives no light from the source at all.

Therefore, the illuminance caleulation af the
face of type C is unnecessary because of shaded
face, but for the faces of type A and C, the
tlluminance calculatien Tﬂkiﬁg inte account tThe
zhadaws from other polyhedra is required. The
illuainance for the faces of type B can be obtained
bf setTIng & Nes  s0UTce, a4 Fart of the nrlginal
fpurce accupying the pasitive side af the plane
including se.

a2 The Qutline ¢f The Procedure

i] Input object data, vieswpaints, view directions,
angles of the view fields, and light saurces.

ii] Preject the wertices of objects ente  the
perspective plane, and caleulate the Tt'r:_nri'l;:.r of
vlsibility for the overlapped polyvhedra on  the
PeErsSpective plane,

iii} Classify the faces af sach polyvhedron on  the
pasitional relationship between the source and each
face[see eq. (3] and (4)), amd decide if the Fface has
shadaws or receives no light,

iv) Obrain the volumes making unbra and penunbra for
each polyvhedron.

¥) Extract the polyhedra casting shedows on the
visible faces, and caléulave the shadow boundaries
an then.

vi} Scan the perspective plane from teop te bottonm,
that &5, remave the hidden surfaces, caloulate the
shadow sections(uwwbra andd penumbra)l of the wisible
faces G each zcan  line, and calculate the
illuminance for each peint en the scan line,

When the wviewpoints andfor the wview directians
change, the steps ii) through wi)] are repeated. For
movement of the source pesktion, Thé sTaps 11k]
threugh vi) are execoted.

This paper discusses 14L), ivl, v) and vi).
Ref.[5] for i), ii)] and hidden surface removal,

S

2.3 Shadow Volumes for Area Sources or Polyhedren
Sources

In grder to sinplify the explanation, we explain
the shadow houndavies caused by 8 convex pelyhedon
and an area source,

We define the contour line Cf of & convex poly-
hedran ¥ when wviewed from a vertex QI of an Area
FOUrCE, and represent the vertices of Op with Py,
{£=1.2, ...,;m7; mp=the namber of vertices of CEJ
of ¥ consisting of vertices By (k=1,2,...n ; n=the
nunter of vertices of V). The <ontour line Cp
dppears ta be a convex polygon when viewed from the
vertex (i, Here the nunbering of Pr fis cleckeise.

As shown in Fig, 1, s prejected convour line O
iz defined as the projection of {j onto the face 5-.
Then, the common convex part of the projected
contour  lines C;_' [i=],2,...,m) makes an umbra ATEA,
and the minimum convex palygon  surrounding I:l'[I:lﬂlJ
2,..,m] with the exception ¢f the umbra area, forns
I pERUESTA ATER.

1l Begions of uabra aod pecumbra for an ares
SORLECE,

Fig.
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