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A b s t r a c t 

A computer program tha t achieves the 
i n t e r p r e t a t i o n of l i n e drawings as po lyhedra l 
scenes w i thou t us ing s p e c i f i c ob jec t p r o t o t y p 
es is desc r i bed . The method is p r i m a r i l y 
based on genera l coherence ru les t ha t the 
o r i e n t a t i o n s of the surfaces and edges must 
s a t i s f y , thereby d ispens ing w i t h p rede te r 
mined i n t e r p r e t a t i o n s o f p a r t i c u l a r ca tegor ies 
of p i c t u r e j u n c t i o n s as co rne rs . The paper 
a lso comments on the r e l a t i o n s h i p of t h i s 
program to f o u r o ther scene ana l ys i s programs. 

1 . I n t r o d u c t i o n 

One way to capture the meaning of 
p i c t u r e s i s t o i n v e s t i g a t e the r e l a t i o n s h i p 
between two domains: the p i c t u r e and what
ever i t i s t ha t i s dep ic ted - the scene1. 
Th is paper c l o s e l y examines t ha t r e l a t i o n s h i p 
f o r p i c t u r e s c o n s i s t i n g o f s t r a i g h t l i n e seg
ments and scenes made up of opaque po lyhedra . 
A program, POLY, in the same t r a d i t i o n as 
Guzman's SEE2 and Clowes' OBSCENE1 is 
p resented . POLY e x p l o i t s the r e l a t i o n s h i p 
between the domains and a lso coherence ru les 
t h a t e n t i t i e s in the scene domain must sat isfy. 
Fo l l ow ing a d e s c r i p t i o n of POLY some f e a s i b l e 
ex tens ions to t h i s scheme are desc r ibed . 
F i n a l l y , the relevance o f t h i s program to 
o ther scene ana l ys i s programs is d iscussed. 

The work repo r ted here stemmed from con
s i d e r a t i o n o f severa l u n s a t i s f a c t o r y aspects 
of OBSCENE. The ' p r e d i c a t e t a b l e ' embodied 
in t h a t program appears to be a r i g i d and 
opaque theory of t h ree -su r face corners and 
the p i c t u r e - t a k i n g process. Secondly, OBSCSfE 
has a very weak g r i p on the cons is tency of 
the v i ew ing d i r e c t i o n . F i n a l l y , i t i n t e r 
p re t s many p i c t u r e s as polyhedra which cannot, 
i n f a c t , e x i s t . The conceptua l framework f o r 
POLY was i n s p i r e d by Huffman's 'dual -graph3' , 
which was presented as a device f o r checking 
an i n t e r p r e t a t i o n p rov ided by the Huffman-
Clowes l a b e l l i n g process. 

2. Scene Coherence 

Let us f i r s t e s t a b l i s h a r e p r e s e n t a t i o n 
f o r the geometry of polyhedra and the p i c t u r e 
t a k i n g process. 

Dual Space 

In conven t iona l Car tes ian space we des
c r i b e a po in t by g i v i n g i t s coord ina tes 
( x , y , z ) and a plane by a c o n s t r a i n t upon the 
coord ina tes of a p o i n t : a. x + a. y +a z +1=0 

x y z 
The r e p r e s e n t a t i o n is as i t were po in t 
o r i e n t e d . Since planes are of more i n t e r e s t 
to us than p o i n t s in the contex t o f p l a n a r -
faced po lyhedra , i t i s d e s i r a b l e to use a 

re j i r esen ta t i on t ha t is plane o r i e n t e d . Such 
a r ep resen ta t i on is dua l space4 in which a 
plane i s represented as a po in t - s p e c i f i c a l l y 
by the c o e f f i c i e n t s a , a , a of the 
v a r i a b l e s in the equat ion o f the ' r e a l ' p lane. 
I t f o l l o w s t ha t the dua l o f a p o i n t ( x , y , z ) 
is a plane such t ha t (a , a , a ) is on the 
plane if xav + ya + zax + K. = 6. x y z 

I f a l i n e in r e a l space is construed as 
the i n t e r s e c t i o n o f two r e a l planes then i t s 
dual is the l i n e passing through the po in t s 
in dual space which repiresent those r e a l 
p lanes . 

V iewpoint 

A two-d imensional image of a t h r e e -
d imens iona l body is a p r o j e c t i o n whose form 
can be s p e c i f i e d in terms of a v iewing p o s i t 
ion and a p i c t u r e p lane . 

P i g . l i l l u s t r a t e s such a s i t u a t i o n where 
the p i c t u r e plane is the x -y plane and the 
v iewpo in t V is on the z a x i s . If we cons ider 
a p a r t i c u l a r l i n e such as P1P2 then P1P2, B1B2 
( t he corresponding edge) and"V a l l l i e in a 
p lane . Th is plane we c a l l the plane of 
i n t e r p r c t a t i o n ( I ) o f P1P2 since g iven P1P2 in 
a p i c t u r e we have only to hypothesise the 
p o s i t i o n o f V r e l a t i v e to t ha t p i c t u r e to 
achieve a power fu l c o n s t r a i n t upon the pos
s i b l e i n t e r p r e t a t i o n s of P1P2 as an edge, 
namely t ha t the edge l i e s in the plane I 
beyond P1P2 . Such an hypothes is about V" has 
g l o b a l i m p l i c a t i o n s f o r i t determines the 
planes o f i n t e r p r e t a t i o n f o r a l l o ther p i c tu re 
l i n e s s imu l taneous ly because a l l planes o f 
i n t e r p r e t a t i o n must pass through V. This f a c t 
is expressed e l e g a n t l y in the dua l space as 
the a s s e r t i o n tha t the dua ls o f a l l the i n t e r 
p r e t a t i o n planes must l i e on the dua l of V 
namely on a plane in the dua l space D. 

I f V i s a t i n f i n i t y r e l a t i v e t o the 
p i c t u r e (an i d e a l p o i n t ) the p r o j e c t i o n i s 
o r thograph ic otherwise i t i s p e r s p e c t i v e . 

Bodies 

The i n t e r p r e t a t i o n of some set of p i c t u r e 
l i n e s as edges bounding a plane sur face of a 
body is expressed in dua l space as the require
ment t h a t the dua ls of these edges a l l pass 
through the dua l p o i n t rep resen t ing t ha t 
su r f ace . Hidden edges of a p a r t i a l l y v i s i b l e 
sur face would of course a l so be subjected to 
t h i s requirement as would the dua l of any l i n e 
presumed to be upon the su r f ace . 

The i n t e r p r e t a t i o n of a p i c t u r e j u n c t i o n 
as the corner of a polyhedron can a lso be use
f u l l y c h a r a c t e r i s e d i n dua l space. A po in t i n 
r e a l space can be const rued as the in tersect ion 
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gradient, corresponds to i t . The projection 
into the gradient space of the dual l ine 
representing an edge may be cal led the gradi 
ent l ine of that edge. A perpendicular 
dropped from CG to that l ine is the gradient 
of that edge in that i t s d i rect ion and mag
nitude are the d i rect ion and tangent of the 
angle of dip oi' that edge re lat ive to the 
picture plane. A family of mutually para l le l 
planes represented by the coordinates 
(ka ,ka ,ka ) in D w i l l have coincident repre
sentations/ § a -, . ,-,-, , ■ ,, 

(. x » _2, ) m G. Planes which are 
a a 
Z 2 

steeply incl ined to the picture plane w i l l be 
re la t i ve ly remote from 0G in G. Most of the 
relationships that were Shown to hold in D 
must necessarily hold in G. In par t icu lar , 
the gradients of the interpretat ion plane and 
the two object surfaces that intersect in, an 
edge must be on the gradient l ine of that edge. 

The orientat ion of a picture l ine deter
mines the di rect ion of the grad ient of i t s 
interpretat ion plane in G. Thus a picture 
l ine which is para l le l to the y-axis, say, 
w i l l have an interpretat ion plane whose 
gradient I„ l i es on the a axis. If we al ign 
the x-y (picture ) axes with the a -a axes 
of G the direct ionof IG re lat ive to 0G w i l l 
be perpendicular to the picture l i n e . 

The above remarks ar.v a l l true regardless 
oi' the viewing posi t ion, V, and so are true 
for both orthographic and perspective 
pictures. We shall now concern ourselves 
with the gradient space for' orthographic 
pictures. The duals oi' a l l the interpretat ion 
planes (which must l i e on the duai of V) i v i l l 
then be on the a -■ 0 plane of D. Projecting 
the;ii into G wi l lztbere'f oru put a l l the i r 
gradients at i n f i n i t y (they become ideal 
points in the gradient space). Another way 
of looking at it is to real ize that as V" goes 
fur ther from the picture plane the angles 
between the picture and the interpretat ion 
planes a l l approach 90° and so the lengths oi' 
the gradients approach tan 90" (-*00). 

The distance of !„ from 0,, increases 
with the (presumed) distance in real space of 
the viewing point V from the picture plane. 
The projection onto G of the dual of the edge 
depicted by the picture l i n e , wi J !. be a l ine 
passing through I « . For any picture l ine 
there is an i n f i n i t e family of such l ines in 
G being the project ion onto G oi' duals of 
the possible edfes depicted by tht: l i ne . As 
V tends to i n f i n i t y , the picture tends to an 
orthographic project ion of the scene and 1„ 
tends to an ideal point. The family of edge 
gradient l ines in G simultaneously tends 
toward a set oi' para l le l l ines whose or ienta
t ion is that of the d i rect ion of IQ., that i s , 
perpendicular to the picture l i n e . 

Consider an orthographic picture of a 
scene with a v is ib le edge jo in ing two v is ib le 
surfaces, A and B. (We c a l l such an edge, a 
'connect' edge). The gradient space configu
rat ion corresponding to that consists oi' the 
two gradients (G, and Gg) joined by a l ine 
which is the project ion of the dual of the 
edge. That l ine is perpendicular to the 
picture l ine if the gradient space is super
imposed on the picture space as described 
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o f a s e t o f p l a n e s so t h a t we can i d e n t i f y 
t h e p l a n e s w i t h t h e s u r f a c e s o f t h e c o r n e r 
and t h e p o i n t w i t h t h e c o r n e r I t s e l f . Each 
edge o f t h e c o r n e r i s t h e n t h e l i n e o f i n t e r 
s e c t i o n o f a p a i r o f p l a n e s , and has a s i t s 
d u a l a l i n e w h i c h passes t h r o u g h the d u a l 
( p o i n t ) o f each o f t h e p a i r o f p l a n e s . T h i s 
s e t o f d u a l l i n e s f o rms a p o l y g o n l y i n g i n a 
p l a n e i n D , t h a t p l a n e w h i c h i s t he d u a l o f 
t h e p o i n t i n r e a l space t h a t w e i d e n t i f i e d 
w i t h t h e c o r n e r . Thus t h e d u a l o f a n n -
s u r f a c e c o r n e r o f a p o l y h e d r o n i s a p l a n e 
n - g o n . 

A s s u m p t i o n s t h a t t he o b j e c t s i n t he p o r 
t r a y e d t h r e e - d i m e n s i o n a l s i t u a t i o n s a re p o l y -
h e d r a i n t e r f a c e w i t h a model o f v i e w p o i n t i n 
a p a r t i c u l a r l y s i m p l e way. B o t h t h e p i c t u r e 
l i n e and t h e edge i t d e p i c t s l i e i n t h e p l a n e 
o f i n t e r p r e t a t i o n , I , f o r t h a t l i n e . Thus t h e 
d u a l o f t h e edge ( a l i n e i n D ) must pass t h r 
ough t h e d u a l o f I . T h i s can b e combined 
w i t h t h e r e q u i r e m e n t t h a t t h e d u a l o f a n edge 
pass t h r o u g h t h e d u a l s o f t he s u r f a c e s i t 
b e l o n g s t o , t o o b t a i n t h e r e q u i r e m e n t t h a t 
t h e d u a l s o f I and t h e two s u r f a c e s i n t e r 
s e c t i n g i n I l i e o n the d u a l o f t h e edge 
w h i c h i s t h a t i n t e r s e c t i o n . Thus i n F i g . l 
t h e d u a l s o f the s u r f a c e s B1B2 B3B4 
and t h e p l a n e o f i n t e r p r e t a t i o n o f P 1 P 2 a l l 
l i e o n t h e d u a l l i n e o f B1B2. 

The G r a d i e n t S p a c e . 

A p a r t i c u l a r l y i n t e r e s t i n g 2-D subspace 
o f t h e d u a i space D i s t h e g r a d i e n t , space G. 
A p o i n t (a ,a ,a } in D c o r r e s p o n d s to the 

, x y z 
p o i n t 

i n G . G e o m e t r i c a l l y , t h i s c o r r e s p o n d s t o 
p r o j e c t i n g ( a x , a y ' a s ^ i n t , ° t h e az ~ "*" P^ane 
w i t h c e n t r e o r p r o j e c t i o n a t 0 and u s i n g 
(0,0,1) as t h e o r i g i n , 0Q, o f G. Tn P i g . 2 , I 

i n D i s p r o j e c t e d i n t o i i n G . 
u 

S e v e r a l i n t e r e s t i n g r emarks can be made 
about G . I f t h e e q u a t i o n o f t he p j ane i s r e 
w r i t t e n a s 

c a l l e d t he g r a d i e n t o f t he p l a n e . I n F i g . l , 
- z i s t h e d i s t a n c e f r o m t h e p o i n t ( x , y , z j o n 
a s u r f a c e o f t h e o b j e c t such as B1B£B3B4 to 
t h e p i c t u r e p l a n e , z = 0 . The g r a d i e n t 
r e p r e s e n t s t h e v e c t o r r a t e o f change o f t h i s 
d i s t a n c e w i t h r e s p e c t t o movement i n t h e 
p i c t u r e p l a n e , t h a t i s , 

c 
The l e n g t h o f t h e v e c t o r f r o m 0Q to a p o i n t , 
W , i n G i s t h e t a n g e n t o f t h e a n g l e be tween 
t h e p i c t u r e p l a n e and t h e p l a n e c o r r e s p o n d i n g 
t o W ; t h e d i r e c t i o n o f t h a t v e c t o r i s t he 
d i r e c t i o n o f t h e d i p o f t h e p l a n e c o r r e s 
p o n d i n g t o W r e l a t i v e t o t he p i c t u r e p l a n e . 
S i n c e t h e d u a l o f t h e p i c t u r e p l a n e i s t h e 
i d e a l p o i n t on t h e a - a x i s , Op t h e z e r o 



above. Moreover, it can easily be shown that 
if the gradients are ordered on the dual l ine 
in the same direction as the corresponding 
surfaces appear at the edgethen that edge is 
convex but if they are ordered in the reverse 
direction then it is concave. ( In tu i t i ve ly , 
imagine a convex edge then rotate one of the 
surfaces un t i l the edge becomes concave. 
When the edge is f l a t , the gradients must 
coincide). This crucial fact allows the 
exploitation of the gradient space for convex/ 
concave interpretations. 

As a simple example of the use of this 
consider a FORK junction (Fig. 3) where it is 
known that a l l the edges are connect. The 
configuration of the gradients of surfaces, A, 
B and C, (G., GBi and G„) can only take on one 
of the two forms' of Fig.hi f they are to 
satisfy the requirement that the mutual 
vector difference be perpendicular to the line 
depicting the edge that connects the two 
surfaces. These configurations can, of course, 
be translated and expanded in the gradient 

space and s t i l l satisfy the requirement. Com
paring the relative positions of the gradients 
in Fig.U(a) with the ordering of the regions 
in the picture shows that a l l the edges must 
be convex for1 that interpretation while for 
the interpretation given by Fig.U(b) a l l the 
edges must be concave. That switch of inter
pretations which can be achieved by mapping 
every gradient G into i t s negation, -G, is 
known in the l i terature of psychology as the 
Necker reversal. 

- ■ ' Description jsf _t_he_program 

The task for POLY can be specified as 
follows: using these constraints on the 
coherent interpretation of polyhedra subjected 
to this picture-taking process what informa
t ion can be derived from the picture? In 
part icular, the program must provide easily 
accessible answers to questions, such as, 

Which edges are connect edges? 

Which of those are convex, which 
concave? 

Which edges are occluding? 

If an edge is occluding which 
surface is in front? 

How much of the hidden structure 
of the scene can be recovered? 

What is the orientation of each 
surface and each edge? 

and so on. 

A program, POLY, w i l l now be described which 
recovers these attributes and relationships 
of the scene. POLY is an existence proof 
that such questions can be answered. It 
does not purport to be a stand alone scene 
analysis program but it can be thought of as 
a useful embodiment of most of the knowledge 
specific to these picture and scene domains 
and their interrelationship that a scene-based 
problem solver would need to have available. 
The overall structure of POLY is shown in 
Fig.5. The program is written in ALGOL 60 
extended to allow for the representation and 
manipulation of data objects, attr ibutes and 
binary relationships. The input is obtained 
by drawing a picture on the graphical display; 
'the input phase passes to the parsing phase 

uhe end points of the l ines. The parsing 
phase recovers the picture structure by 
examining the lines for jo in relationships, 
and establishing the junctions and closures 
and the regions made up of closures. The 
picture structure is that given in Fig.6(a). 
Then the scene correspondents of th is data 
structure are created following the relation 
of representation1as shown in Fig.6(b). 

The CONNECT part of the program uses the 
rules of coherence sketched earl ier to 
establish which edges are connect and which 
are not. This part of the program searches 
over a binary tree with each level represent
ing a different edge in the scene, the l e f t 
branches being connectfedge) = true and the 
right branches connect(edge) = false. This 
tree is not searched in either of the conven
tional depth-first or breadth-first ways. To 
achieve the most connected interpretation 
f i r s t , the top level goal requires a l l edges 
to be connected and then, when that f a i l s , a l l 
edges but one and so on. The tree search is 
effected by the usual backtracking method with 
state saving which in this case is achieved 
by a recursive procedure. The edges are not 
searched in random order; start ing from the 
background region each region is interpreted 
in turn: the next region chosen is that 
uninterpreted region with the most l ines 
adjacent to the interpreted regions. In this 
context, to interpret a region means to f i x 
the position of the corresponding surface in 
gradient space. Because the region selected 
by that cr i ter ion w i l l correspond to the most 
constrained surface, this strategy results in 
the most ef f ic ient search. So, in fact, the 
order of the search is given in advance by 
the parser but there is no reason why the 
program could not modify the order of search 
dynamically if it were embedded in a larger 
system that could supply advice or hypotheses 
about the orientation of particular surfaces 
or the status of various edges. 

A simple example w i l l make the workings 
of CONTACT clearer. Consider the picture in 
Fig.7- CONNECT fa i l s to f ind any interpreta
t ion with f ive or with four connect edges for 
reasons that w i l l become obvious. So with 
the goal of establishing three connect edges, 
CONNECT starts with the background A, and for 
convenience sets G,, at the origin in gradient 
space, it then examines the lines on the 
inner closure of A ( 1 , 2, it- and 5) and finds 
that none of the regions on the other sides 
of those lines have been interpreted so it 
can say nothing yet about these l ines. It 
then chooses the uninterpreted region that 
has the most adjacencies to the interpreted 
regions as the next region to interpret. The 
ordering of the edges as a tree is determined 
by this strategy of addressing the picture. 
Both B and C have two adjacencies so the 
choice is arbitrary, say, B. Now it examines 
lines on the outer closure of B in sequence 
trying to establish connect edges. Say it 
looks at 1 f i r s t . It establishes it as a 
connect edge which means that GR must l i e on 
a l ine perpendicular to 1 through G. =(0,0). 

In general the position of a gradient is 
defined by the intersection of two or more l i 
nes in the gradient space arising from edges 
assigned connect status; however, for the 
f i r s t two gradients (aA and GB, here) there is 
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no IOSB of generality i f we do not use that 
requirement to locate them since the origin 
and scale of the gradient space can "be subse
quently altered. So we put GB at unit 
distance from G, on that l ine . The next 
picture l ine to^e considered is 2, which 
CONNECT also t r ies to establish as a connect 
edge but this would require GB to l ie on a 
line perpendicular to 2 through G. which is 
incompatible with the current interpretation 
of GR, Thus the interpretation in which both 

1 ana 2 are connect edges is said to be 
incoherent. This makes it clear why CONNECT 
fai led in i t s original goal of establishing 
a l l the edges as connect edges. 2 is 
established as an occluding edge and CONNECT 
looks next at 3* Since the region on the 
other side,C, is not yet interpreted, it says 
nothing about 3. The remaining region C is 
then interpreted. 3 is established as a 
connect edge requiring G_ to l ie on a line 
perpendicular to 3 passing through G . The 
actual position of 0„ is established by 
defining i ts relationship to Q by making 4 
or 5 (but not both) connect edges. The inter-
pretation in which 1, 3 and 5 are connect and 
2 and 1+ are occluding edges is rejected by 
the single rule that three non-collinear 
points in space (the corners a, b and c) 
cannot simultaneously l i e on two planes (A and 
B). So one legal connect interpretation is 
that 1, 3 and 4 arc connect edges while 2 
and 5 are not. Continued search of the tree 
v.rill only yield one moreinterpretation with 3 
connect edges, v is . 2, 3 and 5 connect, 1 and 
Occluding. For 1, 3 and 4 connect the f ina l 
gradient space configuration w i l l be as shown 
in Fig.S, in which the gradient line of 
connect edge 1 is labelled as 1' etc. 

Then VEXCAVE takes over and decides 
which of the connect edges arc convex and 
which concave. VEXCAVE starts by par t i t 
ioning the gradient space graph into 2-con-
nccted subgraphs8' using the gradient lines of 
connect edges as arcs. For each subgraph 
VEXCAVE then determines i ts two possible 
interpretations using the ordering rule for 
gradients. In the example, VEXCAVE w i l l 
decide in the interpretation for which 1, 3 
and 4, are connect edges that the whole graph 
is 2-cDnnected and that either 1 and 4 are 
concave edges while 3 is convex or 1 and 4 
are convex while 3 is concave. Note that, 
for the lat ter interpretation, junction b is 
assigned an 'accidental' status. 

Final ly, OCCLUDE looks at the non-conn-
ect edges and uses two inference rules to 
achieve a complete interpretation. The f i r s t 
rule expresses the fact that if two surfaces 
intersect in a connect edgethat is known to 
be, say, convex then at any position in the 
picture it w i l l be apparent which surface is 
in front. Using this rule it becomes clear, 
for many occluding edges, which surface (of 
the two that it apparently bounds) the edge 
actually belongs to. The rule also adds a 
hidden surface attached to that edge. The 
fact that such a surface is both turned away 
from the viewing direction and obscured by 
the visible surface means that it obeys the 
same constraint as it would if the edge were 
concave and connect. This rule is used in 
the example to decide for the case where 1 and 
4 are concave and 3 is convex that occluding 
edges 2 and 5 belong to surfaces B and C 

respectively. The second rule for occlusion 
completes the polygon of gradients corres
ponding to the visible and hidden surfaces 
meeting at each corner. It does this by 
allowing for the hidden surfaces created by 
the f i r s t rule and introducing the minimum 
number of extra hidden surfaces required. 
The minimum number is achieved by allowing 
two occluding edges to share the same hidden 
surface wherever possible. In the example 
the second rule confirms that the polygon of 
gradients is complete for corner c since the 
surfaces at that corner, A, B and C are a l l 
visible and there are no occluding edges. 
For corner d it completes the polygon by 
introducing a hidden edge between the hidden 
surface at edge 5 and the background. 
Similarly for corner a and the hidden surface 
at edge 2. Then at corner b it decides that 
those two hidden surfaces could be the same 
surface, D, and s t i l l obey the constraints. 
So the f ina l gradient space configuration is 
f ig .9 which looks l ike a picture of a wire
frame tetrahedron because the tetrahedron is 

'only self-dual polyhedron4. 

The interpretation pursued in the 
example above is one of the f i r s t produced by 
POLY but the program w i l l continue to generate 
less connected interpretations. For example, 
the tetrahedron separate from the background 
surface has only one connect edge, 3' , but i ts 
gradient space configuration has the same 
structure as Fig.9 with the exception that Q. 
in that figure is replaced by the gradient 01 
a second hidden surface, GE and GA is now an 
isolated point in gradient space. Interpre
tations such as this with complete bodies 
separate from the background can be easily 
generated f i r s t by giving CONNECT the advice 
that a l l the lines on the inner closure of 
the frame represent non-connect edges. 

When OCCLUDE has finished then the 
Interpretation process is complete. Each edge 
in the scene data structure is related to 
other scene entit ies such as the surfaces it 
bounds and the corners which bound i t . An 
edge node also contains attributes such as 
connect, convex, concave or occluding and i ts 
slope relative to the picture plane. Nodes 
for the original visible surfaces and the 
hidden surfaces introduced by OCCLUDE contain 
the gradient vectors which are relative to 
the gradient of some other surface, usually 
the background. These gradients may be 
uniformly scaled by a positive number before 
being added to the gradient of that other 
surface to obtain the true gradient. The 
scale factor must be positive because the work 
done by OCCLUDE on the hidden surfaces w i l l 
not survive the Necker transformation that a 
negative scale factor would involve. This 
transformation was allowed for earl ier, in 
VEXCAVE, when two versions of the configura
tion were generated. 

Two further points about the program 
should be made. First , POLY has no d i f f icu l ty 
in making sense of cracks as in Fig.10. 
Cracks are simply connect edges where the two 
adjacent surfaces have identical gradients. 
Finally, the processing time required to 
produce the f i r s t interpretation is 
proportional to the number of picture lines if 
that interpretation is completely connected 
but that tends towards an exponential 
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r e l a t i o n s h i p i f t h e f i r s t i n t e r p r e t a t i o n i s 
l e s s c o n n e c t e d . 

4. P o s s i b l e E x t e n s i o n s o f POLY 

There are many p o s s i b l e e l a b o r a t i o n s o f 
t h i s scheme. S i n c e s u r f a c e s a r e r e p r e s e n t e d 
b y t h e i r g r a d i e n t s w e l e a r n o n l y t h e 
o r i e n t a t i o n o f each s u r f a c e and n o t i t s 
p o s i t i o n i n s p a c e . I t i s c l e a r , however , 
t h a t one c o u l d t a k e t he r e s u l t s o f POLY and 
b y f i x i n g t he a c t u a l p o s i t i o n o f one s u r f a c e 
p r o p a g a t e t h e p o s i t i o n s o f t h e o t h e r s u r f a c e s 
t h r o u g h t h e c o n n e c t e d g e s . A l t e r n a t i v e l y one 
c o u l d use t h e d u a l space i t s e l f a s a r e p r e s e 
n t a t i o n and b u i l d a p r o g r a m t h a t d i r e c t l y 
e x p l o i t e d t h e c o n s t r a i n t s o u t l i n e d above . 
Such a p rog ram w o u l d n o t have t h e c o n c e p t u a l 
s i m p l i c i t y o f t he i m p l e m e n t e d scheme. 

I n t h e o r y , POLY o n l y c o n s i d e r s o r t h o 
g r a p h i c p r o j e c t i o n s b u t t h i s i s n o t , i n 
p r a c t i c e , a s i g n i f i c a n t l i m i t a t i o n on a scene 
a n a l y s i s p r o g r a m . Howeve r , one c o u l d r e f o r m 
u l a t e t he program t o d e a l w i t h p e r s p e c t i v e 
p r o j e c t i o n . I n o u t l i n e , t h i s means t h a t t h e 
i n t e r p r e t a t i o n p l a n e i s now r e p r e s e n t e d as a 
r e a l p o i n t i n g r a d i e n t space s i n c e i t i s n o t , 
i n g e n e r a l , p e r p e n d i c u l a r t o t h e p i c t u r e 
p l a n e . The v e c t o r f r o m t h e o r i g i n o f t h e 
g r a d i e n t space t o t h a t p o i n t w i l l s t i l l b e 
p e r p e n d i c u l a r t o t h e p i c t u r e l i n e b u t t h e 
g r a d i e n t l i n e o f t h e edge i s o n l y r e q u i r e d t o 
pass t h r o u g h t h a t p o i n t and a l s o c o n t a i n t h e 
g r a d i e n t s o f t h e two o b j e c t p l a n e s . S i n c e 
t h e g r a d i e n t s o f t he p l a n e s o f i n t e r p r e t a t i o n 
o f a l l t h e p i c t u r e l i n e s a r e d e t e r m i n e d b y 
t h e geome t r y o f t he p i c t u r e and t h e p o s i t i o n 
o f t h e v i e w p o i n t r e l a t i v e t o t h e p i c t u r e 
p l a n e t h e s e c o n s t r a i n t s can b e s y s t e m a t i c a l l y 
e x p l o i t e d t o c o n s t r u c t a p e r s p e c t i v e 
i n t e r p r e t a t i o n o f t h e l i n e d r a w i n g . 

I f t he scene i s l i t b y one o r more 
d i s c r e t e l i g h t s o u r c e s t h e b o u n d a r i e s o f the 
shadows c a s t a rc d e p i c t e d a s s t r a i g h t l i n e s . 
C o n s i d e r a shadow p l a n e f o rmed by t he l i g h t 
s o u r c e , a s h a d o w - c a s t i n g edge and t h e c o r r e s 
p o n d i n g shadow b o u n d a r y . The g r a d i e n t o f 
such a p l a n e must l i e o n t h e g r a d i e n t l i n e o f 
t h e edge ( w h i c h i s p e r p e n d i c u l a r t o t h e 
p i c t u r e l i n e and c o n t a i n s t h e g r a d i e n t s o f 
t h e two o b j e c t s u r f a c e s m e e t i n g a t t h e e d g e ) . 
The shadow b o u n d a r y w i l l a l s o have a gradient 
l i n e w h i c h c o n t a i n s t h e g r a d i e n t s o f t h e 
s h a d o w - r e c e i v i n g s u r f a c e and t h e shadow p l a n e . 
M o r e o v e r , f o r a sou rce p r o d u c i n g a p a r a l l e l 

beam t h e g r a d i e n t s o f a l l t h e shadow p l a n e s 
must l i e o n a s t r a i g h t l i n e i n g r a d i e n t space 
t h a t i s p e r p e n d i c u l a r t o t h e d i r e c t i o n o f 
i l l u m i n a t i o n i n t h e p i c t u r e . Such c o n s t r a i n t s 
a l l o w t h e e x t e n s i o n o f t h e scheme t o i n c l u d e 
shadow in te rp re ta t ion . 

5 • POLY and R e l a t e d Programs 

POLY has p a r t i c u l a r l y i n t e r e s t i n g 
r e l a t i o n s h i p s w i t h f o u r o t h e r v i s i o n p rograms, 
n a m e l y , Guzman's SEE 2 , C l o w e s ' OBSCENE1, 
W a l t z ' s p r o g r a m 5 and F a l k ' s INTERPRET6 . 

SEE a c c e p t s i n p u t i n t he same f o r m as 
POLY does and p r o d u c e s g r o u p i n g s o f t h e 
p i c t u r e r e g i o n s o n t h e b a s i s o f t h e p u t a t i v e 
b o d y membersh ip o f t h e s u r f a c e s d e p i c t e d . The 
p r o g r a m s t a r t s b y c l a s s i f y i n g each j u n c t i o n 

i n t o one o f a s m a l l number o f j u n c t i o n c a t e 
g o r i e s . I t t h e n uses t h i s c l a s s i f i c a t i o n t o 
p l a c e l i n k s be tween r e g i o n s i f c e r t a i n l o c a l 
j u n c t i o n c o n f i g u r a t i o n s e x i s t . The r e s u l t a n t 
g r a p h ( w i t h s u r f a c e s a s nodes and l i n k s a s 
a r c s ) i s t h e n examined f o r w e l l c o n n e c t e d 
subg raphs w h i c h a re d e c l a r e d t o r e p r e s e n t 
b o d i e s . I n t h e l anguage o f POLY, Guzman's 
l i n k s can be t h o u g h t o f as good guesses a t 
c o n n e c t edges a n d , i n d e e d SEE 's g r a p h 
s t r u c t u r e i s a weaker v e r s i o n o f POLY's 
g r a d i e n t space r e p r e s e n t a t i o n . B u t SEW f a i l s 
t o e x p l o i t f u l l y o u r know ledge o f t h r e e 
d i m e n s i o n a l s i t u a t i o n s ; f o r examp le , t h e r e i s 
n o r e p r e s e n t a t i o n i n t h e p rog ram f o r t h e f a c t 
t h a t i f two edges be tween two s u r f a c e s a re not 
c o l l i n e a r t h e y c a n n o t b o t h b e c o n n e c t e d g e s . 
SEE 's t e n d e n c y t o see h o l e s i n o b j e c t s a s 
s e p a r a t e o b j e c t s 7 i s o n l y one consequence o f 
t h e f a c t t h a t t h e p rog ram i g n o r e s i n h e r e n t 
a m b i g u i t i e s i n t he i n t e r p r e t a t i o n p r o c e s s 
t h a t a re exposed b y t h e n e x t p rogram t o b e 
c o n s i d e r e d h e r e , OBSCENE. 

OBSCENE (and H u f f m a n ' s l a b e l l i n g 
a l g o r i t h m 3 ) g i v e s each edge i n t h e scene one 
o f f o u r i n t e r p r e t a t i o n s , n a m e l y , c o n v e x , 
concave and t h e two o c c l u d i n g p o s s i b i l i t i e s , 
OBSCENE works by mapping j u n c t i o n s i n t o 
c o r n e r s u s i n g some o f t h e j u n c t i o n c a t e g o r i e s 
d e s c r i b e d b y Guzman. Each j u n c t i o n t y p e 
( E L L , FORK, ARROW and TEE) has a s m a l l number 
o f p r e - d e t e r m i n e d c o r n e r i n t e r p r e t a t i o n s . T h e 
p rog ram t h e n p u r s u e s t h e l e g a l c o m b i n a t i o n s 
o f t h e s e u s i n g t h e c o h e r e n c e r u l e t h a t a n 
edge must have t he same i n t e r p r e t a t i o n a t 
each e n d . OBSCENE can he seen as a t h e o r y of 
why SEE w o r k s , i n t h a t i t makes e x p l i c i t , wha t 
i s i m p l i c i t i n SER. POLY, i n t u r n , i s a 
t h e o r y o f why OBSCENE w o r k s , i n t h a t i t shows 
how t o d e r i v e the j u n c t i o n c a t e g o r i e s o f 
OBSCENE. 

POLY can be seen as a descendan t of 
OBSCENE i n s e v e r a l w a y s . The coherence r u l e s 
f o r OBSCENE a r e a t t he edge l e v e l whereas 
POLY r e q u i r e s each s u r f a c e to have a u n i q u e 
o r i e n t a t i o n i n s p a c e . T h i s h i g h e r l e v e l o f 
c o h e r e n c e means, f o r e x a m p l e , t h a t POLY 
r e j e c t s a s i l l - f o r m e d , skewed o b j e c t s , such 
a s F i g . 1 1 , t h a t OBSCENE w i l l a c c e p t . 

The mapp ing r u l e s f o r OBSCENE a re a t t h e 
c o r n e r l e v e l w h i l e t h o s e f o r POLY a r e a t t he 
l e v e l o f e d g e s . F o r OBSCENE, t h i s r e s u l t s i n 
t h e r a t h e r u n s a t i s f a c t o r y p r e d i c a t e t a b l e i n 
w h i c h a re l i s t e d a l l t h e v a r i o u s 3 - S u r f a c e 
c o r n e r s w h i c h c o u l d b e d e p i c t e d b y each 
j u n c t i o n t y p e . A l l t h e e n t r i e s a r c w o r k e d 
o u t i n advance b y t h e programmer whereas 
d r a w i n g each j u n c t i o n t y p e a s i n p u t t o POLY 
w o u l d r e s u l t i n i n t e r p r e t a t i o n s t h a t a r e t h e 
OBSCENE p r e d i c a t e t a b l e e n t r i e s . OBSCENE's 
edge mapp ing i s : 

convex 
-» f concave "] 

l i n e h i n d 1 e d g e 
" h i n d 2 

b u t POLY u s e s t h e f a c t t h a t t h o s e f o u r 
c a t e g o r i e s a re r e a l l y h i d i n g two b o o l e a n 
p r e d i c a t e s . POLY's mapp ing i s : 

l i n e connect 
non-connect edge 

and t h e c o m b i n a t o r i a l s e a r c h i s done o n t h i s 
p r e d i c a t e a l o n e w i t h t h e o t h e r p r e d i c a t e 

560 



d e t e r m i n e d b y n o n - s e a r c h p r o c e d u r e s . 

W a l t a 2 5 c o n s i d e r a b l y e x t e n d e d t he 
H u f f m a n - C l o w e s l a b e l l i n g p r o c e d u r e b y s u b 
d i v i d i n g t h e f o u r c a t e g o r i e s o f edge t y p e s 
and adding cracks and shadow boundar ies; 
f u r t h e r m o r e , h e I n g e n i o u s l y m o d i f i e d t h e 
s e a r c h mechanism t o a v o i d t he c o m b i n a t o r i a l 
e x p l o s i o n o f a s t r a i g h t f o r w a r d b r e a d t h - f i r s t 
p r o c e d u r e . N e v e r t h e l e s s , most o f the remarks 
made h e r e abou t t h e Hu f fman -C lowes p r o c e d u r e 
seen in terras of POLY a p p l y e q u a l l y to W a l t z ' s 
e x t e n s i o n . W a l t z a l s o a s s i g n s t o each 
s u r f a c e a n i l l u m i n a t i o n s t a t u r . : i l l u m i n a t e d , 
t u r n e d away f r o m t h e l i g h t o r shaded b y 
a n o t h e r s u r f a c e . Such h y p o t h e s e s wou ld be 
b e t t e r j u s t i f i e d i f t h e s u r f a c e o r i e n t a t i o n s 
were e x p l i c i t l y r e p r e s e n t e d a s I n the 
g r a d i e n t Space . S i m i l a r l y h ip , t r e a t m e n t o f 
shadows does n o t i n c l u d e t he g l o b a l c o n s i s -
t e n c i e s o u t l i n e d i n S e c t i o n i \ a b o v e . F i n a l l y , 
W a l t z s u g g e s t e d a scheme to check a l a b e l l e d 

p i c t u r e b y u s i n g q u a n t i z e d v e r s i o n s o f l i n e , 
edge and s u r f a c e o r i e n t a t i o n s r e l a t e d t h r o u g h 
t a b u l a t i o n s o f p o s s i b l e v a l u e y . POLY 
e x p l o i t s d i r e c t l y a more coneis'.. ' and t r a n s 
p a r e n t r e p r e s e n t a t i o n o f t h o s e r e l a t i o n s h i p s 
t o c o n s t r u c t r i c h scene i n t e r p r e t a t i o n s 
t h e r e b y d i s p e n s i n g w i t h p o s s i b l e c o r n e r l i s t s . 

F o l k ' s IIITBRPKBT i s a w e l l documented 
a c c o u n t of a c o m p l e t e scene a n a l y s i s sys te r . 
t h a t i n t e r p r e t s l i n e d r a w i n g s and s o i t , i s 
i n s t m o t i v e to see how POLY c o u l d r e l a t e to 
t h a t p r o g r a m . B u t f i r s t , c c x m i J e r F a l k ' s 
' f a c e a d j a c e n c y g r a p h ' . T h i s c o n c e p t , a l though 
n o t u s e d i n t he p r o g r a m , i s o u t l i n e d i n h i s 
pape r because i t ' w o u l d b e v a l u a b l e f o r a 
scene a n a l y s i s sys tem w h i c h o p e r a t e d i r, a 
u n i v e r s e o f p l a n a r f a c e d s o l i d s more c o m p l i -
c a t e d ' ( s , p . 1 1 2 ) t han the n i n e s i m p l e 
o b j e c t s h i s p rogram r e c o g n i z e r . . F a l k 
s u g g e s t s d o i n g a H u f f m a n - C l o w e s a n a l y s i s o f 
the p i c t u r e t o d e t e r m i n e w h i c h edges a re 
c o n n e c t and t hen c o n s t r u c t i n g a g r a p h w i t h 
surfaces as nodes and connect edges as a r e s . 
I t i s then showr. t h a t a p r o p e r t y o f t h i s 
g r a p h , ' m e r g c a b i l i t y ' , g i v e s t he numner o f 
i n d e p e n d e n t p o i n t s t h a t need t o b e l o c a t e d j n 
t h r e e d i mens!ona in o rde r to s p e c i f y the 
scene c o m p l e t e l y . I n p a r t i c u l a r , i f the 
g r a p h is 1 - me rgeab le (,'"' - c o n n e c t e d in 
g r a p h - t h e o r e t i c t e r m s ) t h e n i \ p o i n t s must be 
l o c a t e d . These 4 s c a l a r s c o r r e s p o n d t o 
s e t t i n g t h e o r i g i n and s c a l e o f t he g r a d i e n t 
space and t h e d i s t a n c e o f t he o b j e c t f r o m the 
p i c t u r e p l a n e . F a l k ' s r e s u l t ap, l i e s d i r e c t l y 
t o t he g r a d i e n t space c o n f i g u r a t i o n p roduced 
b y POLY, w h i c h i s n o t c o n f i n e d t o i s o l a t e d , 
deg ree - 3 p o l y h e d r a . 

W i t h r e s p e c t t o INTERPRET i t s e l f , F a l k 
m e n t i o n s S e v e r a l t i m e s t h a t a Hu f fman -C lowes 
l a b e l l i n g w o u l d have h e l p e d t he p r o g r a m . 
Those remarks a p p l y , a f o r t i o r i , t o POLY. I n 
a d d i t i o n , t he s u r f a c e o r i e n t a t i o n s a v a i l a b l e 
i n POLY wou ld h e l p i n s u p p o r t d e t e r m i n a t i o n 
and i n r e c o g n i t i o n ; a l s o , t h e i n c l i n a t i o n o f 
edges r e l a t i v e t o t h e p i c t u r e p l a n e g i v e t he 
f o r e s h o r t e n i n g f a c t o r n e c e s s a r y t o c a l c u l a t e 
t r u e edge l e n g t h . F i n a l l y , c o n s i d e r t h e 
seven somewhat opaque h e u r i s t i c s t h a t F a l k 
uses t o d e t e r m i n e p o s s i b l e base e d g e s . H e i s 
f o r c e d t o use t h e s e because a t t h a t s t a g e t he 
p rog ram i s f u n c t i o n i n g e n t i r e l y i n the 
p i c t u r e d o m a i n . The a n a l y s i s o f f e r e d b y POLY, 

w h i c h c o n s t r u c t s a s e m e i n t e r p r e t a t i o n 
w i t h o u t ' r e c o g n i s i n g 1 t he o b j e c t s , p r o v i d e s 
a s t r u c t u r e i n w h i c h one c o u l d f i n d the 
l o w e s t h i d d e n s u r f a c e and s i m p l y ask w h i c h 
v i s i b l e edges a re a t t a c h e d t o i t . 

The c a v e a t s h o u l d be e n t e r e d t h a t , as 
t h e y s t a n d , b o t h OBSCURE and POLY r e q u i r e 
c o m p l e t e l i n e d r a w i n g s w h i l e F a l k i n t e r p r e t s 
p i c t u r e s i n w h i c h l i n e s can b e m i s s i n g . How
e v e r , e x a m i n a t i o n o f t he manner o f f a i l u r e o f 
POLY on a p a r t i c u l a r p i c t u r e w i l l sugges t 
where l i n e s may be m i s s i n g o r e x t r a n e o u s by 
s h o w i n g , a t t he v e r y l e a s t , w h i c h s u b p l c t u r o s 
can b e s e n s i b l y i n t e r p r e t e d . F u r t h e r m o r e , 
h y p o t h e s e s c o n c e r n i n g l i n e s to be added or 
removed can be c o n f i r m e d by s u c c e s s f u l 
a n a l y s i s by POLY. 

C o n c l u s i o n 

A l t h o u g h POLY i s r e s t r i c t e d t o t h e 
i n t e r p r e t a t i o n o f comp le te l i n e d r a w i n g s 
show ing an o r t h o g r a p h i c v iew of a s h a d o w - f r e e 
p e l y h e d r a l s c e n e , t he e x t e n s i o n s i n S e c t i o n 4 
and t he d i s c u s s i o n i n Sec t i o n 5 sugges t t h a t 
a l l o f t hese r e s t r i c t i o n s e x c e p t t h e o v e r 
r i d i n g commitment t o p o l y h e d r a can h e o v e r 
come. Be t h a t as i t may, the program does 
d e m o n s t r a t s j u s t bow much s t r u c t u r a l 
I n f o r m a t i o n can b e i n f e r r e d f r om t h e p i c t u r e 
u s i n g knowledge o f the p i c t u r e - t a k i n g p r o c e s s 
and the g e n e r a l n a t u r e o f p o l y h e d r a bu t w i t h -
o u t u s i n g s p e c i f i c p o l y h e d r a l p r o t o t y p e s . 
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