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ABSTRACT

The basic problem of this research is to find methods which will enable a
program to construct a three dimensional interpretation from the line
drawing of a scene, where the scene may have shadows and various degenera-
cies. These methods differ from those used in earlier related programs

in that they use region information extensively, and include formalisms
for eye and Tighting position. The eventual result of this research will
be a program which should be able to successfully treat scenes with far
fewer restrictions than present programs will tolerate.

Work reported herein was conducted at the Artificial Intelligence Labora-
tory, a Massachusetts Institute of Technology research program supported
by the Advanced Research Projects Agency of the Department of Defense,
and was monitored by the Office of Naval Research under Contract Number
N0O0014-70-A-0362-0002.
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I NTRODUCTION

In the body of this paper, | deal primarily with the
concrete results | have obtained so far, but | think that the
significance of the results may not be immediately apparent.
Therefore | believe that it will be useful to say something about
how | approached this research, about why the results are of the
sort they are, and about what relevance this work has to human -

perception.

Why does it seem so easy for us to apprehend rapidly the
three-dlﬁenslonal nature of scenes, even when they are presented
to us In the form of badly exposed and badly focussed photographs
of badly 1it and unfamlilar objectﬁ? While It Is possible to
demonstrate a large number of optical fllusions, | think that the
usual rellability of my perceptions is a far more striking
phenomenon. Becauée we éan perform as reliably as we can, | began
with the baslic assuhptioh that scenes provide many redundant
pleces of Information. What kinds of Information and rules could
serve to explain the observed performance?

Somé cues and rﬁles had already been demonstrated by
Huffman, Clowes and others. Their work has shown first that the
sets of edge types and junctfon types which can occur In a scene

made up of objects with planar surfaces and trihedral junctions
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can be easily enumnerated, and then that we can only interpret a
line as a particular type if we can label the entire scene from
the set of allowable junctions In a manher consistent with this
line assignment, Clearly this approach cannot provide a
sufficient explanation of visual perception, since in general any
scene can be labeled in several different ways, and there is no
obvious way to select the interpretation we would call correct.
My first idea was to extend the set of allowable junctions to
Include shadow junctions, and | found that In simple scenes with
shadows we can sometimes parse uniquely because shadows In some
sense provide additional Informatlon. However in more comp lex
scenes, the larger set of labels merely compounded the problem of
multiple Interpretations. This led me to think more about the
nature of our perception of scenes with shadows.

Why does it seem easy to interpret scenes regardless of
lighting, and in particular, how are we able to 'factor out"
shadows, even In cases where they aré the most prominent features
In terms of contrast? My search for rules began with the
observation that If a scene is 1it with a single 1ight source we
can partition the set of junctions into those which can occur
with respect to a particular plane and those which cannot occur.
This introduced a new problem because we must know the
orlentation of a surface and light source with respect to the

viewer before we can say for certain whether or not particular
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Junctions can occur. Nevertheless | had found an interesting kind
of Interrelation between these variables in that if we know
orlentétlons we can partition junctions and If we know the
junction labels we can tell something about surface, light and
eye placement, This suggested that | could use this type of fact
both to check for labeling vallidity (all labelings must be
consistent with a single Interpretation of 1ight and eye
positions) but even more Important it provided a potentlal active
tool If | could obtaln partial Information In a scene. Perhaps
most important of éll, It pointed out the Importance of finding
surface'orientatlonS: just as a line label constrains the
posslble'labeling.of the junctlions at both ends of the line, so a
region orientation label could constrain the possible junctions
and lines which bound.lt.

As sooﬁ as | began thinking In terms of regions | came up
with some powerful results., The first region | considered was the
I1luminated portion of the surface (assumed to be a plane) which
supports a scene, Along the boundary of this region and the
scene, the only line assignments which are possible are shadow
edges, concave edges (when the scene'objects rest on the surface)
and'obs¢Urlng edges. Therefore we can (1) partition the set of
possfblé junctlons Into those which can occur along the boundary
and those thch'cannof, (2) we can say how these junctions must

be oriented If they occur on the boundary (no convex edges can
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occur along the boundary for example), and (3) we can further
partition these junctions according to lighting direction, since
they all appear in relation to the same surface.

Once | engumerated these junctions another fact emerged:
certain junctions on the scene/background boundary must always be
partially labeled in a unique manner. What this means Is that
certaln local features always have a unique meaning In a
particular confext. | have since been able to find a number of
simllar examples which occur in other contexts. These
observations have allowed me to find rules which enable us to
partially label virtually any scene; glven a .partial labeling, we
can ofteﬁ find additional "forced choice" 1labels, use all these
to determine lighting position, and use this In. turn to do
further forced labellnz;

As | show In the paper, we can also formallize labels for
region orlentation and Il1lumination and look for scene cues to
label these just as we do lines, Some of the cues include line
slopes, 3unctlon types, and placement In the scene (e.g. on the
scene/background Boundary or in the interior). | have also
developed some of the rules which relate line labeling, Jjunction
labellng,.and region labeling to each other and to themselves as
well as to lighting and eye positions,

To Illuétrate the inherent redundancy of the scene features,

the types of information | have listed are sufficlent to solve a
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nunber of shadow scenes, yet | have not even mentioned one of the
most obvious features of shadows- their darkness. At one time !
had felt that this was perhaps the most lmportant shadow cue, and
that it was also possible that we were able to detect a
particular kind of microstructure In shadow edges which we could
use to distinguish them from other edges. Clearly darkness and
edge type are not enough to alone ldentify shadows, since we do
not often confuse palnted areas with shadows. In order to
recognize shadows we need to know about the consistent
relationships which shadows have to lighting and to the objects
which "cause" the shadows.

Finally, although | did not set out to solve the problém of
degeneracles in scene¢ | have been able to make some progress
toward handling them. Roughly, degeneracies are points at which
separated vertices and lines appear to be part of the same
vertex, so that the resultant vertex Is not In the allowable set
of junct]ons, or where lfghtlng is such that shadow lines are
projected on junc;rons or otherwise 1ine up with edges. |f we
could move the light source and eye slightly, these degeneracies
would disappear (though we might form new ones). However | have
been able to find some methods of decomposing or otherwise
understanding such junctions without resorting to making physical
changes, largely as a byproduct of the use of a larger number cf

scene cues and better general rules.
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Rather than consider any more details, | would now like to
return to the general problem. What exactly does this research
add to our understanding of the general problems of vision
programs and human vision?

First | have shown that we can formalize and make good use
of scene information other than lines and junctions.

Next, although | have chosen to use only that iInformation
which | know how to extract from scenes, | have provided a far
more general framework than existed before. For example, already
having a formallsm'for region orientation and lighting
information allows us to add colors or textures of regions as
properties.

| have also shown that when we assign values to scene
variables we can put explicit conditions on other scene
variables. This leads to a greater understanding of the active
nature of visual processing, which we can express iIn the form of
theorems in a program. This approach has several advantages over
previous labeling procedures. (1) We can check at each step to
see whether It is reasonable to proceed in a particular manner,
and do not need to defer confirmation or contradiction until
later In the operation of the program. (2) We have more
conditions which must be satisfled, so that we should get fewer
parsings for each scehe; Iin order to obtain these, we also do not

have to start with a complgtely unlabeled line drawing for every
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parsing. (3) We can handle degeneracles more easlily since we do
not have to depend on the single observation that all the line
labels must match.

In all these senses, | have made a start toward
understanding vislion In a way which will allow me to write a
program using procedures as in Winograd's program rather than
blind tree search technlqhes. Like Winograd | have tried to make
the meaning of Qarlous_scene features clear In terms of the
consequences of Interpreting them In each possible manner.

Finally | belleve that my research will provide a more solid
basis for understand!ng various phenomena in human vision. While
| would cértalniy not contend that the processes in human vision
are like the ones | describe, we should at least be able to gain
a better idea of the necéssary cdmplexlty of a theory to explain
human vision, and some perspective on what kinds of Information

such a theory must contain.
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l. Ground rules

| will assume that | am glven only the following information
which comprises a line drawing of a scene:

1. Lines. Lines are jolned collections of feature points
defined to be on the retina, where a feature point is a retinal
point at which the spacial derivative of light intensity Is
greater than a certain threshold. | will assume that a line
drawing has only straight 1ines, and that we are glven no
Information about which lines are 1ikely to be cracks, shadows,
or edges by the line finding programs.

2, Junctlons. Polnts on the retina where two or more lines
intersect.

3. Intensities. Relative light Incldent on any point on the
retina.

k. Reglons, Areas of the retina bounded by lines. The set of

all reglions in the line drawing fills the retina.

This information can be coded into the following form which
Il will assume is directly accessible to the program.

1. For each junction, all the junctions that are connected
to it by single line segments.

2. For each junctlion, a type, such as ell, fork, arrow, etc.

| will have more to say about these later.



Understanding Scenes With Shadows. Page 3

3. For each junction, all the regions surrounding it.

4., For each junction, Its coordinates.

5. For each region, its intensity.

6. For the background region, a special name to distinguish

it from all other regions in the line drawing.

The object of my work is to arrive at a single parsing, or
asslignment of line labels to line segments in the line drawlng,
There are seven line labels: concave, convex, crack, plus two
orientations each for obscure and shadow. I will allow the
scene (which corresponds to the line drawing) to have shadows
from a single light source, coincidences of line segments and
junctions from the point of view of the eye, and objects which
have faces with arbltrary reflectivity. Some scenes are
essentially amblguous; by this | mean that humans can arrive at
more than one Interpretation for such a scene. In these cases my
goal will be to find these interpretations. These are
considerably more ambitious goals than have been atterpted
before, but | believe that there Is sufficient information in the
representations that | have described to come close to these

goals.
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In the sections which follow | will first discuss the
programs which have been suggested to solve similar problems,
their limltations and then new methods for overcoming these

limitations.
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Il. Huffman, Clowes, and Dowson's Programs

The programs written by or suggested by these men all share

the following assumptions which are bullt Into the methods:

1. Every junction which can appear in a line drawing under
particular assumptlions (such as only trihedral junctions) Is
listed; each junction which occurs In a line drawing Is assumed

to be In this 1list,

2. The oniy conditions for lébéllng a line are (a) that the
junctions which result be from the allSWable'set and (b) that all
junctions in the 1lne drawing can be labeled In a manner which Is

consistent with this label for the line,

3., Thus these programs require only that line labels agree

and put no explicit conditions at all on regions.

In general each program of this type will produce several
parsings, and iIndeed, as long as all junctlons in the line
drawing appear In the set of allowable junctions and as long as
there are no degeneracles, the parsing we would call "correct"
will be among those produced. However, this still leaves us with

the problem of finding the '"correct" parsing from among those
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produced. Even more seriously, these programs produce a correct
parsing only If the needed junctions are In the allowable set.
There is no way to handle degenerate junctions except to 1ist
them In the allowable set. 1In general doing this will lead to
many more parsings from which to select the correct one, since
there will be more possibilities foreach junction type. (i.e. 20
FORK junctions instead of 10.) An obvious method one mlght
suggest for this problem would then be to somehow order the
junction types so thﬁt the ones most likely to be encountered
would be tried first. Then we could suggest as the correct
parsing the one which had the "most 1ikely" set of consistent
junctlons. The problem with this approach Is that the relative
1ikelihood of various junctions depends on lighting and eye
position, on position and orlentation within the line drawing,
and other factors; iIn many Instances a junction labeling which is
extremely llikely In one context will be impossible in another

context,

In the methods | suggest, | will try at each point to make
the context of each line segment, junction, region, and line
drawing as explicit as possible, and label line segments and
reglons on the basls of thils context Information, By context !
mean all the partial information extracted up to the particular

point in the program. As will be shown, partial labelings of
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lines or regions, eye position, light position, knowledge about
the types of objects in the scene, orientation of lines and
junction types adjacent to a junction can all function as context
information. The bulk of this paper is devoted to showing ways in
which context affects the interpretation of local features in a
line drawing, and to showing ways to obtain context information

from local features.

If the context Is uncertain (as at the start of the
program) | will demonstrate that we can make Initial hypotheses
and then work on the baslis of these, Later | will show how to
generate hypotheses as we proceed through the program, The
results of thls approach are methods which allow a large portion
of the labeling to be done with 1i1ttle or no back-up, greater
insight Into the interactions of different levels of information,
and programs which (| hope to convince you) will be able to
successfully find the "correct parsings" for scenes under the

limitations | have listed.

Both Huffman and Clowes treat at some length an alternate
scene representation, called the dual-graph of a scene. In dual
space each region maps into a point In such a way that parallel
surfaces map Into the same point. For a treatment of this

representation, refer to thelir papers. Thelr feeling seems to be
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that it would be useful to develop the dual representation and
the normal representation of a scene In parallel, whereas | feel
that it Is more natural to cast dual-space Ideas and results into
a form that can be used in the normal representation. However |

am still open on the matter and not prepared to defend my view.

Figure 1 1lists all the possible trihedral, non-degenerate
junctions classifled by junction type and within each type by

line labels, These junctions were obtained by methods discussed

In Dowson and Waltz,
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111, General plan for a program

Basically, the methods | will describe depend on the

following observations:

1. We can generate a complete set of non-degenerate junction
labelings under particular'assumptlons.

2, For each junqtlon type, we can also specify a finite set
of reglon labelings which give values for orlentation and
11lumination, one and only one of which must always be true,

3. Just as two junctionsijoined by a line seément must be
labeled.so that the l1ine connecting them has a single value, so
must each junction around a region be labeled so that the region
has a single orlentation and {llumination value.

4. Whenever we assign a region a particular value we also
place expllélt constraints on the possible position of the eye
and 1ight source.

5.'All regions and junctions within a scene must agree with
a single value fér l1ight source position and a single value for
eye positlon,

' 6..Junctlons which are degenerate because of light source
positioning (usually when the 1ight source lies in the plane of a
surface) can only occur under very restrictive conditions on the

reglons surrounding the junction and on the 1ight and eye;
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therefore these junctions can be included in the complete set
without danger of causing large numbers of spurlious parsings.
Flgurelz shows thls set of junctions.

7.IWe can identify other degenerate junctions as those which
either (a) do not have the fofm of a known junction or (b) cannot
be Interpreted as members of the set of allowable junctlons in a
manner consistent with the rest of the scene,

8. While it Is impractical to 1ist all these other types of
degenerate junctions which can'occur, aé long as these junctions
comprise only a small percentage of the total number of junctions
in a scene we will generally be able to obtain at least a partial
labeling Imposed by junctions and reglons surrounding them, On
the basis of partial labeling and knowledge about the ways that
degeneraclies can occur, we can suggest ways of separating the
true junction components.

9. We can use line orientations to suggest reglon and
junction labels, Given three unknown variables, namely the reglon
types on both sides of a line segment and the line segment label,
plus one known, the line orlientation, we can tell very little.
However if any of the three variables have known values, we may
be able to solve for the other two, and If two of the three are
known we usually will be able to deduce the third. In elther case
we can at least llmlt‘the possibilities.

10. Reglon intensity is not always a very good indicator of
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region type, since objects can have arbitrary reflectivity. We
can however say that whenevef wé label a line as a shadow line,
the region on the side we have labeled as a shadow must be darker
than the other side of the line., Similarly, If two regions
separated by a line are approximately equal lnintenslfy, it is
unlikely that the line separating them is a shadow line. In
addition we can say that the darkest reglons are likely to be
shadow reglions, whereas the brightest.ones are extremely unlikely

to be shadow regions.
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IV. Region notation

IV.A., Junction segment notation

As will become obvious later, we will have use for a
notation which allows us to name regions around a junction. By
conventions shown in Flgure 3, we can code a reglon in the form
of a circular list of sequential junctions, listed by convention

In a clockwise direction when viewed from Inside the reglon.

IV.B. I1lumination

Definition: Causing junctions are ones in which (1) one of the
lines of the junction Is a shadow line and (2) this shadow 1lne

Is the projection of one of the other 1ines in the junctlon.

A region may be one of the following types:

I = illuminated

S = shadowed; If type S then it must be elther

SA= a projected shadow region with one or more "causing
junctions'" on Its boundary.

SB= a projected shadow region with no '"causlng junctions" cn
its boundary whlch cause it. (A type SB region can be bounded by
causing junctions which obscure it. See figure 4A for the

distinction.)






\}’gw_ci Page /9

R A2/F/A0/F/AL/T0 /AL



z‘ﬁ' ure 4A P‘ﬁ?"’ 20

Kejm iUumination notatiorn

\

\ SC
SC

Sh sK

<% is a shadow Causiﬁ chctwn boundled éy an SB rzjwn



Understanding Scenes With Shadows, Page 21

SAB = a projected shadow region formed by an overlapping of
a type . SA and a type 3B shadow region.
SC = a region which Is shadowed because It is oriented away

from the light source.

The background region is defined as that portion of the
support surface which Is 11luminated and which shares a boundary
with the edge of the retina. The support surface Is the union of
the background region, any ll1luminated regions of the support
surface not connected to the background reglon, and shadows
projected onto the support plane. The support surface can thus
have regions which are labeled In any mahner except as type SC or

type SAB.
IV.C. Some facts about reglions and illumination

Definition: A shadow causing edge Is one which casts a
shadow.

I will appeal to your knowledge of the world to state the
following facts wlthout proof or with minimal proof.

1. A shadow causing edge must always be convex.

2. Every convex edge must-always be labeted as "+" or
obscure.

3. Every "+" or obscuring line segment Is convex.
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4. Every shadow causing edge has a type | region on the side
oriented toward the light source and a type SC region on the
other sfde.

Proof: Because an edge 11luminated on both sides cannot
cause a shadow, nor can an edge shadowed on both sldes cause one.
If the shadowed side is any other type than type SC, then the
shadow is due to the projection of another object where the
projected shadow coincides exactly with the edge itself; but then
if the object causing the shadow were removed, both sides of the
edge would be I1luminated, so the edge cannot cast a shadow.

Definition: A region bounded by two edges of a junction
which obscure it has no necessary relation to elther of Its
adjoining regions; | will call such a region an obscured reglon
with respect to such a junction.

5.(a) If a shadow causing edge is labeled "+'", then one side
of the edge is type | and the other is type SC. |f the shadow
causing edge Is labeled as an obscuring edge, and the junction is
a shadow causing junction (i.e. the shadow Is visible) then (b)
one side of the edge Is labeled type SA and the other is type |,
or else (c) one side Is labeled type SC and the other Is labeled
|, except when the region adjacent to the type SC region is a
region obscured with repect to the shadow causing junction.

Proof: (a) Is trivial., In (b) and (c) If we can see the =adge

then we can see either the type | region (b) or the type SC
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region (c). If we can see the type | region and we can see the
type SA shadow region, then these two reglons must adjoin Sne
another at the junction- what could be between them? If we can
see the type SC region, and the junction itself, then the
adjacent region must be | or.else the sHadow causing edge could
not cast a shadow at the junctlon, except in the case where the
adjacent reglion Is an obscured reglon,_wlfh respect to the shadow
causing junctlon. |

6. A type SC region can have no shadow edges bounding it.

7. In non-degenerate cases a region x separated from a
region Y_by a crack or cbncavg edge (s type | [ff regton.Y is
type |; otherwise both are type S.

Proof: The only way this could nbt.be true is if a shadow
edge coincided exactly with the concave or crack edge,

8. If we can Identify a junction as a shadow causing
junction, then we can uniquely label all of its regions for
i1lumination except those which are obscured with respect to the
junction, If any.

Proof: Conslider the set of all shadow causing junctions
(flgure 4B). We can always by definition label the reglons
bounded by the shadow line as types SA on one side and | on the
other. If the SA reglion Is bounded on the other side by a concave
edge, label the next region SC, otherwise label it type | (using

fact 5 above), unless that reglion is obscured with respect to the
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junction. Using fact 7, we can then label all the other reglons.

IV.D. Exact relations between eye, light, and scene;

visibllity and t1lumination of surfaces

As a first approximatlion, consider the light source and eye
to be Infinitely dlstant.ffom the scene, the scene to be
supported by a ptane with no holes, and the light source to be at
an elevation great_enough-so-that all shadows cast in the scene
are entirely surrounded by I1luminated backgound on the retinal

projection of the scene.

Define a coordinate system C with respect to the eye. C Is

a right hand coordlnaté.system, origin in the center . of the
scene, oriented with Its x and 2z axes on the support plane and vy
axls normal to the support plane. The z axis colncides with the
projection of a line from the origin to the eye onto the support
plane, of Iin other words the eye Is in the y-z plane in the
quadrant between fhe +z and +y axes. The eye elevation, 'QQE s Is
defined as the angle between the +z axis and the line from the

origin to the eye. Thus th Is between 0 and 90 degrees.
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The normal to any surface In the scene can be defined in

this coordinate system by two angles, qbs and 695. 965

Is the angle between the normal to a surface and the projection
of the normal onto the supbort plane. 695 is the angle
between the projection of the normal onto the support plane and
the z axls, measured in a counterclockwise direction when viewed

from the +y axls.

Using these definitions, the vector from the origin to the

eye In C iIs

'V; = sin th § + cos ‘#E 2.

The normal vector to a surface Is

N .
VS = sin Gs cos ¢$ ?( + sl.n_-.gés ?r + COS es cos ¢S ’z\

The.condltlon which must then be satisflied in order that a

surface be visible is

-
Vg Vg> 0

OR  sin ¢‘ sin ¢E + cos 65 C;JS ¢$ cos ¢£ > 0.
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Similarly, we can define a c¢oordinate system C', where the
light source lies on the y'=z' plane at an elevation qu‘ .
The surface orientations are given In thils coordinate system by

¢,S and e; The conditions for visibility In C are then
analogous to the conditions for [1lumination In this coordinate

system C', Therefore let

E' = sin ¢g sin ¢L‘ + cos SI cos ¢; cos ¢L

then

if E' > 0, the surface.is llluninated

if E' = 0, then the light source lies In the surface plane,
l.e. the surface has glancing I1lumination

If E' < 0, then the surface Is shadowed, ‘and Its edges cast

shadows,

We can then define a transformation from C' to C, where C'
Is related to C by the angle eEL‘ '5“.15 ‘the angle from the z
axls of C to the z axls of C', or éequivalently, the angle between
the projections of the eye-origin and light-origin lines onto the

support surface. In C, the light source normal Is
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—p
VL- = COS é‘-sin eEL.Q + sin ¢l.. ?1 + ¢cOs Cb‘.cos GEL?

so the condition for surface illumination |s

-
VL . V?> 0
OR (cos ¢L sin 9‘len Oy cos ¢s + sin ¢s sln¢h

+ cos ¢Lcos eEL°°s escos ¢$ ) > 0.
In Appendix 1, | show how we can finq all these angles under

certaln assumptions,
IV.E. Quantized reglion orlentation

Rather than use the full treatment developed in the previous
sectfon and Appendix 1, | will Introduce a quantization of the
angles defined there. One reason for doing so Is that it will
often be difficult to find the eye elevation in cases where there
are objects without right angles, and another Is that there is no
necessity to be this precise for the time being. It is
interesting that even a very rough quantization provides a
uniform and effective method for eliminating parsings which are
physically impossible, but allowable when only line labels are

required to match.
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Two regions orlentations are Special.' One of these Is
horizontal, denoted by H, which méaﬁs parallel to the support
surface. The other is 3 which is used to label any region which

is part of the visible support surface,

All othe? orientations are quantize.d according to thelr 655
value, i.e., according to the ang]é between the projectioniof
thelr normals onto the support surface plane and the scene z
axis. The quantizations are:

F = front, 695 within about 10 degrees'of the z axlis; tﬁe
exact values will vary depending on the distance of the eye from
the scene, but the wdrklng definition Is that such a sdrféce can
have right angle vertices at both leff énd right:extremes such
that for each of the vertices only one junctioﬁ segment out of a
possible three Is visibie. Anbtﬁer way of putfing th]s s that a
region labeled F can Have'edges labeiéd "convex" at Its right and
left extrema only If thé object does not have reétangular
vertices, B

R = right, fas between the 1imit of F and 90 degrees.

BR = back right, 695 betWeén;QO énd 180 degrees.

BL = back left, ©g between 180 and 270 degrees.

L = left, 625 between Zfozdegrees and the 1imit of F,.
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To this will be appended a suffix to Indicate the value of
Qbs » the angle between the normal to a surface and the
projection of the normal onto the support plane. These suffixes

are:;

V =vertical, Qbs = 0 degrees.

D = down, qbs ( 0 degrees.

VU = vertical/up, qbs between 0 and 45 degrees.

HU = horlzontal/up, qbs between 45 and 90 degrees (90

degrees = horlzontal).

Notice that in a scene made up only of objects which have
rectangular corners, where none of the objects "leans" on
dnother, the only posslble visible surface orlentations are B, H,
LV, FV, and RV, regardless of eye position. In addition, a
surface either belongs to the set of illumination types |, SA,
SB, SAB or Is type SC, and this Is a function only of relative

light/eye angle, independent of light elevation.
IV.F. Light position quantization
The relative light/eye angle, é%ah_,.wlll be quantized

according to Table 1. There are twelve possible values, which

can be visualized by considering a vantage point on the scene vy



Paje, 3]

[able 1

Centered ot
Name: (eje €609 Argles:
F A ("f’5°» 15%)
FR 5 (152 45°)
RF 4 (55,75
R 3 (15,1059
RB 2 (los%138)
BR 1 (135%165)

B 12 (les"-les?)
BL 11 (Hs3-138)
LB 10 (isse,-les)
L 9  Cios*,-78)
LF 8 (75°,-45)
FL 7 (#s°-15°)
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axis. From this position, looking down on the scene, F Is a 30
degree wide segment centered on the z axis (6 o'clock). FR is
then centered around 5 o'clbck, B‘aréund~12 o'clock, etc.

The light elevation is quantized into three values,

according to which angle Is nearest the actual value:

L = low, 30 degrees.
M = medium, 45 degrees.

H = high, 60 degrees.

The eye elevation angle Is quantized In four values, three
of which are exactly the same as for the 11ght source elevation,

the additional one belng VL = less than 15 degrees,

Given this quantizatlon and the~meth§ds of Appendlx 1 we can
then generate values for each combination of light source
position, surface orientation, aﬁd eye position which Indicate
how a given surface Is illuminated and whether or not It is

visible.
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V. The background/scene boundary

While | will talk extenslively about the scene/background
boundary, | would like to point out that all of the techniques
developed to handle this boundary will also be applicable to any
isolated subpicture in the scene, or for most portlons of the
scene around which we can draw a path which consists only of the
junctions which characterize the scene/background boundary, plus
special treatment of TEE junctions., Since | have not worked out
the detalls of Isolating such portions of the scene, | will not
make any overoptimistic clalms, but | intend to follow up on this
approach.

You will remember that earlier | defined the background
region to be that portion of the visible support surface which Is
i1luminated. Every line which bounds thls region can have only
one of three labels, namely obscure (a line segment obscuring the
support surface), concave (or minus), and shadow, where the
shadow line can be oriented in only one direction. We can then
look at the compfete 1ist of possible junctions and pick out
those which have segments bounded by any combination of these
three labels. Figure 5A shows this set of junctions, where B/!
In a junction segment indicates that thls segment can be part of

the background region.



Understanding Scenes With Shadows, Page 36

We can now make the rather remarkable observation that
whenever a junction on the scene/background boundary has dne of
its segments of type T1l, T2, S1, 52, M, or F as part of the
background reglion, we can partially label that junction directly.
Frequently, having done this, there may be forced choices for
other junctlion labelings; 1.e. If we check all the junctions
which are partially labeled, we may find that there is only one
possibility for labeling some junctions, given that the partial
labellng must be preserved.

In any event, merely by knowing that one of the segments of
a junction Is part of the background region, we can use this
restricted set of junctions from which to choose a labelling.
Flgure 5B shows the results of applying the restricted set of
possibilities to a 1ine drawing (taken from a photograph).
Figure 5C shows the results of applying forced rules to the
partially.labelgd line drawing of Figure 5B, The steps Involved
in forced labeling are listed in order of their application

beneath Flgqre 5C.
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VI. Scenes with rectangular vertices

Vi.A. Theory

As | mentioned earlier, the cases where a scene contains
only rectangular vertices Is a particularly easy one. In this
section | will show how we can complete the labeling of the line
drawing shown In Figures 5B and 5C assuming rectangular vertices
only. First recall that the only surface orientations which are
possible In the rectangular vertices case are B, H, RV, FV, and
LV. In Figure 6, | show a compilation QF all the possible ways
in which each reglion can be labeled for qrientatlon, gliven a
particular line labeling for a junction. | have not Tisted all
the junction types, but have confined myself to those which are
needed to complete this example: ell, arrow, fork, tee, beak,
psi, and kay junctions. In practice we need not have thls entire
table in memory since we can use theorems to generate posslible
region labelings as needed. | will give rules for generating this

table in the section on line orientatlions.
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In the rectangular vertex case there is a particularly
simple relationship between orientation and possible 1ighting.
Table 2 shows this relationship. Using the results of this table
and Figure 6, we can now asétgﬁ lighting possibilities to each of
the possible junctions previously classified by 1lne labels and
reglon orientation, Rather than show the complete set, | have
chosen to show only the possibilities for junctions which border
the background, but the same methods can be used to assign values
for all junctlions. The results of thls process are shown In

Figure 7.
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Table 2.
Q(es)k

Q(6g)
E

<
.1
<
)
<
T

FL
LF
L

LB
BL
B

BR

RB
R
RF

HDlunlivin|lnlndlH | HIH I H|H
Hllninlnwnin wlODH | H|H|H
HiHIQDQYIODIWbLinin | i H|H | H

HiRrRIH|HIHIHIHEHIH R H R

FRIG |11

T = iluminated,SA,SB or SAB
5 = sha-dowecl sC

LLu.mu
\;e, Iﬁovt S or d.eaenevm
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j&qfﬁoz For r cms:dwm 022;7 »uu‘(r
Junction labeling ‘Ao Al A2 b€ Letween.:

y B/T #/I L/T  (RFBL)
Ao % BIT H/T FIT  (R,L)
AL B/ H/T L/sc (BL,FR
B/T H/I F/sc (L, R)
B/T R/IL H/I (BR,LF)
B/L F/T H/I  (R,L)
B/I R/sCc H/I (FL,RB
B/I F/sc H/I (L, R)
no B/T L/T R/I (RF,LF)
NA2
7 ki B/T R/T PB/sA (F,LF)
P&, B/T FIT B/SA (FL)
Y B/IT BfA L/I (RF, F)
Ao - B/T B/sA FI/T (R,F
A B/T L/sc B/SA (LB, B)
o '}; B/IT F/sc B/SA  (L,BD
Al B/T B/sA Rfs¢  (B,RB)
Ao ﬁhz B/T B/SA F/s¢ (8,R)



iqw:g 7 ?aje 99

JTEE one‘u&&m/cuumma;éwna[cr ‘ahfinqg must—
qunction labeling "O5B* Tt T2 e between:

N
B/ R/G B/sA (FL,LF)
oY s~ BIT F-é& BISA L only

B/L  B/sA L/& (RF FR)
21> BT BiSA Fle R ony

B/T B/sA Risc Beo
Wl  BiIT  B/sa F/sc 15:?

)
n-| w» B/  Lisc BfsA Bon
—l B/T  F/sec BIsA B

T o |
All cther TEEs have no information(sr wq LtHe)
with respect 4o lght placement,so I witl wot Listthen.

o etine F - F! i B
F, ~ B/T H/T  RI/IT  (BR,LFE)
e Y E! B/T #/sB8 R/sc (FL,R8)
-| F B/T H/Z  F/T  (R,L)
B/T H/SB F/s¢c (L,R)
B/T L/T  HIT  (RF,BL)
B/T L/sc H/B (LB,FR
8/I FIT  H/T (RL)
B/T F/s¢  H/ISB  (L,R)
B/T  L/F R/T (RELF
NF B/T L/sec R/se (CLE,RB)

2 Y L/T  R/T  (RF,LF)
oY F Lisc BlsA B/T  (8,R)

I
1

£ R/sc  B/T  BfsA (L, B)
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$2 ﬂ/\j B/T BlARBBB R/SB R/TC (BR,LF)
| BI/T BsA8/8 F/sB F/I (R,Lé)
| v LIE L/sB BIsABB B/T (RF,BL)
WIS F/T e BAGAS BIT (R)L)
BIL BkABSB L/5E L/T (RF,BL)
R/IE  R/s8 BAMBASB B/T (BR,LF)
27 H/T  HAA RAC BIT (R,B)
si | sz’
271 st”  g/r Lfsc H/sA HIT (B, L)
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Let me review exactly what we need to do to arrive at these
listings. First we must generate a ﬁu]f set of junction line
labelings for each junction type. We éan then take each labeling
and assign region valués for aliltﬁe'posslble orientations In
which this labeling can’bccur: (Notiqe that In those junctlons
which have cracks, | have lncluded'ssme gravity Information, on
the basis of the observation that certain orientations can never
occur If gravity Is assumed to be in the -y direction, 1.e.
normal to the suppport_surface.and_downward._'I will have more to
say about this Iafef, along_wlfh Information about support which
can be deduced from iocq]_fegtukés,) We haéé-thuS divided each
posslble labeling for lines-lnto seQeral labelings, each of whic¢h
has the same line labels, but different region labels. We can
then take each member of this extended set and divide It Into

several possibilities according to lighting direction.

Notice that in some cases, partlcularly in those junctions |
have called "shadow causing junctions", there Is only one
possibility for réglon lllumlﬁatlon_of the junction. In these
cases we can then say that the junction as labeled can only be
present fn the scene if the lighting Is from a particular subset
of the set of possible posltldns. Thus knowing that the lighting \S
from a particular position we can constrain the possible

labelings for junctlons in the 1ine drawing and In the opposite
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direction of implication, knowing a particular junction labelling

we can. constrain the possible 1ight positions,
Vi.B., An example

To show how these facts help us in labeling a scene, let us
now return the example started in the previous section. Glven
the partial labeling, of 5C and assuming that all its vertices -
are rectangular with no degeneracies, look first at the junction
labeled (1) in Figure 8. Given the line labels and refering to

figure 7, there Is only one possibility for labeling the regions:

\% > :\Mﬂ &aa.:tbe
. FL cwt BL
8/I | 8/x (FL, BL)
Flgure BA

At junction (2) by the same reasoning we have:
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| AND
| + L/IT [+ R/X aht souree
= I be
\/ \ - between
RF ond LF
B/T B/T (RF,LF)

Figure 8B
Thus we may deduce that the lighting must be somewhere In the
intersection of the two intervals specified by (1) and (2),

namely (RF, LF) /\ (FL, BL) = (FL, LF),

At (3) we now have:

R/T /

/ B/

Figure 8C

so we must look for a junction which agrees by region type, line
label, ahd lighting. The only two candidates which agree on line

labeling are:
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} 8/sh . 4| R/I
R/T Rl - W/T -

et - 1
1y E

Figure 8D

and clearly only the first Is possible when region labels are
considered. Hence we can label the other two segments and the
other two lines. No further restriction on lighting Is Implied,

since (F, LF) A\ (FL, LF) = (FL, LF),

At (4) wé now have:

L/s8

RA8 F/8

B/sA = g VR s> F/LIE_E_\ a/sA S E
B/T B/T B/T B/r

Figure 8E

and all these are possible. However, we can now label all the
line segments, even though we are not able to label the reglions
yet. We do know that the two regions for which we do not vet

have an orfentation label must be glven the same orientation
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label: X/gB

X/T

B/sA -
B/T

Figure 8F

At (5) we can have either:

o B
\ B/T \/B’/{

Figure 8G @

At (6) we can thus have, If[]is the correct labeling, only:

L/T + RA B/sc

A \
(5) B/T ‘
Figure 8H

3
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whereas H" is correct we can have elther:

F/T, L/T F[X,
RIT & o/en ! R/T
\ 4 [=R)
)
() B/T (& nyr

o)

Figure 8!

R/s¢E,
F/sc

>

However, If@were_ true, junction (6) would Imply that the

lighting was between (R, F) and (R, F) N\ (FL, LF) = nil.

Simitlarly the lighting possibilities glven[:]as the proper

labeling have an empty Intersection with (FL, LF), so we can

eliminate both@and@_ leaving only@. This now enables us to

go back to (4) and assign X = L.

Because (6) must be labeled as ln we can label all on the

lines in junctions (7) through (11) as shadow lines, since these

are the only possible continuations, regardiess of lighting

position.

Junction (12) must be labeled as:
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B/T B/T

=
B/sA B/sA

Figure 8J

since agailn this is the only possibflity.

Junction (13) must be labeled as:

=
— B S

Figure 8K

B/

since there is no other lébeling which has one line labeled as
shown and which also Is possible glven the lighting direction.
This then allows us to label (14) through (18) as forced cholces
on a line labeling basis alone. Notice that this forces reglon

Rl to be labeled "FV", since this Is the only reglon orientation

which can be bounded by both (14) and (18).
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Il will not continue to show each step, but will leave the
rest as an exercise, If you are Interested enough to complete It.
The final results are shown in Figure 9, There are three
ambiguous line segments, and part of my work to be done [n the

future will deal with ways of resolving these ambiguities.
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Vil. Line segment orlentatlions

In general we will not be able to totally label a line
drawing with only the information we used in the preceeding
example. Fortunately, there are ways of extracting information

which we have not yet exploited.
Vil,A. Background/scene boundary revisited

We can assign quantized orientation values to each of the
line segments we encounter while moving around the scene in our
normal (clockwlse as seen from the background) direction. We
already know that each line segment on this boundary must be
labeled obscure, concave, or shadow, and that In the restricted
case of blocks only, which | will continue to use for ease of
exposition, each region separated from the background by one of
these line segments must be H, FV, RV, LV, or 8/SA. | will assign
line orientation values from a set of elght compass points, so
that for instance iIf we move directly upward along a line
segment, | will label that tine N, and so on. N, E, S, and W wi1!
be defined to include llnes_which fall within about 5 degrees of
vertical or horlizontal, and the angles In between will then be
denoted by NE, SE, SW, and NW. (The width of the regions Is a

function of eye distance; as the distance goes to Infinity, the
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N, S, E, and W sectors can become arbitrarily small,)

We can then state that the following facts are true by

exhaustively considering all possibilities:
1. A shadow line may have any orientation,

2. If the line L is an obscuring line, and X denotes the
region separated from the background by L, and O(L) = the
orientation of L, then:

O(L) = N 3X =RV, FV, or H.

O(L) = NE 3 X = RV (»)

O(L) = E X = FV (=*)
O(L) = SE $ X = LV (#)
O(L) =S X = LV, FV, or H.
o(L) = fsw, w, N} > X = H,

(*) indicates that the object of which this edge is a part Is

supported off the surface or else is concave.

3. If L is a concave edge then:

o(L) = {N, S, SW, W, Nw} > there is no such X with a concave
edge.

O(L) = NE 3 X = RV/I,

o(L) = E $ X = FV/I,
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O(L) = SE X = LV/I.

Using the same approach with other line labels, we can
generate table 3, which gfvéé thg bossfble region labels for
lines with any label and orientation. This table can then be used
to generate fligure 6, which | presented In section VI,A, with no

justification.,
VII.B. Interior forks

Rather than give a full treatment qf_fnterlor junctions, |
will treat only one particularly useful junction. If In a scene
with only rectangular vertices we encounter a fork In the
Interior of a scene (l.e. none.of its segments fs part of the
i1luninated background) then the corresponding vertex Is type |
(all line segments convex) tf and éhly if one line segment points
"south" from the junction; If there Is a type | junction of this

sort, then we can also label its reglons:

Figure 17A
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Rough proof:

The entire set of possible forks is:

YYYYYYY

(€p) (2) (3 6 ) (s) (D) (v
Figure 168

Clearly (1) can be labeled as shown.

A1l of the others have at least one concave edge. Suppose a
concave edge points "south'; then the region to Its right must be
LV and the region to Its left must be RV. Then In (2) the
obscured region must.be H, but we have assumed from the beginning
that the eye elevation is sufficient so that any horizontal
surface with normal upward is visible unless obscured. Llikewise
(3) Is Impossible, since it must also have an H region, but the
normal of this region points downward, so the surface could not
be visible. Similarly (4) through (7) are Impossible with thelr
concave edges downward, and simllar reasoning can be used to

eliminate (2), (4), (5), and (7) in their other orientatlons,

Vil.C, An example with degeneracies

| have picked the scene in figure 10A to illustrate not only
the use of line orientations, but also the parsing of a scene

with several degeneracles. We can start by labeling the 1ine
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segments of juctions with scene/background segments of T1l, T2,
S1, S2, M, and F as we did in section VI.B, and then label
fesulting "forced" choices., Figure 10A contains all these
ltabelings, plus orientations for each line segment around the
scene/background boundary. Each degenerate junction is marked

IID n .

lgnoring the interior forks in this example, we can
construct possible labelings for Rl through R13., Notice that fér
the line segments already labeled “obscure" we need not consider
shadow and concave edge region possibilities. The possible
labelings for each region are shown in table form In figure 108B.
From the results of the application of the line orientation rules
we can unambliguously label three regions and six line segments

directly.

We can then proceed with "forced choices" as we did in the
previous example. This process Is shown step by step in Flgure
10C. As the result of the application of these line orientation
rules we are left with six junctions not totally labeled, three

of which are degenerate., These are shown in Figure 10D,
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About degenerate junctions we c¢an say:

1. Certain junctlions can never be degenerate, namely ell and
tee, and possibly others in particular orientations. If ever we
are left with such a junction which we cannot label, then there
is a mislabeling somewhere else in the scene.

2, Any junction which does not fall into one of the
allowable junctlion categorles must be a degenerate junction.

3. Any junction which Is dégenerate can be broken up into:

(a) two real junctions, one of which must separate along
lines labeled el ther both obscuring or both concave, or

(b) a junction with a coincidentally allgned shadow edge.

A good heuristic to note is that any straight llnes in a
degenerate junction which appear to be collinear are likely to be
truly connected. Some cases which follow this pattern are shown
in figure 10E along with some cases which do not. In any event, |
have not yet devoted sufficient attentioh to degenerate junctions
to say any more than that | can show methods to identify which
junctions are degenerate, and that | can suggest some promising

consistencies between varlous possible degenerate junctions.
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Vill. Some miscellaneous points of interest

Vill.A, Support

If we ever encounter any junctlions such that the regions and
lines are labeled as iIn figure 11, we can draw conclusions about
support between the objects which correspond to the reglons
listed. | have shown configurations which Imply support, but by
the same token, certain other configurations can be used to
ascertalin cases where support between objects is precluded,

Note that if there are no shadows h the scene we will
usually not be able to tell whether one block supports another or
whether It merely obscures It, since shadows are the prime means

of distingulshing between obscuring and concave edges.

VIiilI.B, Finding Isolated subscenes

| mentioned at the beginning of section V that we can
isotate portions of a scene which It may be possible to treat as
though they were surrounded by background. To do this we need
only find paths around all sets of reglons In the line drawing
which consist only of junctions which can occur on the
background/scene boundary plus TEEs which are oriented so that TO

is In the interior of the reglion we are isolating. | belleve that
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this Is one of the most promising llnes of research to be

followed up.
Vill.C. Non-rectangular scenes

In this area | still have a great deal of work to do.
However, from preliminary observation | believe that it may be
profitable to consider every scene initlally as though it were a
scene with only rectangular vertices. This will accomplish at
least two ends: any subportions of the scene which consist of
rectangular junctions or in which non-rectangular junctions
follow the same types of rules as do rectangular junctions can be
labeled, and we can effecthel& Isolate junctions which do not
follow this pattern, these junctlons will then be either non-

rectangular or degenerate.
Viil.D. Curved surfaces

Using the results of Appendix 1, we can find conditions on
the boundaries of curved surfaces, since at these boundaries the
points must all satisfy the conditions V V = 0, where V is
the origin-eye vector and V is the surface normal. Consequently
we can also characterize the quantized region value for a curved

surface at each point along its boundary, and perhaps can
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usefully treat such surfaces according to the range of values

through which the surface normal imust pass.
Vilt.E. A grammar of regions

An interesting corollary to the observation that each region
can have only one label is that we can describe a generative
grammar for surfaces of particular types. For example, every
surface Whlch Is bounded by all type 1 vertices (type 1 vertices
are ones which occupy only one octant of space at the vertex, or
alternately havg three convex edges)-can be generated by the
transition rules:

Al =» T0 or L1 or A2 (label =—%p— )

L1 —» TO0 or L1 or A2 (label —%— )

TO =% T0 or L1 or A2 {label —3p— )

A2 —» Al or F (label + )

F —» Al or F (label 4 ) where any "sentence'" which
contains at least three junctions from the set {Ll, Al, A2, F}
represents a real surface of this kind., Such surfaces Include the
faces of all conQex polyhedra such as prisms, cubes,'pyramlds,
etc. which have only trihedral vertices.

We can also 1list transition rules for all type SA shadow
regions and regions bounded only by convex edges, as well as each

of the preceeding types as It appears when partially obscured by
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other objects. We may be able to use these observations to
recognize some reglons directly, rather than arriving at laheling
for regions on the basls of the 1ines surrounding the region

which have already been labeled.

VIiti.F. A finer classiflication of junction types

In all the work so far, | have assumed that we are unable to
tell the difference between angles less than or greater than 90
degrees. A glance at the arrow and tee labelings of figure 1
should convince youthat If we have more preclse information about
angles, we can further partition the possible junction labelings

and thus make the problem of assigning Ytabels easier.
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IX. Summary and plans for research

| have demonstrated the use of a large nunber of rather
Isolated facts and methods, and would now like to say a little
about how these can all be tied together in a conceptual -
framework. As a first approximation to a total picture of this
system, we can order the various scene variables according to how
widely any particular plece of information can directly Influence
other scene variables.

1. Line labels affect (directly) only the junctions at both
ends of the line segment.

2, Line labels plus orientation of the lines affect the
Junctions at both ends plus the regions on both sides of the line
segment.

3. Junction labels affect all lines which are part of the
junction and may In some cases be Interrelated with light and eye
position,

k, Junction labels plus orlentation affect all lines which
are part of the junction, frequently are interrelated with 1ight
and eye position, and also affect all regions which bound the

junction.

5. Region labels affect all junctions and 1ines bounding the
region, are interrelated with eye and light position, and may

affect adjacent reglons,
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6. Region labels plus a line label definitely affect the
adjacent regions as well as the other variahles from (5).

7. Path labels affect all reglons inside the path (as In
finding an isolated subscene or moving around the
scene/background boundary).

8. Light source and eye positions can potentially affect all

junctions and reglons,

This is a very rough hierarchy, but | think it gives some
idea of fhe amount and types of Interdependence between the

various scene variables.,

My plans for research Include as a top priority the gaining
of greater Insight into just what type of conceptual framework we
need to be able to lucidly descibe the nature of the problem and
the methods for solving it, | also intend to follow up all the
topics mentloned In the previous section, and finally | plan to

write a program embodying the results of my work,
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Appendix 1, Exact relations between scene features

and light-eye placement

The first problem is to find ways of obtaining the light-eye
angles with respect to the scene. Using the coordinate system €
defined In section IV,.C,, and assuming that the projections of
the scene x and y axes define the retinal x and y axes, we then
know that any vector in the scene:

afc\s-'- -b9,+ cé‘s
appears fn the retinal projection as
-aa‘_"' (b - c)c.-
where Q‘, 9,, %, are unit vectors In the scene coordinates and Q,

A
and Yo are unit vectors in the retinal coordinates.

Appendix 1.A. Eye elevation

If there are rectangular blocks in the scene which rest on
the support surface, then we can extract the eye elevation by
looking at the appparent angles of the corner of a block, Flgure

Al shows such a corner.
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Y-oxis

> X- AXCS

Figure Al

The three visible edges define an orthogonal coordinate
system -c'_', rotated by an angle eEB with respect to the eve
coordinate system C as defined In the previous section. This Is
pictured in Figure A2, where the corner Is drawn as It would

appear from a point on the scene.y-axls. We have

]
Y - Bea
:’ 90°- QEB

" "
where ?r; and 1{; are defined with respect to C", not

the retina.
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» Scent
X AXes

Seene 2 oxis
Figure A2

In the scene coordinates
" ~t ARl o
tan 'X\ = tan o, (1)

Furthermore we know from elementary geometry that these angles

are related to those on the retinal projection by

tan ’YI = tén ,X‘" sin ¢E | (2)
and  tan 'Xt = tan 'X;" sin 4)5 (3)

and plugging into (1) we get
tan Yy / sindg= sin pg / tan Yy a1H

and since qSE' can only be between 0 and 90 degrees, we can

solve for sin ¢E:
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_ | V.
sin 4>E = (ta,n"y' tan ’Xz_ ).z'

Of course if there are no rectangular corners in the scene,

we cannot use this method.
Appendix 1.B. Light placement

Whenever there Is a vertical edge, visible in its entlrety,
which casts a shadow, visible to Its first junction, we can find
the light placement as a function of the eve elevation. Such a

junction is shown in Figure A3,

~Y

NP

Filgure A3

The angle <X (CACB) is related to the angle éBEL,,
or angular difference between the projections of the light source
and eye onto the support plane, and is Independent of qu‘ ’

the light source elevation, As above,
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tan 65‘: tan o€ sin cﬁe

To find the light elevation is a little more complicated.
First consider the vector A‘BI In the scene cooordinates., This
points toward the light source from the origin., If the light

source elevation is ¢L‘ and Its angle with respect to the eye

Is GEL , then

_—-’ . .
"~ A'B! = (cos (t)bsin GEL) ?& + (sin ¢L) 9 + (cos ¢Lcos eEL) ?.

If the eye elevation ls'gl'ven by ¢E. , then this transforms

onto the retina as

7\?- (cos ¢LSIn BEL) %
+ (sin Cb,_cos (‘)E - €OSs ¢Lcos ' Elen ¢E) ?

Assuming ©< and ﬁ: are both between 0 and 180 degrees,

Vol |
(arc tan(sin ¢L cos ¢E—- cos ¢Lcos QELS-M ¢E)/cos ¢len eEL))
+ (90 -x).

Solving for tan | ¢L. gives
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tan ¢L.= cos O, tan 4)5*- (sin QEL/cos ¢‘ Ytan (B +o¢ - 90 ).

Appendix 1.C. Finding surface normals

Whenever a region borders the suppport sufface and shares an
edge labeled '"concave'" with It, we can use its angle with respect
to the horizontal to find g , the angle of the projection
of the surface normal with réspect to the 2z axls.of the scene.
From the retina we can obta[p 1!] , between ~180 and 180
degrees, where 1?} . Is measured from the x axls (horizontal)
to the edge, with respect to the junction encountered first when
moving clockwise from Inside the background region around the

scene/background boundary. This is illustrated in Figure Ak,

Q!

A %(€)

ASGEm | €
2.(8) %(=0
-}
Figure A4
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13: and 635 are related by the equation
tan es = tan 9’. /sin ¢E’

It is not alwayé possible to find CPS , the angle between
the support surface and the normal to another surface. Whenever
the surface is vertical and rgctangulér, then its edges will
appear as vertical in the projection on the retina., Obviously in
these cases dss_ = 0. If we assume that the surface Is

rectangular, then we can obtain the angle 4)5 as a function

of es and ¢E’

Figure AS

(Assume that Rl is rectangular)

In the scene

—-ﬁ A
A'B' = (-slnt‘)s sin es ) Q + (cos 4)5) ?/ + (-sin C‘)scos 95 ) =z,
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On the retina

— A
A B = =(sin Cbssln es ) x

+ (cos 4}5 cos ch + sin ¢S cos es sin ¢E ) 9,

Ye) tan é' =
=(sin 4>5 sin Qs )/(cos ¢s €os 'd>'E+ sin c‘)scos QS sin 45 ),

and solving for tan ¢S we get

' - -
tan 4>s = ( ~(sin es /cos 4>E) tan‘ 5 - cos es tan 4>E’ ) .
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Appendix 1.,D, An example
Suppose that we encounter the scene portion shown in Figure
A6, and suppose further that we have beeen able to label it as

shown, | will show how to find the varlous scene values.

Eye elevation

Y, \
sin ({DE = (tan ’a’, (B) tan IYL(B))Z = ((tan 30°)(tan 30‘))/2'

= <(.5-77)(.».;577'>>y?—= .577

d’e’ 35.3°
Light-eye angle
tan eEL; (tan o¢ (B)) si‘n ¢E

= (tan (-75°))(.577) = (-3.73)(.577) = -2.16
- - °_ °
GEL- 65. 2 294 .8



Paje AL.10

Y (AY=-3C°
%, (B)= 3C°
¥, (B)= 30
¥, (E) =-\50°
S (E)=18°

x (B)=T75°
’l[JCD)‘:‘TS"}# 3=30°
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Light elevation

tan Cbt_, = cOS E'_‘t:an ¢E+ (sin en_/cos ¢r,’ tan (/3 + o - 90°)
= (,420)(,708) + (-,909 / .816 ) tan (30°+ 75°- 90°)

= ,298 + (-1.11)(tan (-15®)) = ,298 - (1.11)(~.268) = ,596

¢, = 30.8°

Assuming that angle FEA is a right angle in the scene, we

can then find the surface orientations as well.

Orientation of R1l

We assume that CbS(R_I) =0, l.e. Rl Is vertical, since

BD is vertical. Whether or not this is so, we can find EBS.
tan B¢(R1) = tan ’A’,(A) / sin ch(A)
and assuming sin C‘DE(A) = sin C#E(-‘B)’v we get

tan S(Rl) =
(tan (=30%)) / (sin (35.3%)) = (-.577) / (.577) = -1.
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Qg(R1) = -45° = 315°,
Orientation of R2

Again assume that since BD and GF are vertical, st(RZ) = 0,

tan es(Rz-.) = tan ’X,. (B) / sin ¢E(B)
= tan 30%/ sin 35.3% = (.577)./ (.577) = 1,
e,m) = 45°

(This Is really a double-check, If we assumed for finding
that angle ABG was a right angle in the scene, then f}s(Rl) =

-45° 3 O g (R2) = 459)

Orientation of R3

Here the surface Is not vertical, so we will find QS(RB)

first.

tan es(RB) = tan"x..(E') /.sin ¢E(E~-)"
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and again assuming that ch (E) = E()e (8)

tan es(as) = tan (~150%) / (sin 35.3%) = 1,
9§R3) = 225°,

(Notice that here we have to use some additional Information to

tell that this angle is not 45°.,)

tan ¢‘(R3)

= ((-sl'nes(E) / cos ¢E(E)) tan-'S(E) - ¢cos es(E) tan éE(E))
= (-(~-,707) / (.816)(3.73) = (=-,707)(.707) )
= ( ,232 + ,5) =1/ .732 = 1,37

= (-]
d;.s(Rs) 53,8
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