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FIGURE 1.1 - LlI'xamples of World Model
Scenes.
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I, INTRCDUCTION,

In order to get a oOMPULOr to deal with the physical world it
must have a data representation on whlch computations lnvolving
space, tIme, shape, size, and the appearance of things can be done.
[t Ismy current preJudice that polyhedra provide the Dropper startina
pointforbullding such a physleal world representation, Ar Stanford
Artificial Intei|egence, Blinford and AQIn have started Instead wlth

| splne=-cross section models as an alternate approach to the sane
problems (reference 1], Other researchers with sonewhat different

goals, are attempting to build semantic, predicate calculus, problem
CL so!v¥ind, or startedy plappi @ World models, ln apYavept, this

paper Is about a bod,, face, eage, vertex polyhedron mode] t hat is
for modelling ob jects and Scenes of opJjects for the sake of conputer
vision,

Although the data structure to be discussed is not |anguadgde
dependent, the termin{ogy and exanples WIl!! follow ALGOL and LISP.
A|S¢s the reader is assumed to have 80M® acquaintance with the | deas
associated with the following technical terms}

A block, node. item, eclenent, atom
| R: tink, pointer, address, reference.

C. datum ¢gntent, value,

D: 11st, ring, stack, pdl, tree,
E: dynamic free storage & nenory allocation,

A thorough presentation Of these terms and ideas can be found in
chapter two of Volume one of Knuth’s cookbook, ‘The Art of Computer
Programming’ (Reference 7], The word "ring" used informally in thls
paper 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 Mechanical Arm.
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1, Av Introduction to World Modelling,

! will fntroduce my requirements for 5 computer model of the
physical world In terms of Its role as a memory, As a memory, a
wor |d nondel has contents and an addressing meghanlism, The klnds of

data that! wish to hold in ny World nndel ares

CONTENT REQUI REMENTS |
) 1, Topological data,

2, Geometrlo data.
3, Photometric data,
4, Parts tree data,

Topological data has todowlth thenotion of nelghborhood} a
world nodal has data on what is next to what, A faces, ~da%, vertex
model Is essentially dedicated to surface torology) matters of vojume
topology are not stored but rather nust be computed, Geometric data
has to do With notions such as locus, |ength, area and volume,
Photometric data (ngludes the |looUS and nature of 11ght sources, as
wel| as data on how surfaces refject, absorb and Scatter |lght, Parts
tree data has to do With the notlon that obJeots are composed of
Darts, Whileh! construe as data on the structure of the physical
wor|d rgtherthanas purely anartifactof having structured World
data} that Is, | prefer tohavethespeciflicationofhowan entity Is
broken into parts be external to my world nodel, The kindsof data
not Included are semantle data (other than body names)} physical data
such as mass, Inertia tensors, eleectricalproperties and so om} and
cultural data Such as whether an oblJect Is a toy, tool,orweapon;

withanyartistlie, re|lgious or market value,

Next the kinds of addressing nechanisms I wish to have, (orequivalently the input-output modes of the nodel) are:

ACCESSING REQUI REMENTS
: 1, Appegrance = given a caMérges return an imggeot

what the world Would look |IkK® from that camera,

2, Recognition = given an Image, return the obJects
, from the world model that appearinthatimage,

3, Camera Solution = given a recognized (mage,
find the location 6 orientation 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 design goals for nodel
byf|ding,
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FIGURE 1.4 -- Logical and Physical Faster Sizes.
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Il, B« Introduction to a Camera Mode],

A sthe accessing requirements imply, a world mode| requires j
special entity called a camera whieh Is used t® model image
formation, Although the canera nodel is Important here for acomplete
specification of the data, It may be skipped on a first reading. The
particular cameramodel | haveboon using Jately, |s expressed by

| eighteen rcal numbers Involving nine degrees of freadom, First there
ls the camera |l8ng center locust

CX, Cy, C2, In world coordinates,

Afixed to the lens canter Is the canera frane of reference wlth unlit
vectors I, J and k, When the Image forned bY the camera Ls placed In
correspondence to a display screen,as |ilustrated In figure 1,3, the
unit Vector | maps into the rightward positive x of the display
screen, and the unit vector J maps Inte the upward positive y of t he
display screen, and the unlit vegtor k comes out of the display screen
to form a rlght handed ooordlnatr 9ystem, Together the three unlit
vectors of the camera ar® the three by three rotation matrlx:

IX, 1Y, 12
JX» JY, JB In world aoordfnates,
KXy» KY, KZ

NeXt) there are three Scales whigh determine the correspondence
between world slze and Image size, Observe that the world smeasured
In physical units of length |ike meters or feet while computer Images
come In integral slzes | Tke 1024 by 1824 or 480 rows bY 512 columns,
thus the conversion scales must be In terms of logical Image units
per physlcal world units, In an actual television camera a minute
| mage (say 9mm by 42mm) Is formed on @& vidieon tube andthat image
has a partloular number of rows and oolumns,It 18 the I|lttle Image
on the vidleon that we pretend to nodel by the six parameters!

LOX, LDY, LODZ Logical roster size,
PDX, PDY, FOCAL Physical raster size.

Were the number named FOCAL, ls the focal plane distanoe whieh in
this nodel (with distant obJects) oan safely be equated With the lens
focal! length and can be given in mi|limeters (conventional lens run
12,5mMm to 75mm for 1" TV), The integer LDZ !s an artlfactso that
the uUnlts come out correctly in the # dimension, Thus the scales
factor are deflned,

SCALEX « «FOCAL«LOX/PDX}

SCALEY « =FOCAL®*LDY/PDY;
SCALEZ « FOCALeLDZ;

This simple canera mode| i$ used to compute vertex Imagecoordinates, A more 6laborate physlcal camera npodel can be found In
Sobel [reference 917,
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FIGURE 1.5 - A Renaissance Camera Model.
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I. Cv Introduction to Body, Face, Edge, Vertex (BFEV) Mdeling,

This introduotfon to BFEV modeling wlll be Infoemal and
speclfle to the winged edge nodel presented Im Part-11 of tH s paper,
Miny of the basic numerical relations which make BFEV models
important are stated in ALGOL notation without Proof,

The Vertex,

A vertex |s an instance of a point In a Eucildean thpee
space, The Inportant thing about a vertex is (ts world locus (with
component nanes XWC,YWC,ZWC standing for world=coordinates), vertex
locll are the basic geometric data from whieh length, area, vol une,
face Vector3 and [mage positions can be conputed, Also a Vertex my
exist simultaneous|y in one or nore Image spaces, An Image Space
(wlth oonponent names XPP,YPP,ZPP standing for perspective=projected)
ls always three dimensional and 18 determined WIth respect to a @lven
canera oentered coordinate system (wlth conpbnent nanes XCC,YCC,2CC
standing for canera-coordinates), The third Image conponent, 2ZPP,
Is taken Inversely proportional to the distange of the vertex from
the cameraimage plane, 2CC, Using t he camera of the previous
section, The transformation of a vertex world locus to a canera
centered |ocus is:

x & xw = CX}
Y « YWC « CY

Z « ZWC = CZ}

xcc * [X#X + [YaY + [ZaZ;
YCC ee JX#X « JY&Y « JZoZ]
BCC « KX#X + KY#Y + KZaZ)

The first three assignment statements are the translation to
the canera frane's ori@ln, the ssegond three assignnents @&re the

. rotation to the camera frame’s orientation, Ne xt the perspective
projection transformation IS computedd

XPP o SCALEX#XCC/ZCC})
YPP « SCALEYeYCC/ZCC}

ZPP « SCALEZ /2CC;

v The XPP and YPP assignments are derlved by means of simlar
triangles, as lsing ddope by the man In figure 1,5} the ZpD
assi9nment Is for preserving the depth information and t he
colineaplty of the world in the perspective prolected Image space,As
given, the PP frame lg right handed and vertices In front of the

camera's immge plane will have negative Zppj2Zpp values near -FOCAL
are C|0s® to the camera and values approaching Zero are far away,

A flnal matter withrespectto vertices Is thelr valence. The
Valence Of g vertex Is the number of edges that neet at the vertex, A
vertex valence of three, for example, Indicates a trlhedral corner,
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ls Cv Introduction to BFEV Modeling, (continued),

The tdge,

For a start, the structure of an edge need De® thought of as

little more than two vertices; the topological subtiety of edges WiI I
be 6expjained ater, However, two vertices do define the Important
geometric edge data called the 20 Iine coefficients, Named PA, RB,
cc: these coefflcients are computed from the perspective locus of the
edge's endpolnts as follows:

AA «= Y1 = Y2i

55 « x2 = X11

cc * XlaY2 = X2#Y1;

Thege coefflcients appear In the 2D equation o f the | he that
containsthe edge:

= 0 = AA#*X + BBesY + CC)

Wher the edge coefficients are normalized:

L « SQRT(AA+2+BB*2);
AA + AA/L:

55 « 8B/L3

cc « COL;

the line equation gives the distance, of a point X,Y from the line:

0 « AA®X + BBeY + CC;

The distance is actually ABS(Q), sinceG@ is negative on one side side
cf the |ine; alsg if one were Standing on the plane at odoint X1,Y1
facing X2,Y2 the Q positive half-plane would be on your left and the
L regdative half plane would be on Your right.

An important operation on two edges iS to detect whether Or
rot they intersect: this can be declded by checking first whether the
endcaints of one edge are in the opposite half prianes of the other
edge, ard second whether the endpoints of the latter edge areIn the ;
opposite half planes of the first. Vien both conditions obtaim™, then
the intersection point can be found:

T « (Al#B2 = A2Z2#B1l);
x + (Bi#C2 = B2aC1)/T7;

Y « (A2#C1 =~ Al#C2)/T7;

An actual compare for- Intersection should initially check for the
igentity case, and for edges With a vertex in common,
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Il. Cv Introduction to BFEV Mdeling, (Continued),

The Face,

Afaceis a, finite redlon of nplane enclosed by straight
lines, A safe formal face structure could be bullt by defininga
triangle as three non-colindar vertices and then Insisting that all
faces be triangle interiors, Unhappily, BFEV faces are usually
represented as a |lst of vertices and edges tot by something near |y
equivalent) for the sak® of saving memory space, Such ‘| |st’ fages
are not monolithic but tend to suffer special cases and pathologies
such as:

Coincident or crossing dges,
Holes and DisJjolintness,

Concavity (& Convexlty),
None-coplanarity,

Like edges, faces have characteristic coefficients, Face coefficients
satisfy the equation of a plane in whichtheface Is enbedded:

AA*X + BBaY + CCeZZ = KK,

The equation could be divided by KK, but that Is undesirable because
the AAy BB, CC are more useful as a unit normml vector, In which case

‘KK Is the distance of the origin from the plane, Given the loell of
thre® non-oollnear vertices, the coefficients of a plane can be
computed by Kramer's rui@asfollows!

KK - X1#(22#Y3=Y24Z])
+ Yia(X2#E3=228X3)
+ B1e(Y28X3=X24#Y3)}

AA «(Z18(Y2Y3)+ B24(Y3=Yl) + Z3#(Y1~Y2))i
BB  (X10(22=-23) + X2#(23=21) . X3e#(Z1=-22));
CC o (X10(Y3I=Y2) + X2®(YLi=Y3) . X3#(Y2=Y1))}

and normalized’

ABC « SQRT(AA+*2 + BB+2 + CC+2)}
AA «= AA/ ABC;

BB « BB/ABC;
cc + CC/ABC;
KK « KK/ABC;

If the given vertices VI, v2, V3 had been taken going counterclockwise a&out the face as viewed from the exterior of the solld,
ther the following relations obtaint

AA®X + BBaY + CC#Z € KK ImpliesaX,Y,Zabove the plane,
AAsX + BBaY + CC#Z2 = KK Implles X»Y»2 in the plane,
AAsy + BBey + CC#Z >» KK Inplies XrYr2 bOlow the plane,

Face coefficlents prove useful In both world andimagecoordinates,
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1. Cv Irtroduction to BFEV Modeling, (continued),

FOLYREDRA, BODIES and OBJECTS,

In elementary geonetry8 a polyhedron is said to be a solid
formed (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 number of faces,
edfeS and vertices of the polyhedron respectively, This equation was
knewm to Descartes {mn 1643, but the first proof Wasn't glven Until
1722+ when Euler proved the relation by «considering the graph
corresponding to the edges of polyhedra, A sinple polyhedron IS one
homeomorphic to a Sphere, The rigorous developnent of Volume neasure,
and in turn ‘solid’ Polyhedra, is not Simple; thus it has been easier
to take the topologlcal notion F=E+V=2 as the more Brimitive
definition of a polyhedron on which to base a data structure and to
orcceed towards the appearanceo f ‘solidness’ whlch 1s a nore
complicated notion. --

Counter to the usual usuage,|] define the word "body" to nean
an entity nore specifficc than aapolyhedron; the idea being that a
po!yhecron Is represented by the whole structure of bodles, faces,
8dg6es and vertices. Bodies may have location, Orientation 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
sleg9e@ hammer and several bodies to a polyhedron when representing a
flexible object likea man, Furthermore, the body concept1s used to
hanole the notion of parts and abstract regional obJe¢ts such as a
parking lot, Fop example, the Stanford Al Parking Lot is
represented DY a body that has three parts?! the Near, Mid and Far
Lots. The Near Lot then has aisles and lanes and lamp Islands; a lanp
island has a curb and tw lamps} a lanb has a base, stem and too,
This parts structure is carried in bodY nodes, Final lyY, the word
"object" will be used to refer to physical objects such as a
redwOo00=tree, building, or roadway,



PAGE 13

Figure 1.6
FACE PLRIMETER = a face is surrounded Oy 6dges and vertices,
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I. Co Introduction to BFEV Mdeling, (continued),

FOUR KINDS OF BFEY ACCESSING,

1. Accessing by name and serial nunber.
+, Parts-Tree Accessing,

3, FEV Sequential Accessing,

4, FEV Perimeter Accessing,

A BFEV mgceI has four kinds of accessing, The most
conventional BFEV access is retrieval oy symboli¢ nane which reguires
a symbo I tabie, Next, between bodies there is Parts-Tree accessing,
At the top of the Parts=Tree is a specla! body named the world to
which 311] the other oDodies are attached; thus the world body serves
as an OBLIST node, Given a particular body, a list of rts sub-parts
can be retrieved as well as its supra-part or "Supart", A supart is
the Whole entity to which a part belongs, the world being its own

syrart:

Wt hin eat" pow there ls face, edge and vertex sgeguentlal
accessing, Given a body, all its faces, or edges, or vertlcesneed to
be readily available since nerspective projection loops thtu all the
vertices, and the process of display «cl ipping | oops thru al| t he
edges, and the act of checking for body intersection loops thru al |
the taces,In LIS®, one might provide FEV sequential accessing by
placing a list of faces, a list of edges and alist of vertices on
the property list of each bodys, so that a cube night be represented
ag!

(GEFPROP CUBE (F1 F2 F3 F4 F5 Fé) FACES)
(DEFPROP ~UBE (£1 F2 E3 E4 ES £6 E7 E88 E9 E47 E13 £12)0aGES)
(DEFpRpop CURE (V1 V2 V3 V4 V5 V6 V7 V8) VERTICES)

. Finally, among the faces, 8dges and vertices of a body there
ig cerimeter accessing, Faces have a perimeter of edges and vertices
[figure 1,613 less commonly used, vertices have a perimetar of edges
ant taces [figure 1,73]; and of narticular note, edges have a

perimeter always formed by two faces and two vertices, [flgure 1,81].
Perineter accessing requires that given a face, edge or vertex, that
the perimetsar of that entity be readlly accessible, Since the surface
of a polyhedron is orientabie, that is has a well defined Inside and
outside, (Klein Dbpptties With their ¢crosscaps will not beg modeled),

such perimeter |ists can be ordered (say clockwise) With respect to
the exterior of the polyhedron, Perimeter accessing is mentioned in
GuZran [reference 63) and Falk (reference 43 and is the under lying
basis of part=]] of t his paper which presents a polvhegron npdel

bultit for accessing and altering face, edge and vertex perimeters,
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Figure 2,1 = BASIC NODE STRUCTURE.

BODY=BLOCK FACE-BLOCK I[EDGE- BLOCK VERTEX=BLOCK
3, part,cophrt|-3, “J, «3, XWC
“2 “2, |=2, “2, YWC
“1 «1. wl, 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,pve
+4 , +4, +4, NCW, DCW +4.

+5, +5, +5, NCCW,DCCW +5,
+6 4 + 4 | *§ “6,

5 Wopds 2 words 6 words 5 words

Figyre 2,2 = THE WINGED EDGE,
(As viewed from the exterior of a solid),

\ /

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

\ /

\ /

. PVT(E)

NFACE(E) E PFACE(E)
|

|

NVT(E).
/ \

/ \

- / \

NCW(E) / \ PCCW(E)
/ \

Figure 2,3 = AN ACTUAL NODE STRUCTURE += SEPTEMBER 1972,

H00Y=BLOCK ACE -BLQ NGE=-BLO YGRIEX-3LOCK“3, part,copart -3, AA "Jd ¥, hadi ® 2 W

“2: locCor -2, BB -2, BB «2, YWC
-1, pname, -1, CC «1, CC «1, ZWC
@, type,serlal | 0, type,serlal | 0, type,serlal | &. type,seria

+1, nface,pface |+1, nface,pface +1, nface,pface |[¢+1, XDC,Tjoint
+2, ned, ped +2, ped +2, ned,ped +2, YDC,ped

+3, nvt,pve +3, QQ +3, nvt,pve +3, nvt,pvt

+4, Fcng, Vent +4, KK- +4, NCW, pew «4, XPP
+5, Ecnt,Pent +5, +5, NCOW,pCCW +5, YPP
+ & nbod nbod +6, alt, +6, alt,pbody +6, ZDD
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PakRT=il, THE WINGEZC E£206E 2aTA STRJUCTUIRL,

II, A, Winged Edge Data Structure.

Bodies, Faces, Edges and Vertices are representec py ©bloecxs
Of contiguously aacdressed Wrds, A single block Size of tan ~crds is
adequate, A single word, like a LISP node, can hold two agdresszes of
a floating polnt nunber, The BFEY blocks are pointed zt c¥ the
agdress of thelr word numbered 2zZepo which contains co~trol Di%s
Iincicating whether the block !s a body, face, edge or vertex, Figurs
2,1 1llustrates the block formt that IS being presented a s an
example of a winged ed3e data structure; a minima| numper Of words
for each block 1s indicated.

The basic geometric datum ig the vertex locus, which is
stored in three Words of each Vertex block at positions -3y ma, =
these positions are named XWC» YACs» ZWC respectively: the letters
"WC" standing for "world coordinates”,

The basic topological data are the three rings of the body;
(a ring of faces, a ring of edges, and a ring of vertices) and the
winged edge pointers (eight such pointers In each edge block,and one
sych peinter I n cach face and vertex ©olock), The face, edge and
vertex ring polnters are Stored at positions +1, +2, +3} each
position has two hames: NFACE, WED, NVT for the left pointers

respectively; and PFACE, PEC, FVT for the right, A face, edge or
vertex can only belong to one body and so there is only 2ne body node
in a 8lven face, edge or vertex ring: and that body node serves as
the head of the ring, The reason for double pointer rings i$ for the
sake of rapld deletion; other minor advantages would not Justify the
use of double rings,

The eight WINGED pointers of an edge block Include: two
pointers to the faces of that edge, %tWo pointers to the vertices of
t hat @doe, and four pointers to the next edges clockwise and ¢oUNnter
clockwise in each of that wedge's two faces; these last four ocinters
are called ths Wings of that edge, As figure 2.2 suggests, four of
these eight pointers are stored in the same positions and referred to
by the sane names as the face and vertex ring pointers; namely the
NFACE, PFACE, NVT and PVT pointers, There are four ways in which a
Pair ©ffaces and a pair of vertices can be placed Into the tw#6 face
positions and two Vertex positions of an edge; by constraining these
choices ¢wo bits are implicitly encoded, one bit is called the edge
parity, and the other Is called the surface rarity; these 2its are

explaihed later, Finally, the single winged edge pointer foundin
faces and verticesis kept in the position named PED and it points to
one of the edges belonging to that face or vertex.

Al t hough the vertices in figure 2.2 are shown with three
eddes, vertices may hgve any number of edges; those Other ~ctential
edges Would not be girect!y connected to & and so were not shown,
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A SUMMARY OF WINGED EDGE OPERATI ONS.

DYNAMIC STORAGE ALLOCATION, :

1, Q « GETBLK(SIZE):
2 RELBLK(Q,SI12E)}

BFEY MAKE 6 KILL OPERATI ONS,

1, BNEW« MKB(B)} KLB(BNEW)
2, FNEW« MKF (R)} KLF(B,FNEW)
3, ENEW « MKE(B); KLE(B, ENEW)}
4, VNEW « MKV (8); KLV(B,VNEW)}

FETCH LINK AND STORE LINK OPERATIONS,

1, F « NFACE(Q)y; F « PFACE(Q)S NFACE.(F,Q)3 PFACE,(F,0Q)
2, FE « NED(Q)} E « NED(Q); NED, (E,Q) PED.(E,Q);
3, v « NVT(Q)ys V « NVT(Q)} NVT,.(V,Q)3 PVT. (V,Q);
4, A + NCW(E)} A «= PCW(E)} NCW, (AE) PCW.(A,E)}
5, A -- NCCW(E); A « PCCW(E); NCCW,(A,E)} PCCHW,(A,E);

WING LINK OPERATI ONS,

i. WING(EL,E2);
2, I NVERT(E) ;

PERIMETER FETCH OPERATIONS.

1, E « ECW(E,Q)
Z. E hol ECCW(E»Q)

4, - F e FCCW(EIV)}

5. V « VCW(E,F)Y: -

6, v « VCCW(EF)}

7, Q « OTHER(E,Q)}

PARTS TREE OPERATI ONS,

i, B « PART(8); B « COPART(B2, B + BODY(OQ; B « SUPART(B ;
3, ATT(B1,B2); ATTACH(B1,B2):
é DET(B)} DETACH(B) ;
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ll]. B, The Winged t-4dge QJperations.

Dynamic Storage Allocation,

At the Very bottom, of what is becoming a rather deez rest of
prpiritives within primitives, are the tw d¥Ynamic storage allocation
functions GETBLK and RELBLK., GETBLK allocates from 1 to 4K words of

nenory Space in a contiguous block and returns the machine address of
the first Word of that block, RELBLK releases the indicates block to
the availaole free memory space, (ltls sad that the machines of our
day do not come with dynamic free storage), A 900d reference for
implementing such dynamic storage, mentiored carlier, is Knuth
(reference 73, Altnough a fixed block size Of ten or fewerwordscar
be made t o handle the 3FEV entities, grandiose and fickle research

applications (as well as memory use optimization) cgeman~ the
flexibility of a variable block size,

BFEY Mike & Kill Operations.

Just above the free storage routines we the four pairs of
make and kill operations, The MKB operation Creates 6 body block and
attaches it as a sub-part of the gi ven bod¥, The world teddy always
exigts So that MKB(WORLD) will make a body attached to the world, In
this Daper, t he terms ‘attach’ and 'detach' refer to ¢0perations on

the Darts-tree linkages. The FEV make operations: MKF, “KZ, MKy
create t he cOrresSnponding FEV entities and place Ther IM their
reSpregtive FEV rings Of the given ©odY. In the cUrrent
imPlamegntation, thg FEV makers Set the t¥Ype pits Of the gntity¥, and
inCrémeén,t the proper total FEV counter, &s Well as the prgpér Dody
FEV counter 1n t he given body’s node, (the Fent, tent, Vert node
positions are shown in figure 2,3), The kill operations: KLB, KLF,
KLE, and KLV; delete the entity from its Ping (or remove 't from the
Darts-tree), release its space by ca! l ing RELBLK, and then decrement
the aPpropriate counters, The body of the entity 1s needed py the

"kill primitives and can be provide directly as an argument or if
missing, will oe found in the data b¥ the primitive itself,

Fetch Link and Store Link Operations,

Each of the fetch link and Store link operations named in the

summary 1s a single machine instructton that arcessss t he
- corresponding l11nk position in a node, Once EBFEV nodes exist, wlth

their rings and parts-tree already in place; the fetch &nd store | Ink
operations are used to construct or nodify a polyhedron? zurface, At
this lowest 1ecvel, constructinga polyhedron reauires Three steos:
first the two vertex and two face pointers areplacedinte each edge
in counter clockwise Order as theY appear when that edge i3 Viewed
from the exterior of the Solid; second an @dge pointer is placed in
aach face and vertex, so that one can later get from a 3iven face Or

vertex to one of its edges; and third the edge wings 2rs inked so
that al] the ordered pefimeter accessing operations describeo below
wil] wepk, Winglinking is facilitated by the WING operaticn.,
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FIGURE 2 . 4 = MIDPOINT EXAMPLE (gee text on page 20).
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INTEGER PROCEDURE MIDPOINT (INTEGER EB)
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);

a GET EDGES CONNECTED TO VERTICES:
CIF PED(V)=E THEN PED, (ENEW,V);

PED, (ENEW, VNEW);

a LINK THE WINGS TOGETHER}

WING(NCCW(E),ENEW)JWING(PCW(E),ENEW);
NCW, (E,ENEW)Y;PCCW, (E,ENEW)
PCW, (ENEW,E)INCCW, (ENEW,E)}

eo PLACE VNEW AT MIDPOINT POSITION,
Vi « PVT(ENEW)) V2 « NVT(E);
XWC(VNEW) « (XWC(VLi)+XWC(V2)) # 0.5;
YWC(YNEW) « (YWC(VL)+YWC(V2)) » 2,5;
BWC(VYNEW) « (ZWC(VL)+ZWC(V2)) » 8.5}
RETURN(VNEW);

END "MIDPOINT":
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The Xing Link Operation,

The W NG operation stores edge pointers into edges so that
the face perimeters and vertex perimeters are nmmde; and SO that
surface parltyis preserved, Given two ©dges which have a vertex and
8 face in common, the WING operation places the first edse In the
proper relationship (PCW, NCCW, NCW, or PCCW) with respect to the
second, and the second in the proper relationship with respect to the
first, The I NVERT operation swaps the vertex, face, clockwise wing,
and counter clockwise wing pointers of an edge. INVERT <coreserves
surface parlty, but flilps edge parity.

The Midpoint Example,

In figure 2,4 an example of how the operations given so far
could be used to code a midpoint primitive is shown, The example
miapoinNt oprlmtive takes an edge argument and splits it in two by
making a new edge and anew vertex and by placing them into the
polyhedron with the topology shown In the diagram Then the midpoint
locus!scompute8d and the new vertex is return, The ALGOL notation
Usa I's SAIL, which allows defining the character "9" as a CIMMENT
delimiter and allows defining XWC as a real number from the speclal
arraY named MEMORY, The MEMORY array InSAlListhe job's actual
machine nmenory space and gives the user the freedom of accessing any
Worc in his core 1nmmge,

The Parts-Tree Operations.

As shown mn figure 2.1, each body node has two Darts-tree
links named PART and COPART, The PART |ink is the head ofa 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 at
itself, Wien a body has parts, the flepst 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 18 retrieved Which inagicates the end of
the parts list, The negative pointer at the end of a arts [I ist
Poi nt s back to the orginal body, which is the Ssupra=-part or 'supart"
of all those bodies in that list,

The parts many be accessed by its |!InkK nanes PART and COPART,
Also the SUPART of a body returns the (positive) pointer to the
subpart of a body, The BgDY operation returns the body to whieh a face
8dde Op Vertex belongs: thls might be found by COR’ing a FEV rlng
UntiI a body node is reached, but for the sake of speed €ach edge (as
shown in figure 2,3)has aPBOLY |ink which points bagk 0 the body
to which the edge belongs, and since each face and vertex points at
an ©d8e, 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
removes a body B from Its supart and leaves [It hanging free; and the
ATT(B81+82) operation which places a free body Bl into the parts I Ist
of a body BZ, Since bodies are made attached to the World bedy and
general ly kept attached to something, t wo further parts=-tree
operations are provided, compounding the first two in %h& necessary
marner, The DETACH(R) operation DET’sB from Its current cwnér and
ATT' S it to the world; and the ATTACH(B1,B2) operation «i!1 CET 51
from its sUpart and attach it to a new supart, In nermal (one world)

circumstances one Only needs to use ATTACH to build things,

Perimeter Fetch and Store Operations,

There are Seven perimeter fetch primitives, whigct when given
an €dYe an3 One of it3 links Wwi| I fetch another link in a Certain

fashion, Using t-he winged edde data Structure these primitives are
easily 1mplemented in a few machine instructions Which test the type
bits ano typically do one or t WO compares, Clockwise and counter
clockwise gare always determined from the outside of a prclyhedron

look ind down on a Particular face, edge or vertex, I aro!o3:122 for
the hich redundancy on the next page, but felt that it was mecessary
to make the explanations independent for reference,

FIGLxt Z2,- =~ Face Perimeter ACCesSinG wi%<n respect to edrCe E,

| VCCUW(E ,F) vemrmeccefecme=e==a® VOW(L,F)
\ /

\ F /

ECCW(E,F) ECw(E,F)
\ /

\ /

\ /

\ /

®

FIGLnt 2,6 = Vertex Ferimeter Accessind with recsoect to 2c3e co.
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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 psrimeter,

Given an edge and a face belonging to that edge, ths ECW
fetch primitive returns the next edge clockwisa belonging ©0 the

- given face’s perimeter and the ECCW fetch primtive returnsthe naxt
edge counter clockwise belonging to 'the given face's pPerimaster,

E « LCW(E,V); Get Edge Clockwise from E about Vs perimater,
E « ECCW(E,v); Got £E£dga Counter Clockwisefrom E£E about Vs perimeter.

Given an edge and a verteX belonging to that edge, the £CW
fetch primitive returns the next edge clockwise belon3ing to the
given Vertex’s perimeter and the ECCW fetch primitive returns the

next edge counter «clockwise belonging to tne given vertex's
perimeter. N

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

Given an edge and a vertex belonging to that edge, 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 aboutF.

V « VCCW(E,F)3 Get the vertex counter Clockwise from E about F,

Given an edge and a face belonging to that €dge, the VCW
fetch Ppimitive returns the VverteX clockwise from the given edge
about the given face and the VCCW fetch primitive returns the vertex

. counter clockwise from the given edge about the given face,

F « OTHER(E,F); Get the other face of an edge,
v « GTHER(E,V): Get the other vertex of an edge,

Given an edge and one face of that edge the C THER fetch
primitive returns the other face belonging to that edge, Given an
edd9e and one Vertex of that edge the OTHER fetch primitive returns
the other vertex belonging to that edge,
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11. C, Ejadborations Om Winced Fdoe Structure.

In this section, some var iationsontrhehasjicw i noe

8d¢e structure aragiven, These variations ari(<e as adgzptati inc for
my aoPlicatlion, ani as unimplemented ideas for inprovemants, The
adaptations, shown in figure 2.3: include adding serial numbers anc
ALT limrks to al1 the fateas, edges and vertices, TIT neserialrumbers
crcvid®anotherwaycfaddressinganoare especially useful curlna

imbut anc output, The ALT link is used for pointing to a citionralbut
teTpcCrary data; themostelaborate ALT data has to Qo with f0318s
during a hidden [ine elimination, Sacrificing Memory space for <peey
and tlexibility, the fac9andedge coefficients are stores 1m each

node, ard theinage coordinate (Xpp,Yop,2Z0p) and display cocardinates
(X0c,YTC) are acded to each vertex, In eladorate svsremns. [Te rumage
coOrdinNgtes moce! a camera and the dishlay coorainstes refer to
lccatior on a display console. Having two tiers cf | mzSe
coordinates al lows sc-ollingaboutt h e modeleg i1mnage without chaning
tre camera (Or heaven forDidder, naving t o redo a ~ligzer BEE
elimination), _ The remaining S O farurmentionednamesinrgiude: tha

Tjoirt link in vertices hich is for shadow &na hlager fine
operations, the tre 77 word in faces which containsphoctonssrindata,

ard the LQCQOR ang FNAME| inks of a boay noge, hich  poirt tO a
locatior=grientatior =matrix and an ASCII] print nama pespeccivaly,

Sacrificine gpeed for the sake of me=nory,inceeffectof
havingrmest of the axtra data mentioned above can be ash | eved bv

recoMpluting it rather than fetching it, Furthermore, thedingedcarts
struCturec a nberagdes|ightly sralilerb yeliminating tg fzce and
vertex rings, Face aad vertex sequential accessind can sti |! ce Jena
byravirctaomarkingoitsine a c h f a ce andvertax,andbythen  oing
thr, t h eedcerindlipgokincat thetwo facesa n d two vertices a~fegct
edge forpones t hat arenot freshlym=marked,lt would be nica +f such

ecorcnizing could be come 2elow the level of the operations,

) "esides optimizations, the next improvement idea | would like
to attempt would be to split tne notion of a body iriz the two

notions of a "part" and a "cell", Parts would hav ethepartstiree
anc names that bodies now nave, whereas a cel jwouladhavevopiure and

face structure, Im this hypothetical Cell, Face, Edge, Yertex (CFLV)
moCe l, each face couylc noint tc a <el] on either side ofi +, me cel |
witn thre lower serial n,moer (or something) being constr ed an

] exteriop, Cell numser zero would ne tne infinite void of three space
in whigh everyt-~irg is embedded, The trodble with CFEY 'g that the
impertart mtter of a polyhedron surface nas to be salvateo; it can

not be atandonec, tacause moae| s Without good surfacererreszntat i ons
can not predict apPearance, which is one of ny requiremenys,
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SUMMARY OF POLYHEDRON PRIMITIVES,

A tULER PRIMITIVES, |

1+ BNEW « MK2FVy; make @& tody, face 8 vertex,

2¢ KLEFEV(GQ); kill a body & all its pieces,
Se VNEW « MKEV(F,V); make edge& vertex,
4. ENEW « MKFE(V1,F,V2);: mmke face & edge, |

5¢ VNEW « ESFLIT(E) split 2n edge,
6+ F « KLFE(ENEW) kil] face & edge Ieaving a face,

7, E « KLEV{VNEW); kill edge & veartaX leaving an edge.
8, V « KLVE(ENEW) kill vertex 4&4 edge leavia3d a vertex.
9: B « GLUE (F1,F2); glue two faces together,

# 12. BNEW « UNGLUE(C)Y Jynglue along a seam containing t,

8, SOLID PRIMITIVES,

1. VPEAK « PYRAMID(F); for a pyramid on a face,
2v F « PRISM(F); form a rectangular prism,
3, F « CWPRISMQID(F) forma clockwise prismoid,
4. F « CCWPRISMOIND(F); form a counter clockwise prismoid,
5s ROTCOM(F); complete a solid of rotation,

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

7. BNEW « MKCOPY(B):; make a COPY of a body,
8+ EVERT(B); turn a body surface inside gut,
9. ¥1 « BUN(B1,8B2); form union of body interiors.

12, 81 « BIN(81,B2); form intersection of pody interiors,

C. GEOMETRIC PRIMITIVES,

1+. TRANSLATE(O,R)
2. ROTATE(Q,R):

] Ss DILATE(G,R);
4, REFLECT(Q,R);

D, IMAGE PRIMITIVES,

1. FROJECTOR(CAMERA,AORLD)
2¢ ELISTeCLIPER(WINDIOW,WORLD);

| 3, UCCULT(WORLD);

# 4, SHADOW(SUN, AORLD);

# 5¢ TV « MKVIC(WINDOW, WORLD)

# 6, 82D ¢ MKE2D (WINDOW, WORLD);
M 7. R20 « CAREYE(TV)Y;

I Lrder construction, Cgt 1972.
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ITI, PRIMITIVES ON POLYHEDRA,

In this section a nunber of orimitives for ¢oing things to

polyheGra are explained, Al t hough these primitives ape currently
Implemented Using the winged edge data structure,they do not require
a particular polyhedron representation, Indeed, mary of these
primitives were originally Implemented in a LEAP polyhedron
representation Very similar to that of Falk, Feldman andPaul
(reference 51, Thus, the primitives of this section are on a | eveI
logically independent from the operations of the previous saction,

Anot her aspect of these primitives is tnat they san be used
as the basis of a "graphi ¢s language” or nore accurately as a »aCkage

of subroutines for geometric modelling In this vein, the primitives
are currently collected as a package called GEDMES for ~eometric
Mbdeling Enbedded tn SAIL; and as GEOMEL, Geonetric Mode|jrg Embedded
in LISP, A third language, called GEOMED, arises out of the =:=0mmand
langua®e of a geometric mnodel edltor based on the primitives,

The primitives are shown in four groups 7 the summary. The
first group, the Euler Primitives, Were Inspired byCoXeter’s nroof
of Fulepr’s formula, section 18,3 of [reference 23]. Althoug~ <ne proof

only required threes primitives, additional Ones of the same ilk Were
develoPed for c¢convenignge, The second group 1s compose3 of sone
pol yhedron primitives that were coded USING the fuller dorimitives,The
thiro 9poup Is for primitives that nove bodles, faces, edges and
vertices; or compute geometric values such as length and valume, This
groubh ls underdeveloped for two reasons: one, because [| have done
these computations ad hoc to date; and two, because they Imply the

subject of animation which Is large snd difficult and not ~f central
imoortance: o vision, Wth the exception of the camera, my worlds are

nearly (but not abseglutely) static, A less impoverished Jeometric
group will be presented in the future, The final group, has thres
wel | deve| oped onrimitives for making 20 inages; an3 several

“primitives that when finished wll realize part Of the Vision system
that I am teying to bylid,
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~-111, Ay Euler Primitives.

As mention above, the Eulerprimitives are based on the Euler
Equation F=E+V = 2#4B-2#H; where F» E+» V, B and H stand for the number
of faces, edzses, vertices, bodies and handlas that exist, The term
"handle" cones from topology, gnNd Is the number of well formed holes
In a surface; a sphere has no handles+ a torus has one handle, and _an
IBM flowcharting template has 26 handles, The Euler equation
restricts the possible topologies of FEV graphs that can be
polyhedra; although such Eulerian Polyhedra do not necessar|ly
corresPond to What we normally ealla solid classical nolyhedron,
Strict adherence to constructinga polyhedron that satisfies Fuler
equation F=E+V = 2#3 « 28H Wuld require only four primitives:

+F «EE +V = 2#8 = 2#H

1. Mike Body, Face and Vertex +1. . vetlel
Zs Mike Edge -and Vertex, voo=l +l, ieee
3, Mike Face and Edge, 2TE

4, Clue two faces of ohne body, ~2 +N «Nisei sono *+l
4,’ Glue two faces of two bodies. 2 +N =Nysse=desr

However, the four corresponding destructive primitives are also
possible and desirable:

+F wb «V = 2#B = 2asH

i, Kill Body, Fagé and Vertex > WIPER RU J
Z Kill Edge and Vertex, 2 el
3, Kill Face and Edge, olSE
4, Unglue @alonNg a seam +2 =N +Norvssosreso=l
4,’ Unglye along a seam, «2 +N oN, oe *le sv oe v0

And fimally the operation of splitting an edge at a midpoint iNtO (wo
edges became s o important In forming T-Jolnts dur ing hidden I Ine
elimination that theESPL]IT primitive was Introduced in place of the
equivalent KLFE, MKEV, MFE sequence,

In using the Fuler primitives, some non-classical polyhedra
are tolerated as transitional states of the construction; these
transitional states are cal led:

Seminal Polyhedron,
Wire Polyhedron,
Lamina Polyhedron,

Shell Polyhedron,
Face With WireSpurs on [ts perimeter.

A semrinalpolyhedronis like a points a Wire polyhedron | 8 linsar
with two ends |lke a single piece O wire; lamina and shell polyhedra
are surfaces, and the picturesque phrase about Spurs iS a restriction
on how faces are dissected Into more faces, These terms Will be

exclainecin more detal!l when they are needed,
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111 ,As Eylep Primitives,

1 , BNEWeMKRBFV: Make Semi nal Body,

The MKBFY primitive petupns a body with one face and one
vertex and no edges, (Other bodies are formed by applying primitives
to the seminal MKBFV body, The seminal body is initially attached as

, a Part of the world,

2, KLBFEV(BNEW); Kilt Body and al] its pleces,

The KLBFZV primitive will detach and delete from memory the
body given as an argument as wellas all its faces, edges, vartices
ant sul=-parts.,

3, VNEW « MKEV(F,V); Make an edge and aveértex.

The MKEV primitive takesa face, Fy and 2 vertex, VY, of F's
perimeter and it creates a new edae, ENEW, and a new vertax, VNEW,

ENEW and VNEW are cal led a"wire spur" at V on F, MKEV r2turns the

new]Y made vertex, VNEW; ENEW can be reached since PED(VMEW)is
always ENEW, Only one wire spur Is allowed at Von Fata time,

Wien applied ¢0 the face of asemi nal body, MKEY forms {he
special polyhedron called a "Wire" and returns the new vertex as the
"megat lve" end of the wire A wire polyhedron jis illustrated in
figure 3,1, When appl led to the negative end of a wire, MKEY extends
the wire; however if applied to any other VvertaX of the wire, MKEV
refuses to change anything and merely returns its VvsrteX argument,

Figure 85.1 = A Wire Polyhedron, Figure 3.2 = VNEWeYKEV(F,V);

seminal vertex e V1 +V

Positive en3 +] of Wire. /I\
| El / eee EY SDUP,

= | / 1 N\
e V2 / =VNEW \

+ | / \
I £2 / F \

negative end ~-| of wilrerp / \
atest vertex e V3 ®omeommcmmnmcaany
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FIGURE 3,4 =~ TWAQ EXAMPLES USING EULER PRIMITIVES, s€8 page 4417,

3 MAKE A CUBE;

INTEGER PROCEDURE MKCURE:

EGIN "MKCUBE™

INTEGER B,F,E,V1,V2,V3,V4;
y CREATE SEM NAL POLYHEDRON;

b « MKRFV: F « PFACE(BY:; V1 « PVT(3);
XWC(V])e+1 YNC(V1)e+l: ZWC(V1)e=~-1;

y MAKE SEMINALL POLYNEDRON INTO A LAMINA POLYHREDRON;
v2 « MKEV(F,V1i); XWC(V2)e=1;

V3 « MKEV(F,V2); YWC(VI)e=13
vd e MKEV(F,V3); XWC(V4)e+l;
F « MKFE(VL,FsV4)

¥y MAKE FOUR SPURS ON THE LAMINA;

Vi « MKEV(F,V1); ZAC (Vi)e+1;
V2 « MRKEV(F,V2);

VI « MKEV(E,VZ);

V4 « MKEV(F,V4);
x JUIN SPURS TO FCRM FINAL FACES; |

E. « MKFE(V1,F,V2);
E « MKFE(V2,F,V3);

3 « MKFE(V3,F,Vvé);
E « MKFE(V4,F,V1):

RETURN(R);

ND "MKCUBE";

y FCKM A PYRAMID ON A FACE;.

INTEGER PROCFDUKE PYRAMID (INTEGER Fj;
BEGIN "PYRAMID"

INTEGER V,VZ,E,E2,PLAK,EX;
~EAL X,V,%: INTEGER 1;

- XeYeZele:

a GET A VERTEX OF THE FACE AND MAKE A SPUR TO A PEAK;
EeE2ePEL (FF);

| VE « VOWED, Fs
© PEAK « MKIV(F,VZ2);

a CONNECT THE OTHER VERTICES OF THE FACE TO THRE PAK;
WHILE TRUE 20 |
LESTN

V « YCCW(L,F);

Xe Xe XWC(V)) YeY+YWC(V) rez+2WC(V),;
TNCREMAT)

I= v=y2 THEN DUNES

CX » MKFE(PEAK,F,V); |

ENS |

a POSITION THE PFaX VERTEX AT THE CENTER OF THE FACE; |
YWNC(PEAK) «Xl; YAC(FEAK)«Y/1; ZAC(PEAKY«#/1];

| SET IIN(FE AA); |

rN "PYRAMIO";
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4, ENEW « MKFE(VYL,F,V2);

The MKFE primitive can be thought of as a face spi it. Given
a faces and two of its vertices, MKFE forms a new face on the
c lockwlse side of the lime V1 to V2 leavingtheold face on the
counter clockwise side, V1 becomes the PVI of ENEWA, V2 pecomes +<¢hes

NVT of ENEW, F becomes the PFACE of ENEW and FNEWDecomas the NFACC
of ENEW; also ENEW becomes the PED of F and FNEW,

Figure 3,3 - MKFE and KLFE,

BEFORE MKFE AFTER ENENeMKFE(VL,F,Y2S
9 9 ? 2

/ \ / \ /\ / \
/ \ / \ / \ / \

/ \ / \ / \ / \

/ 9 \ / +V1 \
/ \ / =FNEW | +F \

® ~ ® ® | @ = NE WN A

\ / \ /

\ ® / \ -\V2 /
\ / \ / \ / \ /

\ / \ / \ / \ /

\ / \ / \ / \ /
® e ® ®

AFTER FeKLFE(EMEW) BEFCRE KLFE

MKFE is also used to Jolin the two ends of a wire oolynedeon
to forma "lamina"; or the two ends Of wire Spurs to split a face; Or

an end of a Wire Sour and a regular perimeter vertex to split a face;
4 "jamira polyhedron" has only tw faces and thus no volume,

-EULER EXAMPLES,

The use of the primitives discussed so far is illustrated by
] the example Subroutines in figure 3.4 on pa3e 29, The make cube

sutroutine starts by placing a seminal vertex at (1,1,1): Then a Aire
of -three edges |s made using the MEV primitive, As the code implies,
MKEV places Its new vertex at the locus of the old one, The ends of
the wire areJoinedwith a MKFE+*0 form a lamina polyhedron, t hen a
spur ISplaced on e€zeh of the vertices of the lamina, and finally the
spurs are Joined,

The pyramid example is more real isti¢s, since poly~edra are
not generated 8X nihil, but rather arise out of the Vision routines

and the geometric editor. PYRAMD takes a face as an argument (which
is assUred to have no spurs) and runs a spur from one VvVertax to the
midgle of the faces, then all the remini ng vertices of the face are
Joined to that Snur to form a Pyramid.
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I11, As Eyler Primieives. (Conginyea).

5, VNEW « ESPLIT(Z); Edge Spl it,

This primitive splits an edge by Making a new vertex and a
mew edde, [ts Imolemantation isvery similartothenicpnein~t exancle
o ngpagei9, FSPLIT is heavily usedin the hidden line eliminator,

6, F « KLFE(ENEW); K illFace Edge,

This primitivgKills a face And an edge leaving c¢c=e face.
Sirce t hisnrimitivois irtended to be an inverse of MKFE, the NFACTE

o fENEW is killed, ~owever the NFAUE and PFACE of in £dge "May be
swerred by using the INVFRT(E) primitive, See Figure 3,3 fer XLFE,

7. EE ee KLEV(VNEW); Kill gEcge Vertex,

Tnis primitive kills an @2d3@ and a vertex leavine gre eEGle
This primitive will e!'i=minats spurs made with MKEV ard nigzooints Nade

with ESPILIT; A apyure form 14 wWoulg hava to |eave vertices 4ith =»
val encé greater +tngntwo untouched, howeverit In fact "y=m-gyramias"
ther with a2 serlas of XLFE’s and then Kills the remaining spur,

8, Vv « KLVE(ENEW); Kil IVeptex &dg3e,

This primitive kills a vertex and an edge leaving g3sn2 vertex,
Thisprimitlve Is tme face-vertex dual of KLE, namely i nsteacd of
killing NFACEo ff Eandfixingup PFACE’sperimater, KLEVKills the
NYT 6f E and fl!Xas upc PYT of E's per imater.

9. b « GLUE(F1i,F2); Glue two faces,

This primitive glues two faces together formingeonencadocy
. out of two old onas (the body of Fi survives) or formirg a handle on

tne Given vody, The numberO foedges In tne two faces musthe the same
anc tn2irorlentation should be opposite (exterior to exterior),

#1, 3NEW « UNGLUE(EZ); Unuliue along sean, ¥*not inMplerented.

Tnis primitive wunglues alone the seam contairing BE. The
UNGLUE primitive requires that a loop of eages Ze marked az 2 "sgan"
ajerd which ungiue will form tw oppDOS|te faces, The mars.s are made

in ¢Ne temporary +¥pe bitin theedde® node, Of the ¢civen bcdy, If
the cut forme twa .Alejoint nodies them a new poay i1smaleonr the
NFaCtk side of the original E argument,
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ITI, B+. SOLID PRIMITIVES,

I, VPEAK « PYRAM IF):
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 sweep primtives (with the

exception of PYRAMID) do not change the location of tha given face
but merely copy its perimeter, forming new faces and edges between
the ©}@ perineter and the new perimeter, The pyramd primitive has
already appeared as an example on page 29.

Starting with anine sided face lamina, the rocketin figure
3,6 was formed from the bottom by sweeping two prism stages, then two
counter clockwise prigsmoidstages, and then two clockwise Drismoid

stages8 and fimally one pyramid to form the nose cone, the fins were
made bYprism sweeping everythled face of the first stage,

| ANI
RR NAN

A A

NN

Y in
FIGURE 3.6 ~ Rockets made with sweep primitives.
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i111, By» SOLID PRIMITIVES, (continued).

5, ROTCOM(F); Rotation Cempletion,

As [fllustrated in the flrst three frames of figure 3.7 oe|ow,
wire faces ean be swept to form a--shell, Wien a Wire face is swept by
a sweep ppimlitive (other than pyramid) it is marked as a shell face
of rotation and Its orlginal perimater count Is kept for Jater sweeps
to refer to, In the third frame the shell has been positioned so
that its slot can be seen, The shel |facenow includas al| te edges
of both pole 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

many other faces as necessary, by means of tne count that was saved,

FIGURE 3.7 = Solid formed by rotation.
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[iN]A.

Euclid's construction of a dodecahedron from a cube.

KX DX

ATEN
Dr

FIGURE 3.8 ~- Dual of a Dodecahedron.
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i111, B+ Solld Primitives. (continued).

6, FVDUAL(B);

7. BNEWeMKCOPY(B);

These two primitives illustrate the extremes from 4 class of
miscellaneous primitives, FVDUAL isa worthless curosity and MKCOPY
is guite useful but uninteresting, FVDUAL(B) of a bodyY charges all
the faces of a body into vertices and al | the vertices into faces, in
the Winged edge data structure this merely requires compJting3 locus
for each face (its center), re="typing" faces .and vertizes, and then
swaping the face and vertex |!nK positions in each fa¢2, edge and
vertex of the body,

Figure 3.8 illustrates Euclid's constructicn, of a
dodecahedron from a cube, The unlit cube 1S formed, then =2ll its edges
are midpointed and translated ©Y.,2 units into the three pairs of
Parallel faces; then the midpolnts are lifted @.3 units off the plane
of each face of. the cube; then MXFE is applied six tines to 8plit the
eight sided faces into five slded faces; giving a dodacahedron

(nearlyY regular), Applying the FVOUAL to the dodecahedron yields the
icosahegron,
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111. Bs Solld Primieives. (Cangingyed),

8, EVERT(H8);

9. BileHUN(31,82); | |
i272, Ble IN(B1,B2);

These thr2e primitives perform the too0iaar operations on

polyhedron interior volumes. cVERT(B) turns & body insice out, thus
charmr8ing a cube into a room as a solid into a bubdle, Ccjactswl th

infinite “interiors” are permissible; such polyhedra are impossible

in Many classical deve lopements of solid Geometry which mmke the
interior of a polyhedron to be t he region of space with finite
volumes by definition, The body union is BUN, whichallows Blt o

survive if the Interiors of the bodies are not disjoint, A boagy with
two disjoint polyhedrons Is shunned, The boay intersectior is SIN,
which allows Bl to survive if the interiors of the bodies ar? not
3isjoint,

TWO BODI ES BODY UNION

FIGURE 3.9

BODY I NTERSECTI ON BODY SUBTRACTI ON
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C, GEOMETRIC PRIM TI VES,

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

4, REFLECT(Q,R);

The four Euclidean transformations are translatiqn. rotation,
reflection and dilation; and as first mentioned in Klein‘s Erlangen
Program, 1872, these four primitives form 5, group, The primitives may
be applied t o bodies, faces, edges OF 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 ed&e is the

two vertices Whlech are its ends, and a single vertex is itself; but
there are special cases having to do With faces, (In GEOMED a
specialcounter,negative Fecnt, is maintained in wire sweep faces in
order to make solids of rotaticn). The second argument R Is a pointer

to a transformation array In world coordinates of four PEWS and three

colymns:
xwc, YWC, ZWC

IX, 1Y, 12
JX JY, JE

KX, KY, KZ

For trarsiation, only the XWC, YWOC and ZWC are involved and all the
vertices are trarslated in the obvious fashion:

X «= X + XWC; Y « Y + YWC; Z2 « Ff + ZWC;

whereas for rotation (dilation and reflection) t he tnner most
cCorputation applied to eatn vertex is:

X « x + XWC; Y « Y + YWC; 2 « 7 + ZWC;

) XX «IXuX + lysY + |Zu#;
YY« JUX#X + Jy=Y + JZ&Zr; |

ZZ ¢ KX8X + Ky#vV + KZ%¥{;

X * XX = XWC: Y « YY = YC Z « 72 = 2,.Ci

At thispoint,! shoyu:d now present & few generaI primitives for
setting up such transformation arrays,but I don't have them Yet, The
crOp lem involves gelecting frames Of references, strength Of
transformation, axas Of transformations, origins of framesand mcdes
such as apsoluta, relativeo rr interpolated, At present in my
applications these matters are handled ad hoc (the most 3eneral

solution belng the =XOTLREL and EUCLID subroutines of CECMED)Y, T h e
heart cf deriving a transformation array is to getaframe of
refererice REF anc as amount of rotation DEL and to compute the matrix
procLctl:

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

For dijation(larger or smaller) Cross DEL wWithanon-urity diagonal
vratprix; for reflections flip the row signs on desired axes,
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J. IMAGE FRINITIVES,

1, FPRUJECTUR(CAMERA, WORLD)

2s ELIST«CLIPER(WINDOW,WORLD)
3. CCCULT(WSRLD); }

& 4, SHADOW(SUN,UWORLD) |

% S5¢ TV « MEKVID(WINDOW, NORLO) }

% 6s 320 « MKB2D (WINDOW, WORLD)
) » 7. BE2u « CAREYE(TV):

# urder constructiom, Oct 1972,

FROJECTOR computes the perspective projected locus >f all the

vertices in a Given world from a given camera, CLIPFR <c¢omput2s <he
portions O f30 lings tha*t are visible within a given display~indsw,
OCCULT ccempares all the edges, faces and vertices in a Jdiven world;

usird their current proJected coordinates; faces, ©ed3es and varticas
that are notvisinole from the 1mplied camera’s viswpoint =2r8 marked
as hidgen; faces, odgdes and vertices that ar? visinle aramarkedas
visible; and faces, edges and vertices that wer® initial ly cartially
visible are broken up into Visible and hidden portigms.Thenew

faces, edgesand vertices introduced by 2CCULT re merresc SO that
they can be renoved,

Ths following four primitives are stil I be ing daveloped,
SHADUW willllterallybuilda world witn shadoWs in it; shadowcalls
OCCLLTtwi ¢c8, once for the SUN and once for the canera, There Is no

conceptual difficulty in doing many point sources, but !shallget
one source working at a time, The MKVID primitive gererates TV
intensity fasters from the world model after OCCULT or SHADOW has

been abplied, The MKB2C primitive generates a 20 data structure of
redlons and edges (Whigh is almost a ¢cOPY of the 30strugturethpt
has baer presented, cut with special attention Patld t o T=Joints);
t his B2l data structure is an immge model, Final ly, +he CAREYE

"peinritive converts TV lntensityrasters into B2D image 3tructure, A
cetatleg dlscriptiono i t hese image primitives camnNothwedivenat
thig time (OCT 1972), because I haven't finished making them
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Tha singleaoplicaticnaroundwhigcnthe neometr ic~gde!ing o f
trig pager | sbeimaouil t is for 2 computer television Yi3zion (TVV 7)
cystem for looking at real ~#orldscenes, I belirve that 3 conputer

Trust have a means of representing what it is intendeqg tc see anc
furtnerthatthe representation must have (in principle) an inverse
relatiort o 2 t2levision imags, My first premise is rarely

auestiored, the second premise is frequentity questioned, One
alternative Position is that so c¢al leg "fegtures" can pesextracted

from anima3e and then used by a heuristic Oroblam solvar <c find an
Fo association oetwaen th? perceived features and previcus general

kmowleage; It is then stated that there !S no need to 0 from the

denera! knowledge or evan from the so called image "features" pack
dowr t0 a televisionimagde, evenj u st i nprinciple, I Wish %c¢ state
t he oPposi te, thers isaneedt ogofrom the3enerslirepreszantation

toatelevisionimage I n orderto develop computer Vision Withoucx
n"avifg to solve several OJthepproblermrsof Artificial intejligence,
Apoilcations of goometric nodelingothert h a ntal8visionvisidan mignt

include: architertural dradingd,conouter animation, anc meccel ing for
laser, radar, and 3Sgnar i7a3e systems,
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lve A, Mocelingt! GEQMED - a drawing program,

GEOMED, Segmetric MdelI Editor, is-for making and editing
dolyhedra, The command language of GEOMED provides the Euler
orimitives In the context of a push down stack (the PADPDL)of
op0iess faces, ©edgeg and vertices,The mln difference between an
interactive program and a Programming language being that the former
carri9s along a working contextSO that most arguments and data do
not Naveto c8 explicitly named,

y - make seminajvertex body,
3 - make edge and vertex,
J - make edge and face,
G - alue two faces,

In addition to the stack, GEOMED provides frames of reference
for the Euclidean transformations; there IS a world frane, body
frares, camera frames, relative frame and face franes, Also the
strength ©0f a Euclidean transformation can be halved or ¢gouble, set

directiyorentered 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 named "control" and "meta" wlth
a.; : O « Or ®# character. These characters are not mnemonics but
were chosen because of thier positions on the keyboard,

HEH - transform about X-axis.

) - transform about Y-axis.
- % - transform about Z-axis.

no shifts = TRANSLATION,
a - contre | = ROTATION,
3 - Meta = DI LATT ON.

€ - meta=-gontrol = REFLECTION,

Finally, GEOMED provides access to al | the solidprimitives
arnt hidden line ejimination, along with commands for the stack,
incut, output, display, and switch toggling, The commands are

detail€c in the operating note, SAJLON=68, along with a list of
GEOMES and GEOMEL subroutines, TWa examples should suffice to
itlustrate how concise and illegible GEOMED command strings are:

1, VIINEIE(E (Je /8S=1 forms a cube,
2. Viet sbabasfuapetejo

\\:18S5)S)5)5)S)S)S2S2G6 forms a torus,

Thus a polyhadron can be represented in a few characters (which nust
be compiled); one might hode that such a "representation by

genreration" coulg provide a link between semantic and geonetric
mrooels. The hard diregtion is to get from a polyhedron model to the
cnffrand string,
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Iv, B, Graphics: OCCULT= a hidden line eliminator,

CCCULT is a hidden lineeliminatoriitisneither a datkins
Mar a wkarnock algorithm but is rather a throw=bacxtothepnaiveide a
of comparing each edge With all the other edges and having ways to
dampen the potentially |arge number of comparisons that Miznt cccur,

Therearethreekinds of dampening in OCCULT, The first (used
in other hidden eliminators) 1StO get rid Of t he faces t hat have
the |P backs tO the camera and to consider for comparision only the

edges With one potentially visible face. These edges are called
“"fOias", The second kind of dampening, is to hi de everything
connectedtothe hijgdenportionofan edge When a fold crossing 1s
discovered, this is made possible by the Winged edge primitives wnicgn
allow Polyhedron surfaces to be ®@aslly traversed topolocicaliys and
by the Euler primijtiveswhich allows the edges to be quickly broken
intovisibleand hidden portions without 10Sing their topology, The
th ipd kind o fdampening Involves having a raster of edge buJckets to
localiZet h ¢ comparisons,

The reason for doing hidden line elim nation in thls fashion
is to @et the topology of the image regions and edges Imamodeled
scene Imeludlng the shadoWs., OCCULT Was used to make some of t he

fieures that appeared carlier IM this paper; for examnlethe arm
mode| Ip figure 1,2, (which required twelve seconds of PZP=i{7compute
tire), A paper on QCCULT should be available before the end of the

veap, 1972,

Ive C, Vision: CAREYE = a videoregion-edge finder,

CAREYE, Cart Eye, is the oldest, most rewritten,yetl east
finisheg parto f theapplication,Atpresentits best trick {iS to
take a2 Television imageand convert Ve into video intensity contour

- lines similar to those discussed by Xrakaur and Horn (of M,I1.7.).
Fpor VIC, Video Intensity ContourssS$ t he image goes through two
processes: first, the camera |ocus=orientation for the Image ig
solved by finding featurepoints In the image that cOQresoong with
knownland mark point !nthe world; and second, after the camera is
solvedsthe locus cf previously unknown regions of the image mustbe
added tothe World model: tne third dinension of such uUnkngw~ regions
being assumed to be very large, untilevidenceis found insucseeding
images that make the region "POP out” of the background, ThReee two
DrocesSes are called Camepa Locus Solving andBody Locus Sciving;
CAMLS and BO0DLSj3and are the missing links in makins c2iynedron
models merely by looking at obJects and scenes of objects.
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