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ABSTRACT

Shadows are advocated for inproved conprehension
and enhanced realismin conputer-synthesized

i mges. A classificationof shadowal gorithns de-
i neates three approaches: shadow conputation
during scanout; division of object surfaces into
shadowed and unshadowed areas prior to renoval of
hi dden sur f aces; and i ncl usi on of shadow vol unes
in the object data. The classes are related to
exi sti ng shadow al gori thns and i npl enment ati ons

wi t hin each class are sketched. A brief conpari -
son of the three approaches suggests that the |ast
approach has the nost appealing characteristics.
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| NTRODUCTI ON

A maj or deficiency in nost conputer-synthesized
shaded i nages to date has been the l|ack of sha-
dows. Al though shadows are unneeded when the

i ght source is coincident with the eyepoint, a
fact which was used to advantage in nmany early

i npl enent ati ons, many of the nore pressing appli-
cations for realisticinmges (eg. spacecraft dock-
ing and aircraft |anding sinulators) require sun-
lit images. Quite realistic inmges of scenes

whi ch shoul d cont ai n shadows are now made, but
the success of these images relies on the assump-
tion of a diffuse light source such as a cl oud-
masked sun.

There are situations in which shadows can be im
portant. A cast shadow nmay nake an inportant

pi ece of equi pnent virtually invisible under ac-
tual conditions even though it shows clearly in
a simul ati onw thout shadows. Applications of
conput er graphics to architectural siting prob-

I ens and environnmental inpact investigations
coul d require the cal cul ati on of shadows for

eval uating the need for airconditioningor the
avail abilityof solar energy. Mst inportantly,
shadows provi de val uabl e posi tional information;
the shadow cast by one object on another can
clarify ot herw se anbi guous spatial relation-
shi ps. Moreover, shadows pose an interesting
problem they should receive nore attention than
they have been getting.
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Appel [3] and then Boukni ght and Kelley [5] have
denonstrat ed sol uti ons to the shadow probl emwhi ch
are discussed in this paper in the context of a

cl assificationschene for shadow al gorithms.

Three classes of solution are currently identifi-
abl e (there may be further undi scovered cl asses).
Appel , Boukni ght and Kel | ey have shown sol utions
of one class and al gorithms suggesting the ot her
two cl asses have been proposed but not yet inple-
ment ed.

The first class of algorithm denpnstrated by

Appel , Boukni ght and Kel | ey, detects shadow boun-
daries as the image is produced by a raster-scan.
The edges of cast shadows are found by projecting
pot enti al shadow ng pol ygon edges onto the surface
bei ng scanned. Shadow edges thus forned are then
proj ected onto the image plane. Upon crossing a
shadow edge, the color of a scan segnent is
changed appropri ately.

A second class of algorithminvolves two passes

t hrough a hi dden-surface al gorithm or perhaps a
si ngl e pass through each of two differingal go-
rithms. The first pass distingui shes shadowed and
unshadowed surfaces and divides partially shadowed
surfaces by determ ni nghidden surfaces froma

vi ewpoi nt coi ncident with the |light source. The
colors of shadowed surfaces are then nodified and
a second pass operates on the augnenteddata from
the observer's vi ewpoint.

The third class of shadow al gorit hmi nvol ves cal -
cul ati ng the surface encl osi ng the vol une of space
swept out by the shadow of an object, its unbra.
The unbra surface is then added to the data and
treated as an invisible surface which, when pier-
ced, causes a transitioninto or out of an object
shadow.

A nore conpl ete expl anation of the three classes
follows wi th suggested i npl enentati onsin each
class. These will be preceded by remarks on

nodel i ng of the light source and foll owed by an
att enpt ed conpari son of the practical difficulties
in inplenmentingthe three approaches.

MODEL| NG THE LI GHT SOURCE

Li ght sources are generally nodel ed as either
points or directions. However, an actual |ight



source has a finite size, a perhaps irregular
shape and a definite positionin space relative to
the objects to be represented. Light sources of
finite size cast shadows invol ving an unbra and
penunbra. The unbra is that part of the shadow
space whi ch receives no light fromthe source; the
penunbra, that part which receives |light fromsone
part of the source but not all of it. Thus there
is a dark central area to any such shadow sur-
rounded by a border area in which a snmpoth change
fromshadowed to unshadowed t akes pl ace. For an
irregul arly shaped |ight source the penunbra coul d
be approxi matedby a l|inear variationin shade
over a strip of fixed wi dth around the periphery
of any unbra. Cal cul ating a penunbra can be ex-
pected to significantlyincrease the effort neces-
sary to represent shadows. Therefore, a point
Iight source or one infinitely far renoved (speci-
fied by a directiononly) will be assuned.

Shadow boundari es are deterni ned by projecting
the sil houette of one object onto another. The
type of projection which may be used is dependent
on the position of the |light source. The easiest
i ght source for which to cal cul ate shadows is one
that is infinitely far renpved si nce shadow boun-
daries may be found by an orthographi c projection.
On the other hand, the cal cul ati on of shadow boun-
daries for a light source which has a positionin
the object space varies in difficultywith the |o-
cation. |If the source lies outside the field of

vi ew, shadow boundari es can be cal cul at ed by using
the sanme sort of perspective projectionused for

i mge di spl ay. However, when the |ight source
lieswithin the field of view, different nethods
must be used. Since the conventional perspective

transformationis accurate only for a limted
field of view, either the space nust be divided
into sectors radiating fromthe |ight source, in
whi ch the perspective transformcan operate, or
nmore conplicated t hree-di nensi onal geonetri c net h-
ods rmust be used.

Proj ective transforms provi de conveni ence and
efficiency. However, it is always possible to
def i ne shadow boundari es in the object space by
using the light source position and the object
sil houette to define a surface and then cal cul at -
ing the intersectionof that surface with other
obj ect s.

CLASS ONE: SHADOW COMPUTATI ON DURI NG SCANOUT
Appel [2,3] and then Boukni ght and Kelley [5] have
shown net hods for rendering shadows whi ch cal cu-

| at e shadow boundari es whil e scanni ng the i mge.
Appel detects shadow boundari es by ext endi ng hi s
notion of quantitativeinvisibility. Quantitative
invisibilityis a count of the nunmber of surfaces
hi ding a vertex (pol ygonal objects are assuned).
Therefore, a line segnent is visible only if all
points on it have a quantitativeinvisibility of
zero. Changes in quantitativeinvisibilityalong
a segnent are detected by Appel's hidden surface
al gorithmand only the visible portions are drawn.
This nethod yields a |ine draw ng.

Shadowed surfaces are determ ned during a scanni ng
procedure which is also used to shade the line
drawi ng. The scan is executed by generating "cut-
ting" planes through the eyepoint which intersect

Figure 1: ABE defines a "cuttingplane"” in Appel's algorithm

Edges of polygon 1 are projected onto polygon 2 to
f orm shadow boundari es whi ch are then projected onto

the i mage pl ane.
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the picture plane in equally-spacedhori zontal
lines (fig. 1). A set of scan segnents is defined
by the intersectionof visiblelines and a cutting
pl ane. The quantitativeinvisibilityw th respect
to the light source (previously conputed for all
visible vertices) is then used to determ ne those
segnent parts which lie in shadow. Further detail
is availablein Appel's publications[1,2,3].

Boukni ght and Kel | ey devel oped a sim | ar nethod
for shadowdetection [4,5]. However, they en-
joyed an advantage in that their hidden-surface
al gorithmwas al ready based on a scanni ng process.
A secondary scan was used to detect shadow boun-
dari es cal cul at ed by proj ecti ng edges upon the
surfaces bei ng scanned. The primary scan foll owed
a raster pattern in i nage space which generated
the secondary scan, the correspondi ngpath across
the visible surface in object space. Therefore,
shadow edges occurred wher e edges of other poly-
gons proj ectedonto a secondary scan segment.

A procedure for findingall polygons which could
cast shadows on a given pol ygon was used to dimn-
ish the edge-projectionconputation. This routine
transformed all pol ygons to a pseudo-spheri cal
coordi nate space with its origin at the |ight
source. Polygons were then tested for overl ap and
a linked list was formed for each pol ygon, enab-
ling the other pol ygons which m ght cast shadows
onit to be easily found (In figure 1, polygon 2
woul d be |inked to pol ygon 1). An expansi on of
this overlap test |leads to the second cl ass of

al gorithns as wil|l be seen bel ow.

The general approach exenplifiedby Bouknight-
Kel | ey can be anal yzed as two basic operations:
(1) the shadowpriority ordering of pol ygons and
(2) the cal cul ati on of projected shadowboundar -
ies. It is worth noting that these two opera-
tions are independent of the hidden surface al go-
rithmused for display and this coul d be applied
to virtual ly any pol ygon- based al gorithm

Many vari ati ons on the Boukni ght and Kel | ey al go-
rithmcan be devel oped. For exanple, the conpu-
tation for their pseudo-spherical overlap test
grows as the square of the nunmber of polygons.

It woul d thereforebe advantageous to divide the
vi ewabl e obj ect space into sectors radiating from
the light source position. This would allow all
pol ygons in a sector to be sorted to a shadow
priority order wi thout reference to other sec-

tors. Shadowpriority determ nationrequires a
speci al sort such as the one used by Newell et al
[9]. The behavior of this algorithm(al so obey-

ing an N-squared growt h | aw) is discussed by
Sut herl and et al [12].

Under favorabl e conditions, sectorizationcan
change the N-squared grow h | aw of the Boukni ght -
Kelley (or Newell et al) priority schene to a
linear growth law. The growth of the sectored
schene is proportional to S (NS)**2 where S is
the nunber of sectors and N is the nunber of poly-
gons (as long as the general distributionof poly-
gons in space remains simlar). If NNSis held
constant by increasingthe nunber of sectors pro-
portionallyw th the nunber of polygons, the
priority stage obeys a linear growh |aw. How
ever, this growth rate is conplicatedin the limt
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by the fact that when sectors becone so small that
a high percentage of pol ygons overlap sector boun-
daries, the effectivenunber of polygons increas-
es. Thisis due to the fact that a pol ygon over-
| appi ng two sectors nust be consideredin both.
However, the potential |inear growth rate makes
this an attractive approach both here and in the
design of sectorable algorithns in general.

The second basi c operation, the cal cul ati on of
shadow boundari es, requires a process akin to
clipping. The pol ygon under considerati onnust be
used as a wi ndow agai nst whi ch pol ygons of a hi gh-
er priority are clipped. The growth rate of this
operationis proportional to the product of the
nunber of edges in shadowed pol ygons and the num
ber of edges in higher priority polygons, again an
N-squared growh rate. However, sectorization can
agai n provide an overall l|inear growh rate under
favorabl e conditions. (It should be noted that
the linked list used here by Boukni ght and Kel | ey
is in some sense an optim zed sectorization.) Two
factors can substantiallyreduce the constant of
proportionalityin the growth law (1) shadow cal -
cul ati on need only be carried through for visible
pol ygons and (2) the calculationmay term nate
when a polygonis discoveredto be conpletely
shadowed.

In closing this section, it shoul dbe reenphasized
that in all shadow al gorithns, a | arge anpunt of
conput ati on can be saved by consideringonly the
sil houette of a shadow ng obj ect instead of each

of its polygons individually. This restricts
searching to only those edges whi ch cause visible
shadow boundari es.

A SECOND CLASS: THE TWO PASS APPROACH

It woul d appear that a hidden-surface al gorithm
coul d be used to detect which surfaces are hi dden
fromthe |ight source as easily as those which are
hi dden fromthe eye. However, to be useful, the
al gorithmnust yield information which can be used
to generate an i nage, as seen fromthe eyepoint,

in a subsequent pass. This restrictionlinits the
cl ass of applicable al gorithns.

Sut her | and, Sproull and Schumaker proposed that
hi dden- surface al gorithnms coul d be divided into
obj ect - space al gorithns and i mage- space al gorithns
[12]. This distinctionturns out to be inportant
since the determn nati on of shadowboundari es nust
be made in object space so that the resultingin-
formati on can be nerged into the data to be sent
to the display algorithm Thus inmage-space al go-
rithms whi ch depend on the limted resol ution of
the di spl ay nedi umto ease the determni nation of

hi dden surfaces are inappropriatefor this appli-
cation.

The al gorithns characterizedby Sutherland et al
[12] as operating strictlyin object space all
suffer fromdiscouraginggrowth | aws (conputation
increasingwi th the square of the ampunt of data).
Fur t her nor e, where pol ygons are consi dered, they
are not treated as entities but broken into indi-
vidual ly treated sides. To create shadows, the
pol ygons nust be treated as entities so that they
may be divi ded by shadowboundaries and returned



to the data base as small er polygons to be fed to
the display algorithm Elimnating the object-
space al gorithns | eaves the al gorithmshown by
Newel |, Newel |l and Sancha [9]. This al gorithm
provi des many useful techniques for splitting

pol ygons and det er ni ni ng overl ap but the eventual
det ermi nati on of what part of which surfaces are
hi dden is done by overwitingin inmage space.

Sut her | and has proposed anot her al gorithmwhichis
nmore applicableto the problem[11]. Using clip-
pi ng techni ques, a binary sort is executed sending
pol ygons and parts of polygons |ying on one side
of a line out on one streamand those lying on the
other side off on a different stream Such a pro-
cess is, of course, exactly what is needed for

det er m ni ng di vi si ons bet ween shadowed and unsha-
dowed parts of surfaces. Furthernore, Suther-
land's al gorithm holds the pronise of a reason-
able growthrate. Since the al gorithmoperates by
recursi ve subdivisionof the viewed space via a
2-di mensi onal binary sort of the data, an N log N
growt h | aw may be achi evabl e.

Sut herl and al so proposed i nprovenents based on
consideringonly "contour"” edges in the subdiv-

i sion process. Contour edges are those edges

whi ch separate frontfaci ng and backf aci ng pol ygons
at those pl aces where the surface curves behind
itself or else edges whichlie at the extrenes of
the surface, for surfaces which don't cl ose on
thensel ves [1]. Thus any area lying withinthe
bounds of a set of contour edges for a single sur-
face can be treated as a unit assum ng that the
bounded surface is the frontnost surface in the
bounded ar ea.

C ark has proposed a general schene for approach-
ing hi dden-surfaceal gorithns which involves re-
cursi ve descent through a hierarchical data des-
cription [7]. The conbi nati on of this approach
with Sutherland' s notion of clipping to contour
edges appears to hold pronise for an interesting
shadowal gorithm |If environnental restrictions
are inposed so that objects nust be broken into
l'i nearly separabl e sub- obj ects and groups of such
obj ects may al so be linearly separated, then an
al gori thmmay be i npl enmented al ong the foll ow ng
l'i nes.

The first step of this al gorithmwould use sort-

ing techniques akin to those of Newell, Newell and
Sancha to establisha front to back priority
ordering of the surfaces under consideration. The
hi er ar chi cal approach proposed by d ark nay be
superinposed to first order oLjects or groups of

obj ects, then to establish an order wi thin such
obj ects or groups. Newell has recently suggested
an al gorithmfor sorting objects to a depth prior-
ity which could be appliedhere [10].

Not e that, for purposes of shadowdetection, the
si | houette of an object nay be used to define a

"blot", or anti-w ndow, under a perspective pro-
jection. Anythinglyingw thin the blot and far-
ther fromthe |ight source is clearly in shadow.

Therefore, the al gorithmcan proceed by augnenting
a collection of blots using the sil houette of each
convex sub-object in turn. Myving anay fromthe
l'ight source, surfaces hidden by the blot are

mar ked as shadowed. O her surfaces contribute the

245

unshadowed portion of their sil houettes to the
coll ectionand are thensel ves clipped i nto shadow
ed and unshadowed porti ons.

Fi ndi ng obj ect sil houettes for pol ygonal objects
is eased by a data structure providing |links be-
tween adj acent polygons. Such a structureis de-
tailed in [6,8]. Since the silhouetteis forned
solely fromthe contour edges and all contour
edges on a convex surface nust lie on the sil hou-
ette, the determ nationof the sil houette consists
of findingthe closed | oop of contour edges.

Strings of contour edges may be forned straight-
forwardly. First, all polygons nust be tagged as
frontfacing or backfacingfromthe Iight source
point of view Secondly, the nei ghbor pol ygons
for each frontfacing pol ygon nust be checked,;
wher e backf aci ng adj acent pol ygons are found,
associ at ed edge nust

t he
be tagged as a sil houette
edge. Lastly, sil houette edges nay be |inked to-
get her by using the adjacent frontfacing pol ygons
to search for additional sil houette edges connect -
ed to a known sil houettevertex. For a convex

obj ect, a single such stringof edges will form
the sil houette (fig. 2).

String of sil-
houette edges

o

Figure 2:
may be formed by searching for adjacent
frontfacing polygons with contour edges.

Strings of silhouette edges

By using the schenme proposed by d ark, the calcul -
ation of sone object sil houettesnay be avoi ded.
Fol | owi ng the hi erarchical divisionof the data
(groups, objects, sub-objects), tests using
"boundi ng boxes" nmay be used to determ ne which
groups may overlap fromthe |ight source point of
vi ew. The boundi ng box is defined by the range of
the object vertices over height and width (fig. 3).
Any time the boundi ng box of an object is found to
lie totallyw thin the sil houette of an object of
higher priority, the first object is in shadow
Simlarly, if the boundi ng box of a convex obj ect
(consi stingof a single sub-object) fails to over-
lap any others then the object is clearly not in-
volved in any shadows. In these cases, there is
no reason to conpute the sil houette.

The shadow al gorithmnay be driven by the hierar-
chical organizationof the data. Thus groups of
obj ects may be processedin priority order, clos-
est group first. Wthin each group, objects will
be treated in priority order and wi t hi n each ob-



ject, sub-objectsw |l be treated in priority
order. Overlap tests can first determ ne whet her
groups may interact. |If so, the boundi ng boxes
must be passed to the next |ower |evel of the

hi erarchy. Overlap tests are then applied to the
objects within the group and finally to the sub-
obj ects of each object. [|f the boundi ng box of a
sub- obj ect overl aps none of the boundi ng boxes
passed down through the hierarchy, it nmay be ig-

nored. Oherwise its silhouetteis conputed.
<= max ht.
«=— qin ht.
leftmost ﬁ rightmost ﬁ
Figure 3: The "bounding box"
Havi ng conputed the sil houette of the highest

priority sub-object for which it was required,
i ntra-obj ect shadowboundari es may be conputed.
This can be done by clipping the pol ygons of

lower priority sub-objectsto the sil houettes
of higher priority sub-objects. If any | ower
priority sub-object is conpletely shadowed, it
may be tagged as such and ignored in subsequent
overlap tests. Partially shadowed sub-objects
are clipped into shadowed and unshadowed porti ons;
partial sil houettes are then conputed based only
on the unshadowed portion. Conpletely unshadowed
sub-obj ects nerely have their sil houettes cal cul -
at ed.

As the al gorithmworks its way down the priority-
ordered |ist of objects, a mninmal set of convex
blots is built up, each blot with an associ at ed
boundi ng box. As lower priority objects are
treated, they will first be clipped by the higher
priority blots then the remaining pol ygons will
be used to conpute partial sil houettes to be
added to the set of blots. It may be useful to
include a provision to absorb a set of blots into
a single one in the case where a lower priority
sub-obj ect is | arge enough to provide an envel op-
ing silhouette. However, the overhead in check-
ing for this case may well prove to outwei gh the
benefits.

Wher e several groups of objects overlap, an ex-
trenmely large set of blots is likely to have been
built up by the tine |lower priority groups are
treated. To avoid undue grow h of conputati on,
the set of blots and untreated data shoul d be
sectored so that spatially separate areas nmay be
treated i ndependently. Using the information
provi ded by the boundi ng boxes, sectorizationbe-
cones trivial. It may even be advant ageous
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to resector several tines as the collection of

bl ots devel ops. Al so, sectoring based on the
boundi ng boxes of |ower priority objects would al -
lowblots which will no | onger be needed to be dis-
car ded.

O course this approach depends heavily on a well -
condi ti oned envi ronnent (convex sub-objects). It
is not clear whether (1) the al gorithmcoul d be
easily extended to the general case and (2) whet her
data generation and obj ect nodel | i ngtechni ques
could be forced to al ways deliver such well-condi -
ti oned dat a.
I'n general, the testing sequences descri bed above
Wi ll increase in cost with the square of the nunber
of objects invol ved. However, the division of the
data into a hierarchical arrangenent and the use of
sectori ngwhen the nunber of blots getsl arge should
m ni m ze the nunber of necessarytests. Again it
must be pointed out that if the light source lies
inor near the field of viewfromthe eye position,
the space will have to be sectored for shadowde-
term nation so that perspectiveprojections may be
used. This approach counts heavily on the ease of
det er mi ni ng backfacing and frontfacing polygons
and on overlap tests both of which are nuch nore
easily done after a perspective transform

Once the shadowed pol ygons have been det er m ned,
any hi dden-surface al gorithmnay be used to gener-
ate the eyepoint inmage fromthe augnent ed data.
Ther efore, an advantageto the two-pass approach is
that the process of defining shadows is totally in-
dependent of the | ater process of picture genera-
tion; the shadow process may run concurrently in
pipelinew th the picture-generati onprocess. Note
that, given two processors, there is little point
in maki ng the shadow det ecti on al gorithmnore ef-
ficient than the display algorithmif they are to
be run separately and concurrently. Al so, given a
static environnent and a fixed |light source, sha-
dows need be conmputed only once for a | arge num
ber of eyepoint positions. In that situation, the
efficiency of the shadow al gorithmbecones nuch

|l ess inportant.

THE THI RD CLASS: PRQJECTED SHADOWPOLYGONS

Shadows may be defined by the projectionof edges
onto surfacesas in the first and second cl asses
or they may be defined by the vol une of space they
enconpass. The last class of shadow al gorithmin-
cl udes shadowvol unes in the hi dden-surface conmpu-
tation by adding their surfacesto the data. As-
sum ng a pol ygonal object, the shadow surface is
gi ven by pl anes defi ned by contour edges and the
l'i ght source position. Each such edge defines a
pol ygon whose boundaries are the edge itself, the
two lines defined by the |ight source position and
the endpoints of the edge and the bounds of the
field of view (fig. 4). The sense of the pol ygon
must be nai ntai ned so that the near surface of a
shadow vol ume (frontfacing pol ygons) nay be dis-
tingui shed fromthe far surface (backfacingpoly-
gons). Thus the pol ygons facing the |light source
plus the set of projected shadow pol ygons for an
obj ect define its shadowvol une.

Shadow pol ygons may be treated just |ike the rest
of the data when applied to a scanni ng hi dden-sur -



Figure 4:

face al gorithns; only the shading for visible sur-
faces nust handl ed differently. Shadow pol ygons
are thensel ves invisible, thus they do not count

in the determ nationof visibility. However, the
dept h order of shadowsurfaces and vi si bl e surfaces
det er mi nes shadowi ng. A frontfaci ng shadowsurface
puts anything behind it in shadowwhil e a backfac-
ing shadow surface cancels the effect of a front-
facing one. For exanple, a post or colum nm ght
cast a shadowsurface consisting of a single poly-
gon pair. Any surface |ying between those two sha-
dow pol ygons woul d be in shadowwhil e surfaces |y-
ing in front of or behind both pol ygons woul d be
shaded nornmal |l y.

If the frontnost shadowsurface is backfacing, then
everything in front of it is in shadow, if the
rear nost shadow surfaceis frontfacing, then ev-
erything behind it is in shadow. These cases can
occur where the eyepoint is in shadow or a surface
casts a shadow over a large part of the field of
view. Therefore, surfaces are shadowed whenever
they lie in front of a backfacing frontnost shadow
pol ygon or the surface depth count is such that
more frontfaci ngthan backfaci ng shadow pol ygons
have been pi erced. Shadow boundaries are forned
where a visible surface i ntersects a shadow pol y-
gon.

Mbdi fi cati onof a scanni ng hi dden-surfaceal gorithm
to handl e shadow pol ygons i nvol ves changi ng onl y
the inner | oops where shadi ng nust be cal cul at ed.
Two properties of shadowpol ygons nay be used to
sinplify conmputation. First, shadowpol ygons are
invisible. Therefore, scan lines involvingonly
shadow polygons may be ignored. Second, shadow
polygons formed by projection of contour edges can-
not i ntersect one another (as long as a single
light source is used). Thereforethe depth order-
ing of such pol ygons is constant.

Usi ng a scanni ng al gorithmof the Boukni ght variety
(see [4,12] for detailedviews of this type of al-
gorithm shadowpol ygons nmay be treated just as

ot her pol ygons t hrough the y-sort and x-ner ge pro-
cedures. Scanning algorithns generally require

mai nt ai ninga depth-sortedlist of all scan seg-
ments whi ch woul d be piercedby a ray fromthe eye-
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Shadow polygons clipped to the field of view

point through the current position on the scanline.
Shadow pol ygons wi || frequently cause quite | engthy
scan segnents greatly increasingthe average depth
conpl exity over an image. As Sutherlandet al [12]
poi nted out, increased depth conplexity may well
sever el y hanper the perfornmance of scanni ng al go-
rithms.

Shadow pol ygons, however, need be consi dered only
under certain circunstancesduring the production
of scan segnents. The fact that shadow pol ygons
may not intersect allows profitable use of scanline
to scanline coherence. The depth ordering of sha-
dow pol ygons wi || change only when new pol ygons are
added or old ones deleted as the scan noves down
the image. Thus the process of rebuildingand up-
dating the depth-sorted|ist of shadow pol ygons can
be largely elimnated. The |list need only be built
wher e obj ect segnents occur. Therefore, a scanline
wi th no object segnents can be ignored. Since the
depth ordering doesn't change, it will only be
necessary to cal cul ate the depth to a shadow sur-
face when it nust be conpared to the depth of a

vi si bl e surface.

The priority list of shadow pol ygons need only be
sear ched when the visible surface in the inage
changes. Once it is discoveredwhich shadow pol y-
gons bound the currentlyvisible surface (in depth
then only those pol ygons need be checked for pos-
sible intersections. Therefore, although there may
be consi der abl e depth conpl exity due to shadows, a
depth conplexity of two to three shadow surfaces
shoul d be all that really affect conputing tine.
However, many of the inmages nmade today have an av-
erage depth conplexity of less than three. Thus a
significant increasein the tine needed for the
scanni ng process may result fromthe addition of
shadow pol ygons. However, this effect may prove
to be less significant as nore highly conpl ex en-
vironnents are attenpted.

A COVPARI SON OF THE THREE CLASSES

Conpari sons can be nade wi th respect to the addi -
tional difficultyinvolved in representingshadows
usi ng each of the above approaches. Three bases



for conparison are used: the additional data stor-
age required; the additional conputation required,
and the difficultyof the necessary additional
software. A scanning hi dden-surfaceal gorithmis
assumed for this discussion.

At first glance only the second and third cl asses
of al gorithmappear to require additional data
storage. The two-pass approach requi res that sur-
faces be split al ong shadow boundaries, or at | east
that shadow boundari es be included in the data;
the shadow pol ygon approach requires the storage
of perhaps nunerous shadow pol ygons. However,

nei t her of these two classes requires the entire
scene descriptionto be available for the hidden-
surface cal cul ati on; backfacing surfaces and data
lying outside the field of viewnmay be di scarded.
On the other hand, the first class of algorithm
requi res that all object data be available inits
original format all times so that proj ect ed shadow
boundari es may be cal cul at ed during scanout.
Therefore, the space left over for use as tenporary
storage by later stages of the hidden-surface

al gorithmis severely reduced. It nust be con-
cluded that the two-pass approach requires |east
addi ti onal storage, shadow polygons require sone-
what nore and cal cul ati on of shadows during scanoit
requires by far the nost.

Assuming that it will always be nore efficient to
use only silhouettes for cal cul ating shadow bound-
aries, the projected shadow pol ygon appr oach ap-
pears to cause the smallest increase in necessary
conputation. The definition of shadow pol ygons is
strai ghtforwardonce silhouette edges are f ound,
and the additional computation in the scanning pro-
cess is mininizedby taking advantage of the spec-
ial properties of shadow pol ygons. Furthernore,
bot h ot her approaches require met hods whi ch obey

| ess desirabl e growth | aws. Shadow cal cul ati on
during scanout requires addi ti onal conputationto
det er ni ne whi ch surfaces may cast shadows on each
other and then requires the calculationof the
lines separating shadowed and unshadowed ar eas by
oper ations on the object-space data. Boukni ght
and Kel | ey reported roughly doubl ed conput ation
time to include shadows in very sinple scenes. The
two- pass approach, in its turn, requires an addi -
tional solution of the hidden-surfaceproblem
However, since only silhouette edges need to be
consi dered, the first pass should be sinplified.

The conpl exity of the additional software required
al so appears to be smallest for the projected sha-
dow pol ygon approach. Al gorithms of both thefirst
and second cl asses require significant new soft-
ware. However, it could be argued that once a

suit abl e hi dden-surface al gori thmis available for
the two-pass approach, the software for the first
pass is just a subset of that needed for the second
pass and thus no additional software i s needed.

G ven a situationin which a scanning hi dden-sur-
face al gorithmis available, it appears that the
shadow pol ygon approach offers the best sol ution.
However, starting fromscratch, there is no cl ear-
cut best choice. Certainlythereis nuch to be

| earned by inplenentingan algorithmof any cl ass.
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