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I'xamples of World ‘odel

FIGURE 1.1 -

Scenes.
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I, INTRQDUCTION,

In order to get a OOMPULEr to deal with the physlcal world it
must have a data representatlion on Which computations !nvolving
space, tlme, shape, si2e, and the appearance of things can be done,
It 1smy current preJudice that polyhedra provide the DProper startina
polntforbullding such a physleal world representation, A Stanford
Aptificial Intellegence, Binford and AQin have started instead wlth
splne-cross sect!on mnpndels as an alternate aPproach to the same
proclems (reference 11, Other researchers with somewhat different
goals, are attempting to build semantic, predicate calculus, problem
So!Vinds or startedy plapsi @ Wrld mgdels, In ap¥Yavenpts this
paper |s about a bod,, face, eage, vertex polyhedron model that s
for modeling ObJec{s and Scenes of opjects for the sake of conputer
vision,

Although the ¢data strugture to be discussed is not |anguagde
dePendent, the termin|{ogyY and exanples Wlll follow ALGOL and LISP.
Alsos the reader is assumed to have 80M® acquaintance wth the i deas
associated with the following technical terms}

A block, nodesitem, elenent, atom

R lInk, pointer, address, reference,

C: datum ¢Gontent, value,

D: Ilsty, ring, stack, pdl, tree,

E: dynamic free storage & menory allocation,

‘A thorough presentation Of these ternms and ideas can be found in
chapter two of Volume one of Knuth’s cookbook, ‘The Art of Computer
Ppogramming’ ([Reference 7], The word "ring” used informmlly in thls
parer will always nean a double pointer ring with a head; and as in
LISP, words of memory happen to be able to hold two pointers.
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FIGURE 1.2 - A Polyhedron Model of a echanical Arm.
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1, A+ lntroduction to World Modeling,

1 will introduce my requirements for g3 computer model of the
physica| world In terms of It8 role as a memory, As a memerys, a
wor |d nodel has contents and an addressing meghanlsm, The klnds of

data that I wish to hold in ny wWOFrld npndel are:

CONTENT REQUI REMENTS
1, Topologlcal data,
2, Geometrle data.
3, Photometric data,
4, Parts tree data,

Topological data has todowlth thenotlion of nelghborhood;} a
wor|d nodal has data on what is next to what. A face., ~das, vertex
model I|s essentially dedlicated to surface topology) mattersof volume
topology are not stored but rather nust be computed, Geometric data
has to do Wwith notions sueh as |oous, |ength, area and volume,
Photometpic data (ncludes the |loeUS and nature of |1ght seurces, as
wel| as data on how surfaces ref|ect, absorb and scatter |Ight, Parts
tree data has to do Wwlth the notlon that obJeots are composed of
Darts, Whlieh I construe as data on the structure ©of the physlcal
wor|d rathepthanas purely anartifactof having structured World
.data} that s, I_prefer tohgvethaspoclflcatfonofhowan antlty ls
broken [nto parts be external to my world mnodel, The kindsof data
not Included are semantlc data (other than body names)’ physlcal data
such as mass, fIneptia tensors, eleectricalproperties and so OM} and
gultural data such as Whether an obJect Is a toy,tool,orweapon;
withanyartistlc, pe|lgious or mmrket value,

Ne xt the kinds of addressing nechanisnms I wish to have, (or
equivalently the input-output modes of the nodel) are:

ACCESSING REQUI REMENTS
1., Appegrance = given g caMergs return an imggeof
what the world wWoudld look |ike from that camera,
2, Recognition = 9lven an Image, return the obJects
from the world nodel that appearinthatimage,
3, Camera Solutlon = given a recognized (image,
tind the locatlion 6 orlentatlon of the camera:
4, perception= glvenimages, from solved cameras,
place new bodles into the nodel for portlons of
the !mages that have not Yet been recognlzed,
5, Spatial Accessing = glvenalocus and radius,
return the Portions of obJects In that sphere,

Clearl¥, these are the high |eve| accessing requirements whfoh are
the reasonsfor having a world nodel and the designm goals for  nodel
byi|ding,
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FIGURE 1.3 - A Camera ilodel.

FIGURE 1.4 - Logical and Physical FRaster Sizes.

LDX = 16 columns

LDY = 12 PDY — 2.3"
rows

DX = 3.1"
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I. B« lntroductlon to a Camepa Mode|,

A sthe accessing requirements Imply, a world mode| requlires a
speclal entlity called a camera WwWhiech [Is wused ¢® mode| (image
formatlion, Although the canera nodel i8 Important here for acomplete
speclfication of the data, It may be skipped on a first readin@. The
particular ocameramodel | havebo®on using lately, |s expressed by
eighteen rcal numbers Involving nine degrees of freadom, First there
Is the camera l8ns center looust

Cx, Cy, C3, In world coordinates,

Afixed to the lens canter Is the canera frame of reference wlth wunltg
vectors I, J and k, When the Image forned by the canmera Ls placed In
correspondence to a display screen,as |llustrated In figure 1,3, the
Uunit Vvector | maps into the rightward positive x of the dispjlay
screen, and the uUnit vector J maps |nte the upward positive ¥y of the
display screen, and the unlt vegtor k comes out of the display screen
to form a right handed ooordlnatr system, Together the three unlt
vectors of the camera ar® the three by three rotation matrlx:

IX, 1Y, 13
JXo JY, JE In world aoordfnates,
KX, KY, K2

NeXt, there are (hree Scales whigh determine the correspondence
between world slze and Image size, Observe that the worldi smeasured
In physical units of length |ike meters or feet while computer Images
come In integral sizes |ike 1024 by 1824 or 480 rows by 5312 columns,
thus the conversion scales must be In terms of logical Image units

per physlcal world units, In an actual television canmera a mlinute
| mage (say Omm by 312mm) Is forned on @& vidleon tube andthat image
has a partloular nunber of rows and oolumns, It |8 the I1ttle Image

on the vidleon that we pretend to nmodel by the six parameters!

LDOX, LDY, LDZ Log
PDX,

oglcal roster slze,
PDY, FOCAL Physi |z

|
sical raster slize.

Wiere the nunmber named FOCAL, !s the focal plane distanoe whleh in
this model (with dlstant obJects) oan safely be equated With the lens
foca! length and can be given in mijlimeters (conventional lens run
12,5mm to 7s5mm fo, 1" TV). The integer LDZ !s an artlfactso that
the unlts come out correct!y in the 2 dimension, Thus <the scales
factor8 are deflined,

SCALEX « =FOCAL®LOX/PDX};
SCALEY « =FOCAL*LDY/PDY}
SCALEZ « FOCALeLDZ;

This slimple canera mode] i8S wused to Gompute vertex lma?e
coordinates, A more 6laborate physlcal camera nodel can be found In
Sobel [reference 91,

6
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FIGURE 1.5 - A Renaissance Camera Model.
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I. Cv Introductlion to Body, Facse, Edge, Vertex (BFEV) Mbdeling,

This introduotfon to BFEV modeling wlIl be ‘n"osmal and
specliflec to the winged edge nodel presented Im Part-11 of ttH s paper,
Miny of the basic numerlcal relatlons which mmke BFEV nodels
important are stated im ALGOL notatlon without Proof,

The Vertex,

A vertex Is an instance® of a polnt In a Eucildean thpee
space, The Inportant thing about a vertex is lts world |ocus (Wsth
component nanes XWC,YWC,ZWC standing for world=coordinates), vertex
loct! are the basic geometrlc data from whieh length, area, vol une,
face Vvector 3 and Imgge positions ean be conputed, Also a Vertex nmy
exist sImultaneous|y in one or nore Iimage sSpaces, A n Image Space
(wlth oonponent names XPP,YPP,ZPP standing for perspective=projected)
ls always three dimenslonal and 18 determined Wlth respect to a 9lven
canera oentered coordinate system (wlth conobnent nanmes XCC,YCC,2CC
standing for canera-coordinates), The third Image conponent, ZRPP,
!s taken |Inversely proportional to the distange of the vertex from
the cameralmage pjane, 2ZCC., UsSIng ¢t he camera of <the previous
sectlon, The transformation of a vertex world locus to a canera
centered |ocus is:

X & xwe = CXi
Y « YWC = CY3
2 « ZWC = C2}

xcec *® IX#X & JYsY + 1ZeZj
YCC & JX#X « JY&Y + JZaZ}
2CC & KX®#X + KY®Y + KZeZ}

The first three assignment statements are the transiation to
the camera frame's orl@ln, the ssegond three® assignnents are the

.rotatlon to the camera frame’s orlentation, Ne xt the perspectlve

ppojection transformatlion IS computed(

XPP o SCALEX#XCC/ZCC)
YPP +« SCALEYeYCC/ZCC)
ZPP « SCALEZ /2CC;

The XPP and YPP assignments areé derlved by means of simlar
triangles, as Ts'ng ddope by the man In figure 1,53 the 2pp
asslonment Is for preserving the depth information  and the
colinmeaplty of the world in the perspective projected Image space, As
given, the PP frame |g right handed and vertleces In front of the
camera’s imge plane will have negatlive ZppjZpp values near -FOCAL
are cjose to the camera and values approaching Zero are far away,

A flnal mattep withrespectto vertices Is thelr valence. The
Valence Of g Vertex !s the nunber O0f edg9es that neet at the vertex, A
vertex valence of three, for example, Indicates a trlhedral corner,
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«1, C+ lntroduction to BFEV Mode|ing,(continued),
The tdge,

For a start, the structure of an edge need b® thought of as
little more than two vertices; the topological| subtiety of edges wil I
be expiained Jater, However, tw vertices do defline the imaortant
georetric edge data called the 20 Iine coefficients., Named PA, BB,
cc; these coefflcients are computed from the perspective locus of the
edge's endpolnts as follows:

AA * Y1 = Y23
55 & x2 = X1
cc * X1aY2 « X2#Y1:

Thege coefflcients appear In the 2D equatien o f the | he t hat
containsthe edge:
0 = AA#X + BBeY + CC;

whepr the edge coefficients are normmlized:

L « SQRT(AA*2+BB*2);
AA  « AA/L:
~ B8B/L3
« CCL;
the |ine equation g9ives the distance, of a point X,Y from the Iline:

0 « AA#X + BBeY + CC;

The distance is actually ABS(Q), since G is negative on one side side
cf the [|ine; alsp if one were standing on the plane at d2oint X1,Y1
facing x2,Y2 the Q positive half-plane would be on your left and the
G recative half plane would be on Your right.,

An Important operation on two edges iS to detect whether Or
rot they intersect: this canh be declded by checking first whether the

endpaints of one edge are in the opposite half planes of the other
ed%e, amrd second whether the endpolnts of the latter edge are In  the
oppbosite half planes of the first. Waen both conditions ohtaim, then
the intersection pojnt can be found:

T « (Al#B2 = A2#B1);
x + (Bi#C2 = B2&C1)/T7T;
Y « (A2#C1l = Al#C2)/7;

An actual compare for- Intersection should initially check for the
igentity case, and for edges with a vertex in common,
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1« Cv Introduction to BFEV Mdeling, (Continued),
The Face,

Afaceis a, finite reglon of oplane enclosed by straight
lines, A safe formal face structure could be bullt by defininga
trlangle as three pon-colinéar vertices and then Insisting that all
faces be triangle interlors, Unhappily, BFEV faces are usually
represented as a |lst of vertices and ed9es tot by somethlng nearly
equivalent) for the sake of saving memoryspace, Such ‘| jst’ fages
are not monolithic but tend to suffer special cases and opathologles
such as;:

Coincident or crossing 8dges,
Holes and DisJolntness,
Concavity (& Convexlty),
Non-copianarity,

LI1ke edges, faces have characteristic qoefflclents Face coefficients
satisfy the equation of a plane in whichthe face fs enbedded:

AA#X + BBasY + CCeZ2Z = KK,

The equation could be divided by KK, but that |s undesirabie because
the AAy, BB, CC are more useful as a unit normml vector, In which case
‘KK Is the dlstance of the orlgln from the plane, Glven the loall of
thre® non-oollnear vertices, the coefficients of a plane can be

corputed by Kramer’s rujeasfollows!?

KK . X1#(22#Y3~Y2#2Z3)

+ Y12 (X2#E23=22#X3)

+ BLe(Y2#X3=X2#Y3)}
AA «(218(Y2=Y3) + 224(Y3=Yl) <+ Z3#(Y1l-Y2))i
BB e (X1#(22-23) + X2#(23=21) . X3I®(Z1=-22));
cc o (X18(Y3=Y2) + X2®(YL~Y3) . X3#(Y2=Y1))}

and normalizeds

ABC « SQRT(AA?2 + BBt2 + CC*2)}
AA « AA/ ABG;
BB « BB/ABC;
cc + CCrABC;
KK « KK/ABC;

If the glven vertices VI, V2, V3 had been taken golng coun}er
clockwise ,8ut the face as viewed from the exterlor of the solld,

ther the following relations obtaint

AA®X + BBaY + CC#Z € KK Imp|iesX,Y,Zabove the plane,
AAsX + BBa#Y + CC#Z = KK [mplies X+YsZ in the plane,
AA#yx + BBey + CC#Z » KK Inplies XrYs2 bolow the plane,

Face coefficlents prove useful In both world andaimagecoordinates,
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. Cv Irtroduction to BFEV Modejing, (continued),
POLYNEDRA, BODIES and OBJECTS,

In elementary geonetry8 a polyhedron is said to be a solid
forred (or bounded) by plane faces; the word "polyhedron" literally

reaning "many=f aceg", Topologically, simple polyhedra satisfy
Euler’s F-E+V=2 equation; where F,» E and V are the nunber of faces,
eg%eS and vertices of the polyhedron respectively, This equatlon was
kncwn to Descartes {n 1643, but the first proof Wasn't glven Until
1752, when Euler proved the relation by considering the Graph
corresponding to the edges of polyhedra, A sinple polyhedron s one
homeomorphic to a Sphere, The rlgorous developnent of Volume neasure,
and in turn ‘solid’ Polyhedra, is not Simple; thus it has been easler
to take the topologlecal notfon F=E+V=2 as the more Brimitive
definition of a polyhedron on which to base a data structure and to
orcceed towards the appearance o f ‘sollidness’ whlch 15 a nore
complicated notion. --

Counter to the wusual usuage, ] define the word "body" to mnean
an entity nmore Spegifficc than aapolyhedron; the idea being that a

pol!yhecron Is reoresented by the whole structure of bodles, faces,
8dges and vertices. Bodies mmy have location, Orientatiom and volune
in space, Bodies my be conected to faces, edges and vertlces, which
may or may not form a complete polyhedron, It is typical to have
only one body to a polyhedrOn when representing a rigid obJect like a
slegde hammer and several bodies to a polyhedron when representing a

flexible object |ike a mn, Furthermore, the body concept Is used t o
hanole the notion of parts and abstract regional obJects such as a
parking 1lot, Fop examgle, the Stanford Al Parking Lot is

représénted by a body that has three partsi the Near, Mid and Far
Lots: The Near Lot then has aisles and lanes and lanp Islands; a lanp
Island has a curd and two !amps} a lanb has a base, stem and too,
This parts structure is carrled in bodY nodes, Final |y, the word
"object" will be used to refer to physical objects such as a
redwood=tree, building, or roadway,
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Figufe 1.6
FACE PLRIMETER = a face is surrounded Dy odges and vertices,
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VERTEX PER IMETER' = . vertex is surrounded b5y ed3des and faces,
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Figure 1.8

EpGeE PERIMETER = an edge s surrounded by 2 faces & 2 vertlces,
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1. Cv Introduction to BFEV Mdeling, (continued),

FOUR KINDS OF BFEY ACCESSING,

1. Accessing by name and serial nunber.

2. Parts-Tree Accessling,

3, FEV Seguential Accessling,

4. FEV Perlimeter Accessing,

A BFEV - moce ] has four kinds of accessing, The mpst

conventional BFEV access is retrieval oy 3symboli¢ name which reguires
a symbo I tabie, Next, between bodles there is Parts-Tree accessing,
At the top of the Parts-Tree is a specla! body named the world to
which al1] the other podies are attached; thus the world body serves

as an OBLIST node, Given a partlicular body, a Iist of its sub-parts
can beé retrieved as well as its supra-part or "supart", A supart is
the who|e entity to which a part belonds, the world being its own
syrart.

Wt hin €at” pow there |s face, edge and vertex seguentlal
accessing, Given a body, all its faces, or edges, or vertlcesneed to
be readily availabl|e since nerspective projection loops thtu all the

vertices, and the process of display ¢l ipping loops thru al | the
edges, and the act of checking for body intersection loops thru al |
the taces, In LIS®, one mght provide FEV sequential accessing by

placing a list of faces, a list of edges and alist of vertices on
the property Iist of each bodys, so that a cube night be represented
ag:

(CEFPROP CURE (F1 F2 F3 F4 F5 F6) FACES)
(DEFPROP ~UBE (£l F2 E3 E4 E5 £6 E7 E8 E9 E17 E11 £12)£0CES)
(DEFpRop CUBE (V1 V2 V3 V4 V5 V6 V7 VB) VERTICES)

. - . Finally, among the faces, edges.and vertices of a body there
lg perimeter accessing, Faces have a perimetepr of edges and vertices

[figure 1,615 less commonl!y used, vertices have a perimetar of edges
ant taces [figure 1,735 and of narticular note, edges have a
perimeter always formed by two faces and two vertices, [flgure 1,8].
Perineter accessing requires that 3iven a face, edge or vertex, that
the perimeter of that entity be readlly accessible, Since the surface
of a polyhedron Is orientablie, that is has a well defined Inside and
outsrtoe, (Klein Dbottles With their crosscaps will not be modeled),
such perlimeter |ists can be ordered (say clockwise) With respect to
t he exterior of the polyhedron, Perimeter accessing is nentioned in
Guzran [reference 63 and Falk [reference 43 and is the under lylIna
basis of part=]l] of this paper which presents a polvyhearcn nodel
bulit for accessind and altering face, edge and vertex perimeters,
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Figure 2,1 = BASIC NODE STRUCTURE.

Figyre 2,2 « THE WINGED EDGE,

BODY-=BLOCK FACE-BLOCK [EDGE- BLOCK VERTEX-BLOCK
=3, par¢,copart|=3, -3, =3, XWC

“2 -2, -2, 2, YWC

=1 -1, -1, 21, ZNWC

B+ type 2. type @+ type 8. type
+1, nface,pface |+1, nface,pface |+1, nface,pface |+1,
+2, ned,ped +2, ped +2, ned,ped +2, ped
+3, nvt,pvt +3, +3, nvt,pvt +3, nvt,pvt
+4, +4, *4, NCcw,pcw +4,
+5, +5, *5, NCCW,DCCW +5,
[+64 hd-T - +6, +6.,

5 Wepds 2 words 6 words 5 words

(As viewed from the exterlor of a solld),

\ /
NCCW(E) '\ / PCW(E)
\ /

\ /
\ 7/

PVT(E)

I

I
NFACE(E) E PFACE(E)

|

|

NVT(E) .
/ \ '
/
/ \
NCW(E) / \ PCCW(E)
/ \

Figure 2,3 = AN ACIUAL NODE STRUCTURE = SEPTEMBER 1972,

- - G - R -
=3, part,copart [~3. A -g. KE “J5. XW
-2, locor -2, BB -2, BB -2, YWC
=1, bnamre, -1, CC “1. cC =1, ZWC
@, type,serlal | 0, type,serlal | O, type,serfal | @, type,seria
+1, nface,pface |[+1, nface,pface +1, nface,pface [+1, XDC,Tjolint
42, ned,ped +2, ped +2, ned,ped +2, YDC,ped
+3, nvt,pvt +3, QQ +3, nvt,pve +3, nvt,ovt
+4, Feng,Vent  [|+4, KK- +4, ncW, pew +4, XPP
+5, Ecnt,Pent +5, «5, ncow,pccw +5, YPP
+6, nbody,pbody |+6, alt, +6, alt,pbody +6, Zpp
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PAkT=il, THE WINGEZC EJCGE 2aTa STRJUCTURY,

II,A, wingsd Edge Data Structure.

Bodles, Faces, Edges and Vertices are representec py Gblocxs
of contiguously aacdressed Wrds, A single block Size of %tan acrds is
adequate, A single word, like a LISP node, can hnold two agaresszes of
a floating polnt nunber, The BFEY Dblocks are pointec 2t ¢¥ the
address of thelr word numbered Zerpo which c¢Ontains c¢on~trol Dits
Incicating whether the block !s a body, face, edge or vertex, Figurs
2,1 illustrates the block formt that IS being presentec a s an
example of a winged edde data structure; a minimal numper Of words
for each block is indicated.

The basic geometric datum is the vertex loeus, #%ich is
stored in three Wrds of each Vvertex block at positions =3,°=«, =1;
these positions are named XWC» YACs» ZWC respectively: the [etters
"WC" standinag for "world coordinates”,

The basic topological data are the three rings of the body;
(a ring of faces, a ring of eddes, and a ring of vertices) Aand the
winged edge pointers (eight such pointers In each edge block,and one
syckh pointer I n each face and vertex olock), The face, edge and
vertex ring pointers are stored at positions +1, +*Z, +3} each
position has two names: NFACE, WED, NVT for the left pointers
respectively; and PFACE, PEC, PVT for the right, A face, edde or
vertex can only belong to one bodyY and so there is only 9ne body node
in a 9lven face, edge or vertex ring: and that body node sérves as
the head of the ring, The reason for double pointer rings s for the
sake of rapl!d deletjons other mimor advantages would not Justify the
use of double rlngs,

The e19ght WINGED pointers of an edge block Include: two
pointers to the faces of that edge, tWo pointers to the vertices of
t hat @gde, and four pointers to the next edges clockwise and ¢oOUNnter
clockwlse in each of that edge's two faces; these last four pcinters
are called the wings of that edge, As figure 2.2 suggests, four of
these eight polnters are stored in the same positions and referred to
by the same names as the face and vertex ring pointers; namely the
NFACE, PFACE, NVT and PVT pointers, There are four ways in which a
Pair offaces and a pair of vertices can be placed Into the two face
positions and tw Vertex Pposltlons of an edge; by constrainimg these
choices two bits are impileitly encoded, one bit is callzsd the edge
paritys and the other Is called the surface rarity; these 2its are
explained later, Finally, the single winged edge pointer found in
faces and vertlces is kept in the position nanmed PED and it points to
one of the edges belonging to that face or vertex.

Al though the vertices in figure 2.2 are shown with three
eddes, vertices may have any nunmber of edges; those Other zotential

edges Would not e girectly connected to E and so were not shown,
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A SUMMARY OF WINGED EDGE OPERATI ONS.

DYNAMIC STORAGE ALLOCATI ON,

1, Q « GETBLK(SIZE)!
2 RELBLK(Q,SI1ZE)s

BFEYV MAKE 6 KILL OPERATI ONS,

BNEW « MKB(B)} KLB(BNEW)

FNEW ¢« MKF (RB)} KLF(B,FNEW)}
ENEW « MKE(B); KLE(B,ENEW)}
YNEW « MKV(8); KLV(B,VNEW)}

bW

FETCH LINK AND STORE LINK OPERATIONS,

1. F « NFACE(Q); F « PFACE(Q)s NFACE.(F,Q)s PFACE,(F,Q)
2, E « NED(Q)} E ¢ NED(Q) NED, (E, Q) ; PED.(E,Q);
3, v « NVT(Q)3 V « NVT(Q)} NVT.(V,0)3 PVT.(V,Q);
4, A « NCW(E)} A « PCW(E)} NCW,(A,E); PCW.(A,E)}
5, A -- NCCW(E); A « PCCHW(E)]; NCCW, (A,E)s PCCW,(A,E):

WING LINK OPERATI ONS,

1, WING(EL,E2);
. I NVERT(E) ;

PERIMETER FETCH OPERATI ONS.

ECW(E, Q)
ECCW(E Q)
FCW(E, V)
FCCW(E)V) )
VCW(E,F)
VCCW(EF)}
0THER(E:Q);

N O U A W OE
1

OD< < Twmmm

t ettt T

-
- - o

PARTS TREE OPERATI ONS,

i, B « PART(8); B « COPART(B);
2. B » BODY(Q: B « SUPART(B ;
3, ATT(B1,B2); ATTACH(B1,B2);
¢, DET(B)} DETACH( B) :
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Il. B, The Winged t£3ge Operations.
Dynamic Storage Allocation,

At the Very bottom, of what is becoming a rather deep rest of
ppiritives within perimitives, are the two d¥namic storage allecation
functions GETBLK and RELBLK, GETBLK allocates from 1 to 4K words of
nenory Space in a contiguous block and returns the machine address cof
the first wWord of that block, RELBLK releases the indicates blaock to
the avVailaole free memoryY space, (It lis sad that the mchines of our
day do not cone With dynamic free storage), A 9o0o0d reference for
implementing such dynamic storage, mentioned earlier, is Knyth
(reference 73, Altnoygh a fixed block size Of ten or fewerwordscanr
be made t o handle the 3FEV entities, grandiose and fickle research
applications (as well! as memory wuse optimization) geman~ the
fiexibllity of a variable plock size,

BFEV Mke & Kill Operations.

Just above the free storage routires we the four pairs of
make and kill operations, The MKB operation Creates 6 body b5lock  and
attaches it as a sub=part of the gi ven body, The world bheody always
exigts So that MKB(WORLD) will make a body attached to the world, In
-thig Dpaper, t he terms ‘attach’ and 'detach' refer to op8rations on

the Darts-tree linkages. The FEV make operations: MKF, MKE, MKy
create the ¢OfrgsSponding FEV entitieS and place ther ir their
respective FEV rings Of the given hodY. In the cUrrent

implementation, thg FEV makers Se% the t¥pe pits Of the gntityY, and
incrémeént the proper total FEV counter, &s We|l as the prgoper Dedy
FEV counter in the glven Dbody’s node, (the Fent, Ecnt, Vcrt node
positions are shown in figure 2,3), The kill operations: KLB, KLF,
KLE, @and KLV; delete the entity from its pring (or remove !t from the
Darts-tree), release its space by cal!l ing RELBLK, and then decrement
the aPproprlate counters, The body of the entity is needed by the
kill primitives and can be provide directly as an argument or if
missing, wil|| oe found {n the data b¥ the primtive itself,

Fetch Ljink and Store Link Operations,

Each of the fetch link and Store link operations nam&d in the
summary is a single machine instructton that arcessas t he
corresbonding link position in a node, Once BFEV nodes exist, wlth
their rings and parts-tree alreadyY in place; the fetch &nd store !Ink
operations are used to construct or modify a polyhedron? surface, At
this lowest level, constructing a polyhedron reauires Three steos:
first the two vertex and two face pointers areplacedinte each edge
in counter clockwise Order as they appear when 1that edge is vi ewed
from t he exterior of the Solid; second an edge pointer is placed in
each face and vertex, so that one can later det from a diven face Or
vertex to one of its edges; and third the edge wings 2ars |inked so
that al] the ordered pefimeter accessing operations describea below
wil) wepk, Winglinking is facilitated by the WING operaticn,
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FIGURE 2 . 4 = MIDPOCINT EXAMPLE (gee text on

pvt /

/ nvt

page 20).

INTEGER PROCEDURE MIDPOINT (INTEGER E);
BEGIN "M DPOINT"
INTEGER B,ENEW,VNEW,V1,V2;

a CREATE A NEW EDGE AND VERTEX})
B * BODY(E);
VNEW ¢ MKV(B);
ENEW « MKE(B);

a GET VERTICES AND FACES CONNECTED TO EDGES;
PVT,(PVT(E),ENEW)}
PVT,(VNEW,E)}
NVT, (VNEW,ENEW);
PFACE, (PFACEC(E),ENEW);
NFACE,(NFACE(E) ,ENEW);

Q

GET EDGES CONNECTED TO VERTICES;
. IF PED(V)=E THEN PED,(ENEW,V);
PED, (ENEW,VNEW)

LINK THE WNGS TOGETHER}
WING(NCCW(E),ENEW)JWING(PCW(E),ENEW);
NCW, (E,ENEW);PCCH,. (E,ENEW)
PCW, (ENEW,E)INCCW, (ENEW,E) s

PLACE VNEW AT MIDPOINT POSITION;
Vi « PVT(ENEW)S V2 « NVT(E);
XWC(VNEW) « (XWC(VL1)+XWC(V2)
YWC(VNEW) « (YWC(VL)+YWC(V2)
ZWC(VNEW) « (ZWC(VL1)+ZWC(V2)
RETURNCVNEW)

[END "MINPOINT";

) ¢+ 0.5;
) * 2,53
) » 0.5}
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The #ifg Link Operation,

The W NG operation stores edge pointers into edges so that
the face perineters and vertex perimeters are mmde; and SO that
surface parltyis preserved, Given two ©dges whlch have a vertex and
8 face in common, the WING operation places the first edse in  the
prog®r relationship (PCW, NCCW, NCW, or PCCW) with resocect to the
second, and the second in the proper relatlonship with respect to the
first, The INVERT operatlion swaps the vertex, face, clockwise wi ng,
and counter clockwise wing pointers of an edge. INVERT creserves
surface parlty, but fll!lps edge parlty.

The Midpoint Example,

In figure 2,4 an example of how the operatlions gfiven so far
could be used to code a mdpoint primtive is shown, The example
miapoint primtive takes an edge argument and splits it in two by
mking a new edge and anew vertex and by placing them into the
polyhedron with the topology shown In the diagram Then the midpoint
locus!scomputéad and the new vertex is return, The ALGOL notation
vusea s SAIL, which allows definling the character "9®" as a CIMMENT
delimter and allows gefining XWC as a real nunber from the speclal
arraY named MEMORY, The MEMDRY array InSAlLisihe job's actual
~machine nenory space and gives the wuser the freedom of accessing any
worc in his core immge,

The Parts-Tree Operations.

As shown in figure 2.1, each body node has two Darts-tree
links named PART and COPART, The PART |ink is the head of a list Of
sub-parts of the body, Wien a body has no sub-parts the PART link is
the negative of that body's polnter; that is the body points a<
itself, Wien a body has parts, the flest part is pointed at 2¥ PaRr
and the second |s pointed at by the COPART | ink of the first and so
-on until a negative pointer I8 retrieved Which inalicates the end of
the parts 1list, The negative pointer at the end of a sarts [ ist
Points back to the orginal body, which is the sSupra=-part or "supart"
of all those bodies in that |ist,

The parts may be accessed by its |InK names PART and COPART,
Also the SUPART of a body returns the (positive) pointer to the
sypart of a body, The BgDY operation returns the body to whiech a face
edde Or Vvertex belongs: thls might be found by COR’img a FEV rling
unti I a body node is reaghed, but for the sake of speed €ach edge (as
shown in figure 2,3)has aPBOCY |ink which points back o the body
to which the edge belongs, and slince each face and vertex points at
an €d%e, the body of an FEV entity can be retrieved by fetching only

one or two |lInks,
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Part Tree Operations (continued),

The parts-tree s altered by the DET(B) operaticn which
remogves a body B from Its supart and leaves |t hanging free; and the

ATT(B81+82) operation which places a free body Bl 1inrto the parts Ilst
of a body B2, Since bodies are made attached to the Wor|d bedy and
generally kept attached to something, t wo further parts-tree

operations are provided, compounding the first two in th& necessary
marner, The DETACH(2) operation DPET’s B from Its current owrer and
ATT'S it to the world; and the ATTACH(B1,B2) operation ~i! I TET Bi
from its sUpart and attach it to a new supart,. In noermal (one world)
circumstances one Only needs to use ATTACH t¢ build thinss,

Perimeter Fetch and Store OJOperations,

There are Seven perimeter fetch primitives, whick when civen
an €dd9e an3 one of it3 links wi| I fetch another link in & certain
fashion, Using t-he winged edde data Structure these prinitives are
easily implemented in a few machine instructions Which test the type
bits ano typically do one or two compares, Clockwise aad counter
clockwise are always determined from the outside of a erlyhedron
lookind down on a Particular face, edge or vertex, I aro!oc31z22 for
the hich redundancy on the next pageé, but felt that it was mecessary
to make the explanagions independent for reference,

FIGL~xE 2,+ - Face Perimeter Accessing wiin respeéect to edqce £,
VCCH(E,F) ¢ememccefccanccar VCW(L,F)
\ /

\ F /

Y™
N
e
1)
ll

FI1GLRE 2,6 = Vertex Fegrimeter Accessing with respect to

FCW(E, V)

£
I
I
FCCWlE, V) !
e

v

./ \
EZCwW(E, V) ECHAE, V)
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The Perineter Fetch Operations.

E « ECW(E,F); Get Edge Clockwise from E about F's perimeter,
E « ECUW(E,F); Get Edge Counter Clockwise from E about F’s parimeter.

.Given an edge and a face belonging t0o that edge, ths ECW
feteh primitive returns the next edge clockwisa belanging €0 the
given face’s perpimeter and the ECCW fetch primtive returnsthe naxt
edge counter clockwise belonging to 'the given face's perimeter,

E « LCW(E,V); Get Edge Clockwise from E about Vs perimater, ,
E « ECCh(E,v); Got Edgas Counter Clockwisefrom € about Vs perimeter.

Given an edge and a verteX belonging to that edge, tha £CW
feteh primltive returns the next edge clockwlse belon3ing to the
given Vertex’s perimeter and the ECCW fetch oprimitive returns the
next edge counter clockwise belonging to tne 9iven vertex's
perimeter.

f e« FCW(E,V)} Get the face clockwise from E about V.
F « FCCW(E,V); Get the face counter clockwise from E about V.

Given an edge and a vertex belonging to that adge, the FCW
fetch Ppimltiva returns the face clockwise from the given edge about
the given vertex and the FCCW fetch primtive returns the face
counter clockwise from the given edge about the given vertex,

V & VCW(E,F)i Get the vertex «clockwise from E about F.
V ¢« VCCW(E,F)3 Get the vertex counter Clockwise from E about F,

Given an edge and a face belonging to that €dse, the VCW
fetch Ppimitive returns the vVerteX clockwise from the given edge
about the glven fage and the VCCW fetch primltive returns the vertex
. counter clockwise from the 9iven edge about the given face,

F « OTHER(

E,F et the other face of an edge,
v * UTHER(E,YV

) G
); Get the other vertex of an edge.

.
’
.
’

) Given an edge and one face of that edge the CTHER fetch
primitive returns the other face belonging to that edge, ©Given an
edde and one vertex of that edge the OTHER fetch primitfve returns
the other vertex belongingd to that edge,
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I1. C, Ejadgorations onm Winged Edae Structurs.

In tais saction, some var iationsonthehasicw i nged
8d¢e structure aragiven, These variations arise as adzptatiins for
my aoplicatlon, and as unimplemented ideas for inprovemanss, The
adaptations, shown in figure 2.3, include adding serial numners anc
AT links to al 1 the fatas, edgesand vertices, T neserialrumbders
crcvid®anotherwaycfaddressinganogare especially wuseful curln=s
imput ancoutput, The ALT link is wused for pointing to a‘citiormal but
tempcrapry data; themgstelaborate ALT dat a has to ap with €0318s

during a hidden |ime elimination, Sacrificing memory space for <pees
and flexipility, the fagsandedge coefficients are storen im 2ach
node, anrd theinage coordinate (Xpp,Yop,Zbp) and display zeocardinates
(Xac,»YCc) are acded to each vertex, ln eladorate svsrens. Tre rufiage
co0Ordinagtes moce! a camMara and the disnrlay coorainstes rafer to
lccatior on a Jdisplay console. Having two tiers cf image
coordinates al loW4s zc-ollingaboutt h e modeleg inage without cranzling
tre cafera (or heayven fcrbidder, MNaving t o redo a A~igzer lin=
eglimination;, _ The remaining S O farurmentionednamesinrciuda: tha
Tjoirt 1ink in verticas «~high is for shadow &na hlarfer fine
operztions, the tre 29 word in faces which containsphotomesrinda+a,
ard the LOCOR anc FNAME | inks of a boay node, w~hich pocinrt 0 a

i
locatior=orientation —matrix and an ASCI] print nan2 pespeccivaly,

Cacrificine gpeed for the sake of menory,ineeffectof
havingmest of the axtra data mentioned above can be aeh | aved by
recoMputing it rather than fetching it, Furthermore, theasingedcats
struCturec a nbemrades|ightly smaljerb yeliminating t"d fzce and
vertex rings, Face aad vertex sequential accessind can s¢! ! ce dena
byravirgtaomarkingoitsine a ¢ h f ace andvertax,andbythen  oing
thry, t h eedgerinaigokinaat thetwo facesa n dtwo vertices ~feack
egceforones t hat arenot freshiymarked,]t would be nicz ¥ such
ecorcnizing could be cdome n8lowWw the level of the operations,

Resices optimizations, the next improvement idea | would like
to atterpt would be to split tne notion of a body imrtc the two
notions of a "papt" and a "cel ", PrParts wWould havethepartsiree

anC names that bodies mowWw mave, whereas a cel|wouldhavevolure and
facse structure, 'm this hypothetical Cell, Face, Edge, Yertax (CFLV)

moCel, ecach face coulc goint tc a cel|l on either side ofit, +ne cel |
witn tke lower serial n,mber (or somethin3d) peing constreu ans
exteriop, Cell nurmner zero would be tne infinite void of three spacs
in whigh everyt-~irge is embedded, The troudble with CFEV 'g that the
impertart mtter of a polyhedron surface nas to be salvatec; 1t can

not be abandonec, tacause moae |l s Wi thout good surfacererreszntat i ons
can not predict apPearance, which is one of ny requirements,
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SUMMARY OF POLYHEDRON PRIMITIVES,

A EULER PRIMITIVES,

1+ BNEW « MKRFY; make & tody, face & vertex,
2. KLEBFEV(G); kill a body & all its pieces,
$¢ VNEW & MKEV(F,V); make edge & vertex,
4, ENEW « MKFZ(V1,F,V2); mke face & edge,
5 VNEW e« ESFPLITC(E) split an sdge,
6. F « KLFE(ENEW) kil] face & edge Isavinmg a face,
7, E ¢ KLEV(VNEW); kill edge & vertaeX lsaving an edge.
8, V » KLVE(ENEW) kill vertex & edge leavia3d a vertex.
9. B « GLUE(F1,F2); glue two faces together,
s 12. BENEW & UNGLUE(E)Y: Jnglue along a seam containing &,

B, SOLID PRIMITIVES,

1]
prismoid,
ian,

a bodY.

ors.
interiors,

1. VPEAK « PYRAMID(F); form a pyramid on a face,

2« F « PRISM(F); form a rectangular prism,

3, F « CWPRISMQID(F) form a clockwise prismoid

4. F « CCWPRISMOIND(F); form a counter clockwise

5, ROTCOM(F); complete a solid of rotat

6. FVDUAL(B); form face vertex dual of

7. BNEW « MKCOPY(B): mke a €o0pY of a body,

8+ EVERT(B): turn a body surface inside out,
. F1 « 3BUN(R1,B2); form union of body interpi
1, 81 « BIN(81,B2); form intersection of pody

C, GEOMETRIC PRIMITIVES,

1, TRANSLATE(O,R);
2. ROTATE(Q,R);

3¢ DILATE(G,R);

4, REFLECT(Q,R);

D, IMAGE PRIMITIVES,

1. PROJECTOR(CAMERA,AORLD)

2¢ ELISTeCLIPEQ(AWNINDOW, WORLD);
3, UCCULT(WORLD);

4, SHADOW(SUN, 4ORLD);

Ss TV « MKVID(WINDOW,WwORLD)
6y B2D ¢ MKE2D(WINDOW,WORLD)
7. R2D « CARECYE(TV)Y;

#* & & %

# Urder constructions, Og¢t 1972.
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I1I, PRIMITIVES ON POLYHEDRA,

In this section a nunber of orimitives for Coing things to

polyhedra are explained, Al though these primitives are currently
Imolemented using the winged edge data structure, they do not raaquire
a particular polynedron representation, Indeed, mary of these

primitives were originally Implemented In a LEAP polynhedron
representation Very simifar to that of Falk, Feldman andPaul
(reference 5], Thus, the primitives of this section are on a [ eve I
logically independent from the operations of the previous saction,

Anot her aspect of these primtives 1is tnat tney san re used
as the basis of a "graphi cslanguage" or mMore accurately as a »2ackagde
of subroutines for geometric modellng' In this vein, the prinitives
are currently collected as a package calied GEOMES for Zeometric
Mydeling Embedded in SAIL; and as GEOMEL, Geonetric Model|irg Embedded
in LISP, A thiprd language, called GEOMED, arises out of the =zommand
langua9e of a geomegric nodel edltopr based on the primtives,

The primitives are shown in four groups i7 the summary, The
first group, the Euler Primitives, Were Inspired byCoXeter’s nroof
of Fulepr’s formula, section 18,3 of [reference 2J)., Althoug~ <ne pronf
only required three primitives, additional Ones of the same i!k Were

develoPed for convenignge, The second group is compose i of sone
polyhedron primitives that were coded USinNg the Eyler pbrimitives, The
thiro 9proup Is for primitives that move bodles, faces, edges and
vertices; or compute geomatric values such as length and v3lume, This
g9roubp Is underdevelgped for tw reasons: one, because 1 have done
these computations ad hoc to date; and two, because they Imply the
subject of animation which (s large snd difficult 2and not ~f <central
Imoortancet:t o vision, Wth the exgceptidon of the cameras, ny worlds are
nearly (but not absglutely) static, A less impoverisned Jeomelric
group will be presented in the future, The final group, has thres
wel| deve ] oped norimitives for making 20 imges; an3 several
primitlvaes that when finished wll realize part Of the Vision syster
that I am teying to byl|d,
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~11l, Ay Euler Primigives,

As mentlon above, the Eulerprimitives are based on the Euler
Equation F=E+V = 2#B~2#H; where Fs» E» V, B and H stand for the number

of faces, edses, vertices, bodlies and handlas that exist, The term
"handle" cones from topolo@yY, gnNd Is the number of well fornmed holes
Imn a surface; asphere has no handles+ atorus has one handle, and _an
IBM flowecharting template has 26 handles, The Euler eguation

restricts the poSsible topologies of FEV graphs that can be
polyhedra; although suchEulerian Polyhedra do not necessar|ly
corresPond to what we normally calla solid classical ©polyhedron,
Strict adherence to constructingapolyhedron that satisfies Euler
equation F=E+V = 2#3 « 2#H Wuld require Oonly four primtives:

+F =E +V = 2#B = 2#H

1. Mke BOdy, Face and Vel’tex +1. . Uo"lo!u‘"l'l e e
2 Mke Ed98=.and Vertex, |oo-1 "‘1.000.0!0....
3, Mke Face and Edge, +1 =), i ety
4, Clue two faces of one body, =2 *N =N, ,.ivenesa*l
4, Glue two faces of two bodies. -2 #N =Nysoe=loooans

HoweVver, the four corresponding destructive primitives are also

possible and desirable:
+F =B +V = 2#B =2&H

i Kill| Body, Fac¢e and Vertex “livii=liiiemleniien
2, Kill Edge and Vertex, R A
3, Kill Face and Edge, b 2 S
4, Unglue @along a seam +2 =N +Nyovoorer ool
4,' Unglye a'ong a seam, -2 +N "Nolo-*'li'lvoo

And fimally the operatlion of spllitting an edge at a midpoint int0 two
edges oecame s o important In forming T-Joints dur ing hldden 1 lne
elimination that theESPLIT primitive was Introduced in place of the

equivalent KLFE, MKEV, MKFE seguence,

In using the Euler primitives, some non-classica| polyhedra
are tolerated as transitional states of the <constructloni these

trarsitional states are cal led:

Semlinal Polyhedron,

Wire Polyhedron,

Lamina Polyhedron.,

Shell Polyhedron,

Face witn WireSpurs on Its perimeter.

A seminalpolyhedronis like a points a wWire polyhedron is Iinear

with two ends |lke a single piece Of wire; lamina and shell polyhedra
are surfaces, and the picturesaue phrase about spurs is a restriction
on how faces are dissected Into more faces, These terms Will be

exclainec in nmore detal!l when they are needed,
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11 ,As Eulep Primitives.

1 , BNEWeMKBFV: Make Semi nal Body.

The MKBFV primitlve returns a body with one face and one
vertex and no edges, Other bodies are formed by applying oprimitives
to the semlinal| MKBFV body, The seminal body Is initially attached as
a Part of the world,

2, KLBFEV(BNEW); Kili Body and al| its plecesy,
The KLBFZV primitlve will detach and delate from memory the
body given as an argument as well as all its faces, edges, vartices

and sube-parts.

3, YNEW « MKEV(F,V); Make an edge and avertex,

The MKEVY primitive takesa face,Fy; and 2 vertex, VY, of F's
perimeter and it creat®s a new edg9e, ENEW, and a new vertex, VNEW,
ENEW and VNEW are cal| led a"wire spur" at V on F, MKEV pr2turns the

new| Y madeé vertex, VNEW; ENEW can be reached since PED(VMEW) s
ajwayYs ENEW, Only one wire spur Is allowed at Von Fata time,

Wien applied to the face of aseminal bodﬁ MKEY forms the
special pOlyhedrOIl called a "Wlre" and returns e new vertex as the

"megat lve" end of the wire A wire polyhedron g illustrated in
figure 3.1. When appolled tO the negative end of a wire, MKEV extends
the wire; however if applied to any other VverteX of the wire, MKEV
refusesS to change any4thing and merel|yY returns its VerteX argument,

Figure 3.1 = A Wire Polyhedron, Figure 3.2 = VNENe”KEV(F,V)};
seminal vertex o V1 +V
Positive en3 +| of wWilre. /1N
| El / leeeeBNEY spyr.
- /1 N\
s V2 / =VNEW \
+ | / \
I E2 / F \
negative end =] of wirer / \

lagest vertex e V3 R LR L EEY
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FICURE 3.4 = 74C £XaMPLES USING E \ >, (ses page 327,

» MAKE A CUBE;
INTEGER PROCEDURE MKCURE;
IEGIN "MKCUBE"™
INTEGER &,F,E,Vi,V2,V3,V4;
Yy CREATE SEMNAL POLYHEDRON;

b « MKRFV; F « PFACE(B): V1 « PVT(3);

XWC(V1)e+1: YAC(V1)e+l: ZWC(V1)e=-1;
y MAKE SEMINAL POLYWNEDRON INTO A LAMINA POLYKEDRON;

V2 & MKEV(F,V1); XWC(V2)e=1;

V3 « MKEV(F,V2); YNC(V3)e=1}

vd & MKEV(F,V3); XWNC(V4)e+1;

F e MKFE(VL,F,V4);

¥ MAKE FOUR SPURS ON THE LAMINAj;
Vi « MKEV(F,V1); ZAC(Vi) e+l
VD « MREV(F,V2);
VI ¢ MKEV(F,VZ);
V4 « MKEV(F,Va):;

¥ JUIN SPURS TO FCRM FINAL FACES;
. e« MKFE(VL,F.V2);
E « MKFE(V2,F,V3);
E « MKFE(V3,F,Vvd);
E « MKFE(V4,F,V1):
RETURN(H) ;

:ND "MKCUBE";

Y FCKM A PYRAMID ON A FACE ;.

INTEGER PROCFDUKE PYRAMID (INTEGER F) 3

BEGIN "PYRAMID"

INTEGER Vv,VE,E,E2,PEAK,EXS

REAL X, V,Z; INTEGER 1;

XeYeZeled;

a GET A VERTEX OF THE FACE AND MaAKE A SPUR TO A PEAK;
E«E2ePED(F);
VB & VGW(ED,F s

: PEAK e MRKEV(F,VZ))

a CONNECT THE OTHER VERTICES OF THE FACE TO THE PLA

AHILE TRUE 20

X

-

LESTN
V o« YCCW(R,F);
XKe X+ XWC (V)3 YeY+YWC (V) Fef+Z2WC (V) ;
TNCREMODD)
17 v=y2 THEN DUONE;
T« ECCW(R,F);
X « MKFE(PEAK,F,V);
ENUS

a POSITION THE PFi4K VERTEX AT THE CENTER OF THE FACE;
YAC(PEAK)«X/1; YAC(FEAK)«Y/I1; ZAC(PEAK)«Z/];
SETIAN(FEAK) ,

E S o "PYRAMID"; ]
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4, ENEW « MKFE(V{,F,V2);

The MKFE Dr_imH'.iVe can be thought of as & face s2iit. Siven
a facs and two of its vertices, MKFE forms a new face on the
c lockwlse side of the lime Vvl to V2 leavingtheold fage on the

counter clockwise side, V1 becomes the PVI of ENEW, V2 Dpecomes <¢hs
NVT of ENEW, F becomes the PFACE of ENEW and FNEwWobecomas the NFACE
of ENEW; also ENEW beconmes the PED of F and FNEW,

Figure 3,3 =~ MKFE and KLFE,

BgFORE MKEE AFTER ENEWeMKFE(VL,F,v2;
-] 3
/7 \ / \ / \ / N\
/N /N /N /7 A
/ \ v/ \ / \ 7/ \
/ 9 \ / +V1i \
/ \ / =FNEW | +F \
® F ® ] |""“E\“’:N @
\ / \ 1 /
\ ® / \ -v2 /
\ / \ / \ /7 \ /
NN Y N /N7
\ / \ / \ / \ /
[ ] ® L] ®
AFTER FeKLFE(ENEW) S BEFCRE KLFE

MKFE is also used to Jjolm the two ends of a wir? nolynedeon
to form a "lamina"; or the two ends Of wire sSpurs tosplit a face; O

an end of a Wire Sour and a regular perimeter vertexXx to split a face;
4 "|amira polyhedgron" has only two faces and thus no volume,

EULER EXAMPLES,

The use of the primitives discussed so far is illustrated by
the example Subroytines in figure 3.4 on page 29, The make cube
sutroutine starts by placind a seminal vartex at (1,1,1): Then a Aire
of -three edges |s made usind the MKEV primitive, As the code implies,
MKEV places lts new vertex at the locus of the old one, The ends of
the wire areJoinedwith a MKFE*o form a lamina polyhedron, t hen a
spur Isplaced on ezch of the vertices of the lamina, and fimally the

spurs are Joined,

The pyramid exanple is more realistic, since polynecdra are
not generated 8X nlihi{, but rather arise out of the Vislon routines
and the geometric editor. PYRAMD takes a face as an ardurment (which
is assUred to have no spurs) and runs a spur from one Vertax to the
midale of the faces, then all the remaining vertices of the face are
Joined to that SPuUr to form a pnyramid.
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I1l, Aw Eyler Primicives. (Continyeal.

5, VNEW « ESPLIT(EY; Edge Spl it,

This primigive splits an edge by ™akin3 a new vertex and a
new edde, lts Imolemantation isvery similartotnhenicpai~t exanmrle
o npage19, FSPLIT is heavily usedin the hidden line eliminator,

6, F e KLFE(ENEW); K illFace FErdge,

This primitivgKills a face #Nnd an edge leaving c¢c=e fac
Sirce thisnrimitivois irmtencded to be an inverse of MKFE, the NFACE
o fENEW is killed, ~owever the NFACE and PFACE of an =edge =~ay be
swezmed by using the !NVFRT(E) primitive, See Figure 3,3 fer XLFE,

=

witk £SPILIT; iR apyre form |t wWoula hava %0 |eave vertices +4ith =2
val encé greater thantwo uontouched,howeverit In fact "u=-oyramias"
ther with 2 serles of XLFE’s and then kills the remaininy spur,

7., £ & KLEVIVNEA); Kill Edge Vertex,
Tnis prinitive kills an 2d3¢ and a vertex leavinc gre ecce.
This erimitive will e!l=minat2 spurs made with MKEV arcd nigcoinrts mnade
i

8. V o+« KLVE(ENEW); Kil IVaptex EdgZe.

This primitive xills a vertex and an edg@e leaving sn2verteXx,
Thisprimitive Is +tme face-vertex dual of KIFE, namely i netead of
killing NFACEo f Eandfi xingup PFACE’sperirater,KLEVKills the
NVYT ¢f E and flXxas uc PYT of E's per imater.

9. b « GLUE(F1,F2); Glue two faces,

This orimitive glues two faces together formingomencadocdy

. out of ¢two o]d onas (tne body of Fi1 survives) or formirg a handle on

tne diven uody, The nymberO fedges In tne two faces mus+t ~e the same
anc tn2irorlentation should B opposite (exterior te exterior),

#1¢, 3NEW « UNGLUE(Z)Y; Unuliue along seanm, *not inNplerented.

Tnis primitive wunglues along the seam contairing £, The
UNGLUE primlitive reguires that a loop of eaoges e marked az a "sean"
ajeryd which ungtue will form tw oppoS|te faces, The mar~s areé made
in ¢Ne temporary +¥p2 bitintheedde® node, Of the gciven becdy, 1f
the cut forme J*wn Alsjoint bpodies them a nes ooay is—alieor the
NFaCtk side of the original & argument,
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III, Bs SOLID PRIMITIVES,

1, VPEAK « PYRAMIXF);
2., F « PRISM(F);

3, F « CWPRISMIOD(F);

4, F + CCWPRISMIOD(F);

These four primitives are <called the "sweep primitives",
because they form a simple polyhedron from aface in a fashion that
appears | lke sweeping the face along, The swWeep primtives (with the
exceptlon of PYRAMID) do not change the location of the given face
but merely copy its perimeter, forming new faces and edges between
the ©]d perineter and the new perimeter, The pyramd ©primitive has
ajready appeared as an example on page 29.

Starting with anine sided face lamina, the rocket im figure
3,6 was formed from the bottom by sweeping two prism stages, then two
counter clockwise prigmoidstages, and then two clockwise prismoid
stages8 and fimally one pyramid to form the nose cone, the fins were
made bYprism sweeping everythled face of the first stage,

ARN/INRI
/AN
SN |

FIGURE 3.6 - Rockets made with sweep primitives.
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i11,. B8, SOLID PRIMITIVES, (contInued).

5, ROTCOM(F)3 Rotation Completlion,

As lllustrated in the flrst three frames of figure 3.7 cejow,
wire faces ¢an be swept to form a--shell, Wien a Wire face {s swert by

a sweep ppimitive (other than pyramid) it is marked as a shell face
of rotation and Jts orlginal perimater count Is kept for Jlater sweeps
to refer to, In the third franme the shell has been positioned so
that its slot can be seen, T he shel |facenow includas al| tYe edges
of both pPole caps as well as the two meridians of the slot, ROTCOM
takes Such a shel| face and breaks it into two polar faces ano as
manry other faces as necessary, by means of tne count that was savec,

N

FIGURE 3.7 = Solid formed by rotation.
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Euclid's construction of a dodecahedron from a cube.

FIGURE 3.8 -~ Dual of a Dodecahedron.
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11, B8+ Solld Primigives, (continued).

6, FVDUAL(B);
7. BNEWeMKCOPY(B);

These two primitives illustrate the €xtremes from a class of
miscellaneous oprimjtives, FVDUAL isa worthless curosity and MKCOPY
is gquite useful but unminteresting, FVDUAL(B) of a body charges all

the faces of a body imto vertices and al | the vertices i1nteo faces, in
the wWinged edge data structure this merely requires comput!ng 3 locus
for each face (its center), re="typlngd" faces .and vertizes, and then
swapling the face and vertex Il!nk positions in each fa¢2, edge and

vertex of the body,

Figure 3.8 illustrates Euglid's constructien, of a
dodecahedron from a cube, The unlt cube 'S formed, then =all its edges

are midpointed and translated ®,2 units into the throe pairs of
Parallel faces; then the midpolnts are lifted @.3 units =ff the plane
of each face of_the cube; then MXFE is applied six times to split the
eicht sided faces into five slded faces; giving a doadacahedron
(neaf |y regular), Aoplylna the FVOUAL to the dodecahedron yields the
icosahegron,
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[1I. By Solld Primieiyes., (congingyed).,

ot

85, EVERT(H);
9, BieBUN(31,82);
12, BlegIN(B1,82);

These thr2eg oprimltivaes -perform the w©no20iaar operations on
polyhedron interior veolumes. eVERT(B) turns & bocdy inside out, thus
char@ing a cube into a room as a solid into a bubdle, QCcjactswi th
infinite "interiors” are permissible; such polyhedra are |mpossible

in ™any classical developements o f solid Geometry wrigh mke the
interior of a polyhedron to be t he region of space with finite
veluMe, by definition, The body union is BUN, whichallasws Blt o
survive if t he Interigrs of the bocies are not disjoint, A boay with

two disjoint polyhedrons Is shunned, The boay intersectior is 31\,
whigh allows Bl to surVvive if the interiors of thes bodies ar2 not
disjoint,

TWO BODI ES BODY UNION

FIGURE 3.9

BODY INTERSECTT ON BODY SUBTRACIT ON
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~

C, GEOMETRIC PRIM TI VES,

1, TRANSLATE(Q,R); Q@ argument is a body, face, edge or ver.tax.
2, ROTATE(Q.,R); R argument |8 a transformation &rray with
3 ,0ILATE(Q,R); respect to world coordinates,

4, REFLECT(Q,R);

The four Eyclidean transformations are translatiqn.. rotation,
reflection and ditatlon; and as first mentioned in Klein’s Erlangen

Program, 1872, these four primitives form o group, The primitives may
be applied t o bodies, faces, edges oOrf vertices in order to change
vertex world locii, Thus a bodY Is the set of vertices in its vertex
rings aface Is the set of vertices on its perimeter, an edEe is the
two vertices Whlch are its @ends, and a singdle vertex i5 itself; but
ther® are special cases having to do With faces, (In GEOMED a
sp8cialcounter,negative Fenty, is mintained in wire Sweep faces in
order to make solids of rotaticn). The second afrgument R Is a pointer
to a transformation arrayY In world coordinates of four PEWS and three
colymns:

xwc, YWC, ZWC

IX, 1Yy, 12

JXy  JY,  JE

KX, KY, K2

For trarsiation, only the XAC, YWC and £ZWC are involved and all the
vertices ard transglated in the obvious fashion:

X = X + XWC; Y « Y + YWNC; Z « £ + ZWC;

whereas for rotation (dljiation and reflection) t he tnner most
corputation applied tg eatn vertex iS:

t

X « x + XWC; Y « Y + YWC; F
xx o« IX®#X + Jy®*Y + |ZuZ;
YY « UX#X + JY=Y + JZ&Z;
Z¢ ¢ KX®X + Ky#v + hZs#f;
X ¢ XX = XWC3 Y « YY = YiCi 2 « 722 = 24C1

7 + ZWC;

At thispoint,! shrou!d now present @& few genera I primlitives for
setting up suJch transformation arrays, but 1 don't have them Y&t, The

croplem involves selecting frames Of references, strength Of
trapsformation, axas O ftransformations, origins of framesand mecdes
such as absoluts, relativeo r interpclated, At present in my

applications these matters are handled ad hoc (the most 3e€neral
colytior belng the XOTLEL and EUCLID subroutines of CECMED)Y, T h
heart ¢ f deriving a transformation array is to getaframe of
reference REF anc as amount of rotatlon DEL and to compute the mateix
procuct:

R « (transpose(REF)cross(DEL cross REF)):

For dilationClarger or smaller) Cross DEL withanon-urity diagonal
Tatrix; for reflegctions flip the row signs on desired axes,
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J. IMAGE FRINITIVES,

FRUJECTOUR(CAMERA, WORLD)
ELIST«CLIPER(WINDON, WORLD)
CCCULT(W3RLD) ;
SHADOW (SUN, WORLD)

TV « MKVID(WINDCW, WORLD)
420 « MKB20(W[NDOW,WORLD);
B2U « CAREYE(TV);

¥ & B &
NOOUBDBWNE
* ¢ ® ® @ =

-

*

urder constructiom, Ogt 1972,

FROJECTOR computes the perspective projected locuys >F all £he
vertices in a Given world from a given camera, CLIPFR comput2s <the
portions O {3Dlings tha*t are visible within a given displaysindeaw,
OCCULT cempares all the adoes, faces and vertices in a diven world;
usirg theipr current proJected coordinates; faces, @d3es and vartices
that are notvisinole from the implied camera’s viswpoint =2re marked
as hidgen; facaz, odgdes and vertlices that ar? visinle apemarkedas
visible; and faces, edges anA@ vertices that were initial ly cartially
visible are brokem up into Vislible and hidden POortioms.Thenew
faces, edges and vertices introduced by 2JICCULT =:re merreu sO that
they «can be renoved,

Ths following four primitives are still be ing daveloped,
SHADUW willllterallybuilda world witn shadoWs in it; sradowcalls
OCCLLTt¢wi ¢e, once for the SUN and onc® for the canera, There Is no
conceptual difficulty in doing many point sources, but !shallget
onesouUrce working at a time, The MKVID primitive gererates TV
intenslity fasters from the world model after OCCULT or SHAJOW has
been abplied, The MKB2C primitive generates a 20 data structydre of
redions and edges (Whigh is almost a ¢oOpY of the 3Dstrugturethpt
has been presented, orut withspecial attention Paid t o T=Jjoints);
this B20 data structure s an image model, Final ly, +he CAREYE
prpiritive converts TV intensityrasters into B2D image structure, A
cetailed dlscriptiono f these image primitives cafMnNo%tsedivenat
thig time (OCT 1972), because 1 haven't finished making them
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Ive APFPLICATIUNS,

Tha singleaoplicaticnaroundwhicnthe neometric=gde!ing o f
tris pager | sbeinaouil t is for 2 computer television Yision (TVV 7)
system for lookling at re3l ~#orldscenes, I believe that 3 comnputer
musSt have a means of representing what it is intendec t¢ s°e€ anc

furtnerthatthe representation must have (in principle) =an inverse
relatiort o 2 ta|evision imagse, My first premniss is rarely
auestioreds the second bDremise is frequentity guestioned, One
alternative Position is that so cal led "features'" can ogextracted

fror anima3e and then used by a heuristic DProblam solvar 2¢c find an
association oetweaen th2 perceived features and previcus qeneral
knowledage; It is then stated that there IS no need to 30 from  the
genera! knowledge or evan from the so called image "features" pack
dowr t0 a television image, evenj u st i nprinciple, I wWish ¢ state
the oPbposite, thers isaneeat ogofrom the3Jenerslrepresentation
toatelevisionimage I n oOrderto devslop computer Visigcn “ithouz

navVingd to solve several Jotherprohlermsof Artificialintelligence,
Apoilcations of goometric noaelingothert h a ntalevisionvisian mignt
include: architectyral drasingd,conouter animation, anc mecceling for

laser, radar, and 3Sgnar i7a3e systems,
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Iv. A, voaeling! GEQMED - a drawing program,

GEOMED, Segmetric Mde I Editor, is-for making and editing
opolyhedra, The commangd language of GEOMED provides the Euler
oriritives In the c¢ontext o f a push down stack (the PADPDL)of
Dociess faces, ©edgeg and vertices,The mlIn difference between an
interactive program and a programming language being that the former
carriogs along a working context SO that most arguments and data do
not Naveto o8 éxplicitly named,

" mke seminalvertex body,
3 - mke edge and vertex,

J - make edge and face,

G - alue two faces.,

In addition to the stack, GEOMED provides franmes of reference
for the Euclidean ¢transfopmations; there IS a world frane, body

frares, camera frames, relative frame and face franes, Also the
strength ©of a FEuclidean transformation can be halved or ¢ouble, set
directlyorentered numerically in several kinds of unlts., And
final l¥ the transformation can be done once or repeated!|ybykeying
chords of Stanford’s extra shift keys mnaned "control"™ and “"meta" wlth
a., : O = Oor # charac¢ter, These characters are not mnemonics but
were chosen because of thier positlions on the keyboard,

HEH - transform about X-axis.
) - transform about Y-axis.
- % - transform about Z-axis.
no shifts = TRANSLATI ON,
a - controg | = ROTATI ON,
3 - Mmeta = DI LATT ON.
€ - meta=-control - REFLECTION,

Finally, GEOMED nprovides access to al | the solidprimitives
an¢ hidden line elimination, along wth .commands for the stack,

incut, output, display, and switch toggling, The commands are
odetailec in the operating note, SAJLON=68, along with a Iist of
GEOMES and GEOMEL subroutines, Twa examples should suffice to
itlustrate how concise and illegible GEOMED command strings are:
1. VIINEIE(E:J+/4S=" forms a cube,
2, VieLsbaEsparapapfe e

\\:85)S)5)8)S)S)S)S)G forms a torus,

Thus 2 polyhedron can be represented in a few characters (which must
be coTpiled); one might hope that such a "representation by
gereration" coulg provide a link between semntic and geonetric
mooels, The hard direction is to get from a polyhedron model to the
cnorrand string,
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IV, B, Graphics: OQOCCULT - a hidden line eliminator,

CCCULT is a hidden lineeliminatoriitisneither a datkins
mMor a warnock algorithm but is rather a throw=-bacxktothenaivei dea
of comparing each edge with all the other edges and having ways to
darpen the potentially |arge number of comparisons that Miznt cccur,

Therearethreekinds of dampening in OCCULT, The first (used
in other hidden eliminators) 1St0 get rid Of the faces that have
theif backst0 the camera and to consider for comparision on|y the
8dges With one potentially visible face. These @dgeés are called
"f0las", The second kind of dampening, is to hide everything
cornectedto the higdenportionofan edge When a fold crossing  is
discovered, thisis made possible by the winged edge primitives wnicnh
alloWw Polyhedron surfaces to be @aslly traversed topolocicaliy; and
by the Euler primitiveswhich allows the edges to be quickly broken
intovisibleand hidden portions without |0sing their topoliog¥, The
th ipd kind o fdampening Involves having a raster of edge buJckets to
localiZet h ¢ comparisons,

The reason for doing hidden line elimnation in thls fashion
is to 98t the topology of the inmage regions and edges [namodeled
scene Imeludlng the shadoWs., OCCULT Was used to make some of the

fioures that appeared <carlier IM this paper; for examnle the arm

mode ! im figure 1,2, (which required twelve seconds of P2Peiflcompute
time), A paper on QCCULT should be available before the end of the
vyearp, 1972,

Iv. C, Vislion: CAREYE = a videoregion=-ed3e finder,

CAREYE, Cart Eye, is the oldests most renwritten,yetl east
finishedg parto f theapplication,A¥tpresentits best trick {is to
take 2 Television imagsand convert t into video intensity contour
lines similapr to those discussed by Krakaur and Horn (of M,l.T,).
Frpor VIC, Video Intensity ContoursS8 the image goes through two
processes: first, the camera |ocus~orientation for the ima23ge s
solved by finding featurepoints In the imge that coorespond with
knownland mrk point!nthe woridi and second, after the canera s
soivedsthe locus cf previously wunkmown regions of the image mUst be
added to the World model: tne third dimension of such uUnknecw~ regions
being assumed to be very large, untilevidencei s foundinsucseeaing
imageés that make the region "DOD out” of the backaround, These two
processes are called Camepa Locus Solving andBody Locus Sciving;
CAMLS and B0OLSsand are the missing links in makinz csly/nedron
mocdels merely by looking at obJects and scenes of objects.
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