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The reduction in overall Processing

Abstract and pmemory requirements enabled by this
aprroach may be gquite significant,

especially for those applicatiorns {€e.qg.,

The principal calculation perforred 3-L simulation, animation, interactive
by all visible surface algorithms is the design) in which numerous visible surface
determination of the vwvisitle polygon at images are generated from a relatively
each rpixel in the imrage. Cf the many stable data base.

possible speedurs and efficiencies found

for this probtlem, only one puoblished

algorithe (develored almost a decale ago roductior
by a group at General Electric) took ins
advantage of an observation that many

< e . ker
visibility calculations could be perforrmed The basic ideas in Shuzac

vithout knowledge of the eventual viewing (1969) are  succintly descri:ed kin
position and orientation -- for all Sutherland, Sproull, and Schumacker
possitle im . The method is based on a (1974), from which we guote here. (Hote
"potential obscuration™ relation betwveen that polygons are referred to o SR ACRAE.
Polygens in the sinulated enviromment. ang °:j:Ct" Erlnszrt', rf ShJecks -ape
Unfortunately, the method worked only for THINLEE ohe = RN

certair objects; unmanagatle otjects bhad

to be manually (and expertly!) subdivided The notion that face p;ior:ty l:thin ;
into managable pieces. cluster can be computed independent o

the vievpoint is extremely important.
4 Consider the top view of an object, as

Lescribed in this paper is a solution shovn in figure 1. If, for any
to this problem which afloss substantial a vievpoint, we eliminate the back faces
priori visibility determination for all (relative to that viewroint), the
possible objects without any manual nurbers assigned to each face in the

1 intervention. The method also identifies figure are the priority nurbers. a
the ( hopefully, fevw) visibility cluster is a collection of faces that
calculations which remain to be performed can Dbe assigned a fixed set of
after ¢the viewing fosition is specified. priority numbers which 1“"‘ back
Alsc discussed is the development of still edges are removed, provide correct
stronger solutions which could further priority fror any viewpoint.
reduce the nurber of these visibility

i i The corputation of face priority
:gi:flatzons remaining at image generation Tequires computing whether face A can.

fror any vievpoint, hide face B. It
so, face 1 has priority over face B.
These computations are performed for
all faces of a cluster, and a priority
graph is constructed. If there are
any circuits in the graph (e.g., face
A bas priority over face B, and face B
has priority over face A), the faces
cannot be assigned priorities that
vill produce a correct image. 1In this
case, the cluster will bhave to be
split wmanuvally into smaller clusters.

©1978 ACM 0-89701-004-4/79/0800—-1?5 $00.75
See Copyright Pg. 175




Foesemmeeemy
]

' L-"

' ]

] I

' |

'

" 2l

] 1 !

Y

Figure 1: Face Priority. a) Top viev of:

an vith face Priority numbers
assigned (the lovest number Corresponds to
the highest Priority). b) The same object
vith a specific viewpoint locatea. The
dashed lipes ghow back faces. Pace 1
takes Priority over face 2. [Prorm
Sutherlang, Sfroull, and Schumacker
(1974) 3.

Although it is at
that tieupcint-independent
Priority can te determined
objects, it je Tather discouraging that
objects for which this cannot be done are
S50 easy find (e.g., figure 2).
lack of 'dependabilit;" of the approach,
kept it from videspread
¥e present in this parer a solutijon
to this problem vhich vithout
radal irervention, the generation of
Priority Structures which exhibit minimunm
variance under viewpoint rodification.

first encouraging
tisibility
for many

Figure 2: Sirple object vith no vievpoint -
indeperdent Priority

F = {rl.rz,....tn} be the
Folygons to be
may be first
describing a single object, or possitly
later the entire scene objects.
Schumacker et 2l attempted construction of
a fuﬂction 2% = [1.2..-};
having the Froperty that if both I, and

considered as
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are visible "frop outside the object~
fr; and Ij are both "facing® towarg
the viewer, then f(r;) < t(rj) if ana only
if r, cannct obstruct - Further, for
Y p%int P outside the object (see figure
3) if there is @ ray from p
intersects both I;and r, and if
then obscures tJ(

Iy and
“face" p, -}
:Lis ray) if and only ‘if f(ry) < ¢

(along
5)-

Pigure 3: Visibility along a
(vith an associated t(ﬁ )
Polygon ri.)

vieving ray
beside each

formally describe our
interpretation of Schumacker's method as
pPartially based on Sutherland, Sproull ang
Schuracker (1974) and on Personal
communication with him (Schuznck.:}. As
above, vwve define a Trelation < on the set
B: r, < rj if and only if there exists ,
ray "from- some viewing Position P which
Pierces the "fropt sides” of poth r, and

e now

I, and wvhose point of intcrsactionilith
o is closer to P than jts Foint of
iﬁersection vith ., (See the Aprendix

for a more formal aij cussion of jhow this

relation jg Calculated.)This relation is
modeled by a {directed) grarh 6 which we
vill refer ¢to 45 a "priority graph®. 1f

this graph is
a function
“visibilityn
Ne differ

acyclic then ome can define
LR ==> 2 ¢ satisfying the
conditions described

one-to-one.
restrict the
will be

generality

useful ir subseguent
development. ge borrov a tern Used in the
context of a Partial order anpa vill refer
to such a function as a

epurerat of (R,<) (see, €.9., Preparata
and Yeh (1973) ). (This is alsc Sonmetimes
called a sorting; see,

€.g-, Knuth (1973).)

Be give two exarrles of objects (for
sirplicity ip 2-srace), one object whose
associated graph is acyclic anpd has a
consistent enureration {(figure 4) ana one
vhose graph contains a cycle angd thus does
not have a consistent enureration (figure
5,-
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consistent
priority graph enumeration
Figure 4z Ar  olject vhich admits

consistent enureration.

grarh was pot acyclic

Schuracker ranually agterpzed_to split the

vhich an acyclic graph could be
associated. The difficulty with this
approach was that no general method was
found to split up conglicated objects, and
thus rmany of the Eore interesting cases
could not be bandled without manual
intervention.

Rrorosed Solutjor

§e propose a tvo-stage

AFFroach for

solving this Proktlerm:
1

-

Extraction of as much viewpoint -
independent visibility information
a8 possible fror ap object's
visibility Priority gragh. (This
involves apalysis of the graph and
isolation of "difficulte
subgrarphs.)
Further analysis of these
reraining difficult subgraphs with
the intent of either
2. assigning a more coxplex
visibility code than a partial
ordering, or
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priority graph

Figure S5: ap object which does Rt admit
consistent €enumeration.

b. autcratically Splitting some

of the object Polygons to
simplify these difficult
subgraphs.

The first stage involves isolating

the "difficultw, cyclic subgraphs in our
Priority graph. To do this we partit ion
the priority graph into gt

LOonEorepts. (A subset of vertices of a
grarh spans a strengly connected component
if ard only if it is a raxiral gubset of
vertices such that any vertex in the
Subset is reachable from any other vertex
in this subset. See, €.g9. Berge (1973).)

let U1s0200ee,0, be the (pairwise
disjoint) subsets of vertices Spanning the
strongly connected Components of the
pPriority graph G. (Each 0, is a get of
Polygcrs.) we define a newv "partial
Friorityn vhose vertices are
Uj ¢ee.,0 , and there is an arc from 0, to
if aBd only if there are two vertices

n G, r_g Uy and 1 ¢ UJ, such that there
is an “arc in ¢ fror Ta"to Iy. There are
vell-known efficient wethods for
calculating the graph G' from the original
grarh G.(see, €.g., Abo, Hopcroft & vilpan




(1974) .y As G' is acyclic there exists a
consistent enumeration f: U14070e0.,0,) -
=> 2t. This consistent enumeration of
Ui's can be extended to a Partial

& i of B by defining a funct jon
h:R --> 7+ vhere h(r) = f(U,) for r ¢ 0=
We present G', for the previous lnwoxkabie
Case (figure 5) jf figure 6a. This graph
G', as any "partial Priority» graph, is
alvays acyclic and thus admits consistent
enumeraticr (figure 6L) .

N\JO‘\NU\&*GUI—-

a) b)
Pigure 6: Partial Priority grapk and jts
consistent enumeration (compare with
figure 5).
Thus ve have assigned some
enumeration h:R --> g+ wvhose meaning is as
follows: Por any view, if r apng I are

"front facing" ana are®pierced®py a
ray from the viewving Position, then if

h(r,) < h(ry) ther Iy is visible ana may
obscure r along this ray. (NHote that the
Eeaning 3! h(ta] = h(rb) for I, *# r, is
different here from the one in
Schuracker's afproach. In our case
h(ra} = h(rbj means that it is ot
Possible to decide relative visibility of
r_ and I, using h only, and Some
aﬁditional calculations vill be
necessary.)

This completes the first stage of our
solution. ¥e note that even if the
analysis process is stoppea here that
substaptial reduction in the nunmber of
visibility calculations ig likely.

To illustrate this, let
the "innermostw level of a visible surface
algorithm that of visibility
calculation for one pixel. There may be
Several rolygoums Potentially visible. Llet
then s = (5 ree=,8.} € B be the set of
polygons po{entialiy visible at this

U8 consider
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Pixel. (2 polygon s, is 'potontinll;
visible™ if and only it covers the
Pizel but jis not Decessarily the Dearest
€ to the viewing position.) Let
Sn- min{h(si)litg....,g} and let
= (siih(sij = h}. %o find the Polygon
visible at this pPizel it is stfticélnt to
the elements of .
then the wvisidle
dltotningd efficiently.
particular, if IS| = 1 then
single polygon with highest
no further visibility
needed.)

Riscussion apd Zitepsjops

e are currently itplenenting the
above-describead solution and are studying

If
Polygon
{In
there is ,
Priority amg
Processing is

the feasibility of 8till more powerful
technigues. Clearly the actuoal
implerentation will ansver some
significant questions -- most itportantly

the pPercgntage of pixels in images for
which (5] = 1, the Percentage for which
151 << |5y, and the distribution of these
Pixels throughout the image ang the
distribution among many "gimijarm images.

Several additional enhancements
Teduce still further the nurbers of
calculations needed to generate each
image. let us consider, for irstance, the
situation in which one polygon A obscures
only a part of another polygon B (figure
7a). E could be Split along the Plane of
A into two pelygors (say, B; and B;) such
that A can pot obscure (figure 7t).
Ccnversely, if the Plane of B splits )
(figure 7c) then a c€an ke split into +two
Fieces such that only one piece
pPotentially obscures B (figure 74). Thus
in some cases Strongly connected
components can be entirely Lroken up by
this pmethod (figure €a ang 8k). still
more efficiencies may be attained by
generalizing the original goal of a Pricri
visibility calculations,

ray

Until nov we bhave discussed op)

techniques whose results are valig for all
vieving positions P ana all
possible viewing Iays r. 1 mcre generous
view of visibility Friority Tequirerents
may be useful as sonme derived information
may only be within

valid somre limited

scope.
Some possible scopes of tlsibilit:
Priority inforraticn:

T« Al1 P'g apna all r's: This ig the
most wuseful 1nfornation, one
to which the above Qdiscussion
bas so far been lirited.

2. Some P's apa all r*s: Thig may be
inforration whose validity is

lizited to certaip regions in




c) d)

rPigure 7: Sglitting polygonse.

the 3-space environment; We
may wish to ptilize  such
information by subdividing the
envirorment space and making
modifications im the priority
orderirg whenever P crosses
fromr one subspace to another.
particular P and all r's: This
may, correspond to inforration
valida for all the images
enerated from one particular
viewing Fosition. When the
viewing position is roved,
such informaticn would have to
be modified {(by .perhaps,
altering parts of the priority
grath.)
particular F
particular r: This is
jnformation valid only for
certain pixels vithinicertain
image. 1In this situation, the
useful_ness of our general "a
priori® approach will depend
on the specific number of
calculations reraining to this
stage, 2s compared with the
number of calculations needed
by the standazrd distarce
computations used in most
visible surface algorithes.

3. One

4. Cne and one
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5,
B
A R
b)
rigure 8: a) origimal pclygons and
strongly connected component graph. b)
split polygons and resulting (acyclic)
priority graph.
(Cther scoges, of course, mway also
preve veeful.)
Cne approach ve are currently

develcfing for this last situation is to
assigr more sophisticated enumerations to
the elerents of strongly connected
conporents. let us consider, for
instance, the simple strongly connected
comgonents of figure 9a, consisting of a
rirg of four vertices. The lack of arcs
betweer nodes A and C and betveen nodes B
and D implies that one node (polygon) in
each pair can never obscure the other in

the Fpair, from anX point in space. {(That
is, there is no celation tetveen A and C
and Letween E and [.) This implies that

at any given pizel in the irage, at most
one (but nct both) of the pair AC and one
of “he pair BL may be potentially visible.
Thus all the pixels wvhich have more than
ore potentially visitle polygons Lelong to
one of four classes: A & B (potentially
eigibie); 1o €50, D & At 1IN all the
cases the priority assignment is easy to
determine. The various cases are
surrarized in figure Sb.

left yet to be resolved are strongly
connected components with more complex

structure than a simrple cycle. For these
situations it may be possible to show that
for certain {rost?) geometric




a)

Potentially Visible Highest Priority
at a Pixel: (i.e., visible)
AEBe"dC 25D
Y Y N N A
|, ER SEhs devo ] B
IO | B S c
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b)

Figure 9: a) Strongly connected conponent.
b) The only possible conflicting cases.

configurations there is no point P with
viewving ray r which ean pierce all
Polygons of any conplete subgraph. Should
this prove to be the case, then a
calculation deterzining which Pelygon (s)
are pot potentially visible at a Fixel (by
backfacing or not falling onto the pixel)
vill be sufficient to deterrine the
priority of the remaining potentially
visible ones.

These and

cther technigues are
currently being investigated.
Arpepdix
Retermining the Friority Grarh
e assume for the following

discussion that each pPolygon in our set
4. is oriented, in that it bas two

faces: a front face and a back
face,

b. does not interpenetrate ancther
polygon,

€. 1is convex.
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Consider now that the plane in which
a polygon lies naturally divides the rest
of the three-dirensional space into two
half-spaces associated with the two sides
of the polygon: the front half-space, and
the back half-space. for a polygon r they
vill be denoted by FHES(r) and BBS (1),
respectively.

We nov wvish to analyze the following
sitvation: let there ke tvo non-
intersecting oriented polygons 1, and
I, in the space. Onder vhich
€ircunstances can we say that from scme
viewing position I; (partially) cobstructs
T, ? We shall denote such ®potential®
oivstruction of r, by writing 5 <r5.

It is easy to see that r, obstructs
I, fror a viewing position & along the
ray e if and cnly if the following
conditions are satisfied:
1. P lies in FES(r, ) N FAS(Tr, ), and
2. A point travcll&ng from P along o
a. travels for some distance in a
region of the space which is
in both !BS(H ) and !HS{Q )
until it "pjercesm I, then
b. travels in a region which is
in BES(r;) and in PHS(L, )
until it pierces r,, then
C. travels in a region wvhich is
ir both BHES(r; ) and BHS(r, ).

This inforral discussion leads to he

follovirg characterization:

kenma: r; < r, if and only if
1. ;N FHS(r,) # @, and
2. ry; N BHES(r]) + 0.
(Bere 1, and r, are treated as
plarar tegions2 in the three-
dirensional space.)

Prgof: 1Is nct presented here. It is a
straightforvard formalization of
the previous discussion. o

It is worthwhile to examine the

situation deeper. The two planes on which
the pclygens 1) and r, lie divide the rest
of the space into four "cones". (§e are
excluding here, for gimplicity, the case
vhere the two planes are parallel.) These
four cones are simply:

PHS[q} n !BS(Q],

?35(1‘1 ) N BHS (g, ),

BHS (1)) n FHS (5 ),

BHS(x ) n BHS(L ).
We can now state:

<€ <=>bothr

intersections ui{h
BHS(:I} N FHS(rzj-

and ¢

bave non-empty
the

boundary of

For a polygon r we shall denote by
CONVEX (1) the srallest subset of the
vertices of r that spans the (convex) hull
of r. We can now state a computationally

Lo et sssCRma e




attractive condition for (potential)
gbstruction:
3 < if and only if there exist
ol e cﬁnzx(:lj and
P, € CONVEX(r,) such that
P] € PHS (1) éna P, € BES(r]).
Proef: rzon the above it follows that

1 if and only if there exist
5 in:ide cr on the boundary of

T1e and inside or on the

boundary o% Iy such that

F € rustr ) and B, %¢ BES(r ).

let now € rnstr Intersect
with a ire in the plane of 13

thls line must cross the boundary

of the enclosing convex huoll
defined by COI?E!{:IJ in exactly
tvo places; call these points
and Q-
since | N 2lies betveen Q, and 0Q,,
one cas;ly sees that either
QL € PBS lr ) or € PUBS (r2 )
Without loss of gene:aixtj. assume

C, € PES(r;). Q; lies betveen two
points in COoNv l(ril: call these

E; and Similarly since
91 3 rasuj either P, € PHS(I,)

gnsirzj. Thus there
l:ists soue B € COI?!I(:I) such
that P, € rﬂsttz}. The treatment
of 1, is apalagous. o

We can thus easily check vwhether
r, < r, using O(CONVEX(r,) ¢ CONVEX(r,))
operations. In the case vhere he
polygons are defined in terms of a list of
vertices one has an O(#(r;) + #(x,))
algorithm, wvhere #(r) denotes the number
of points in the vertex-list defining r.
(Sirply examine all the vertices of a
polygon r without 1limiting consideration
to CCEVEX(r) only.)

Bith the additional observation that
the distance betveen the vertices of
I, (respectively r;) and the Flane defined
by 1 (respectxvei is bimodal, an
O(log(#(r;) + #(ry)) nigo:ithm can be
designed; it is probably not worthwhile to
do s0 as #(r;) + #(r;) is rather small.
(Sirply examine all the vertices of a
polygon r without 1limiting consideration
to CCEVEX(r) only.)

Beferepces

Aho, A.V., Hopcroft, J.E. & Ullman, J.D.

(1974) Zhe DResigr apd Analysis of
Algorithrs, Addison-Nesley
Berge, C. (1973) Graphs and Bypergrapls .

Rorth HBolland

Knuth, D.E. (1973) Ihe _Art of Computer
Brogramring:
MAlgorithmrs., (Second Edition), Addison-

181

Wesley

Pregparata, F.P. & Yeh, BR.T. (1973)

Ipstroductiop o Liscrete SLIVCiViss.
Addison-Nesley

Schuracker, R.A., Brand, R., Gilliland, M.
E Sharp, §. (1969) *® Study for
Applying Computer-Generated Images tgq

Visual Simulation™, AFHRL-TR-69-14,
U0.S. Air Force Buman Besources
laboratory

Sutherland, I.B., Sproull, B.P. &
Schuracker, | Y P {1974) n)
Characterization of Ten Hidden-Surface
Algorithms", JCH S31veys. §
(1):1=-55

-= end =--




