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ABSTRACT

There are many applications for a vision system which derives a three-dimensional model of a scene
from one or more images and stores the model for easy retrieval and matching. The derivation of a
3D model of a scene involves mansformations between four levels of representation: images, 2D
features, 3D structures, and 3D geomerric models. Geomerric reasoning is used to perform these
transformarions, as well as for the eventual model matching. Since the image formation process is
many-to-one, the probiem of deriving 3D features from 2D features is ill-constrained. Additional
constraints may be derived from knowledge of the domain from which the images were taken. The
3D MOSAIC system has successfully used domain specific knowledge 1o drive the geometric
reasoning mecessary lo acquire 3D models for complex real-worid urban scenes. To generalize this

approach, s framework for the represeniarion and use of domain knowledge for geometric reasoning
for vision is proposed.

1. Generating 3D Descriptions from Images

The goal of a computer vision system is to derive a meaningful symbolic
interpretation of a scenc, given one or More images of that scene. A particular-
ly useful interpretation is a three-dimensional geometric model of the scene.
Such a model can be used for path planning for a robot, generation of alternate
views, or change detection, as well as model-guided interpretation of additional
tmages.
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In the process of image interpretation, the information is transformed
through four levels of representation. These are:

(1) Image(s). The original input image may be a single black and white
image, a color image, a stereo pair, or a set of related views.

(2) 2D features. Two-dimensional features extracted from the original im-
ages include vertices, lines, and regions of uniform intensity.

(3) 3D structures corresponding to 2D features. Three-dimensional struc-
tures include 3D vertices, edges, and surface patches.

(4) 3D geometric models. Three-dimensional geometric models may be
edge-based, surface-based, or volume-based.

The system must be able to move between these levels, both extracting
higher-level features from lower-fevel ones, and predicting lower-level features
to match, using a higher-level model. Additionally, the current image-derived
hypotheses may be matched to an internal model. Geometric reasoning is used
both to move between levels, and to match representations at a given level.

2D feature extraction is exemplified by choosing a set of lines to fit edge
points extracied from the image, or determining the best polygonal approxima-
tion of a region according to some criteria. When deriving 3D structures from
2D features, knowledge of the camera projection is combined with domain
knowledge and the image data to derive the most reasonable explanation for
each 2D feature. In the case of stereo or motion, additional constraints are
derived from matching features from more than one image. When completing a
model from a set of 3D structures, geometric reasoning is used to determine
the type, position, and orientation of the structures necessary to complete each
object, and to hypothesize additional structures or objects necessary for the
model to conform to domain constraints. In the real world, for example,
objects may not float in the air without support. In the domain of airplanes, ali
airplanes must have two symmetric wings.

Within this context, vision systems can be compared by asking the following
questions:

~ Which levels of representation are used?
— How is domain knowledge represented at each level?
— At which level is matching done?

Many early vision systems represented cnly 2D features, and their final model
was a labeling of the regions in the image. For example, Ohta’s system [8]
divided a color image into regions, and labeled the regions as HOUSE, SKY,
GRASS, or ROAD using region properties such as color, shape, position in the
image, and adjacency. The domain knowledge was represented as a set of
condition-action rules, and the matching was done at the 2D feature level. The
ACRONYM system [2], in contrast, used all four levels of representation,
represented its domain knowledge explicitly as graphs, and matched 2D
features extracted from the image to 2D features predicted from the models.
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The examples of geometric reasoning presented in this paper have been
chosen from the 3D MOSAIC system, which is completely described in [4]. The
3D MOSAIC system also uses all four levels of representation. Its domain
knowledge is represented implicitly within procedures, and matching is done at
the 3D structure level.

The 3D MOSAIC system deals with complex real-world urban scenes, (¢.g.
Fig. 3(a)). These scenes contain many objects with a variety of shapes, surface
textures and reflectances, as well as artifacts of the natural outdoor lighting
conditions such as shadows and highlights. To deal with this complexity,
multiple images obtained from multiple viewpoints are used. Objects extracted
from each image are matched and the models are combined to derive a more
complete model of the overall scene.

Figure 1 shows the levels of representation in the 3D MOSAIC system, and
the processes which transfer between them. The input to the 3D MOSAIC
system is a view of the scene, either a monocular image or a stereo pair.
Processing occurs through the four levels of representation, from top to bottom
in Fig. 1. First, 2D lines and junctions are extracted from the images. From
these, 3D structures such as edges and vertices are derived, resulting in a
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Fig. 1. Levels of representation in the 3D MOSAIC system.
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sparse 3D wire frame description of the scene. The current scene model is
represented as a graph of planar faces, edges, and vertices, and their topology
and geometry. As each input image (or pair) is processed, the resulting wire
frames are matched with the current scene model, and the model is modified to
reflect them. Portions of the model for which there is no wire frame informa-
tion are hypothesized using domain knowledge, in this case, knowledge about
urban buildings.

The remainder of this paper discusses the use of geometric reasoning in the
3D MOSAIC system for the processes of monocular analysis and object comple-
tion. Some of the problems with the system are presented along with ideas for
alleviating these problems in the next generation of the system.

2. Geometric Reasoning for Monocular Analysis

One method for determining 3D structures corresponding to 2D features
extracted from a single image is to exploit strong geometric constraints from
the domain along with the constraints of the projection to derive a unique
interpretation for each 2D feature. This method is exemplified by the monocu-
lar analysis component of the 3D MOSAIC system [3-5], which generates a wire
frame (see Fig. 3(c)) consisting of 3D descriptions of the edges and vertices
corresponding to 2D lines and junctions that were extracted from the image.

In the 3D MOSAIC system under monocular analysis, all surfaces and edges
are constrained to be either horizontal (parallel to the ground plane) or vertical
(perpendicular to the ground plane). Therefore, the first step in generating the
three-dimensional wire frame is to label each line as horizontal or vertical. The
lines are labeled by exploiting a feature of the perspective projection: all
vertical lines point at the vertical vanishing point [6). Therefore, lines that
point at the vertical vanishing point (a point specified by the user in the current
implementation) are labeled vertical, and all others are labeled horizontal. In
addition, since the views are known to be aerial, the end of each vertical line
nearest the vertical vanishing point is labeled “bottom™ and the other end is
labeled “top™.

Once the lines have been labeled, the 3D location of any endpoint of a line
can be found given the 3D location of its other endpoint. There are two cases:
horizontal lines and vertical lines. In Fig. 2, the 3D position of the vertex v, is
known, line p, p, is the image of a horizontal line in space, line p, p, is the
image of a vertical line in space, and u is a 3D vector in the vertical direction,
found by calculating the vector from the focal point to the vertical vanishing
point in the image plane [1]. The position of v,, the far endpoint of the
horizontal line, is found at the intersection of the ray from the focal point
through p, and a plane parallel to the ground through v,. The position of v,,
the far endpoint of the vertical line, is found at the intersection of the ray from
the focal point through p, and a line parallel to u through v,. Using these
techniques, the position of any point can be derived, provided that a labeled
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Fig. 2. Propagating 3D locations for monocular analysis.

line exists between it and a known point. Two techniques have been used to
derive starting points.

The first technique uses points on the ground plane as starting points. The
equation of the ground plane is 4+ p = —d, where u is the vertical unit vector,
P is a point on the plane, and d is the distance from the focal point to the
ground plane. If 4 is not provided by the user, it remains a free variable in the
planc equation, and only relative positions of vertices are obtained. The
location of 8 point on the ground plane, such as v, in Fig. 2 is at the
intersection of the ground plane and the ray through the point’s image (in this
case p,). The points labeled “bottom™ of vertical lines are considered to be on
the ground for this analysis.

Not all junctions found in the image are connected to vertices on the ground.
Some of these may be positioned using the second technique: if the 2D images
of two lines are aligned, assume the 3D lines are aligned in the scene. This
technique was also used in other systems [7). When an unknown line aligns
with a known one, the Jocation of each endpoint on the unknown line may be
found by intersecting the known line with the ray through the focal point and
the endpoint’s image.

This process of extracting wire frames from 2D lines and junctions depends
on the following domain constraints:

- All surfaces and edges are either vertical or horizontal.

= An edge is vertical if and only if it points at the (known) vertical vanishing
point.

~ The bottom of a vertical edge lies on the (known) ground plane.

=~ Lines aligned in the image correspond to edges aligned in space.

The first two constraints allow each line to be labeled horizontal or vertical,
ensuring that 3D locations may be propagated across each line. The remaining
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Fig. 3. Wire frame generation. (a) Initial image; (b) 2D lines and junctions; (c) wire frame.
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two constraints allow for the two methods of determining initial starting points
for the propagation.

Figures 3 and 4 are two examples of generating wire frames from monocular
images using the techniques described in this section. Each figure contains (a)
the grey scale image, (b) the extracted lines and junctions, and (c) a perspec-
tive view of the generated wire frame. Only junctions containing vertical lines
and junctions whose 3D position could be obtained using the collinearity

Fig. 4. Wire frame generation illustrating problems with monocular analysis. (s) Initial image; (b)
2D lines and junctions; (¢} wire frame.
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Fig. 5. The wire frame depends on the processing order.

constraint become vertices of the wire frame. The wire frame in Fig. 3is a
reasonable representation of the input image. Figure 4 illustrates several
problems which can hamper the wire frame extraction.

One problem with monocufar analysis is loss of information in the 2D
feature extraction. For example, vertical lines in aerial images appear relatively
short, so they are often ignored in the 2D feature extraction. In Fig. 4(c), the
short vertical lines connecting the upper and lower roofs of the leftmost
building were missed (area A). Therefore, no 3D structures were derived for
the roof of that building. In addition, no 3D information is obtained for areas
where there are no junctions, such as most of the front wall of the leftmost
building in Fig. 4(c) (area B).

If short vertical lines are extracted, but their direction is off by only a few
pixels, they will be labeled horizontal instead of vertical. An example is the
line labeled L1 in Fig. 4(c). Occasionally a horizontal line (such as L2 in Fig.
4(c)) accidentally aligns with the vertical vanishing point and is labeled vertical.
When lines are mislabeled, the errors in the wire frame propagate throughout
the model, sometimes creating objects that should never occur in the domain.
The current 3D MOSAIC system has no way to recover from these errors.
Another problem is the possibility of generating inconsistent structures using
this monocular extraction process. For example, in Fig. 5, if P, is processed
first, then p, will lie above the ground. However, if p, is processed first, then D,
will lie below the ground.

One goal of the 3D MOSAIC system was to use multiple views to recover
reasonable three-dimensional models in spite of these problems. One possible
area of research is to assign confidences to the 3D structures depending on
their method of acquisition. Currently, hypotheses from higher-level processing
are distinguished from structures found in the image, but structures from the
image are not distinguished as to how they were derived. Another way to deal
with the ambiguities in monocular images is to use more specific models of
buildings: not just horizontal and vertical faces, but edge lengths, heights, etc.,
up to and possibly including complete CAD models of the buildings them-
selves.

3. Geometric Reasoniné for Object Completion

To complete the generation of a 3D description from an image, the 3D
structures extracted from the input views must be incorporated into a scene
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" model. The completed scene mode) is the final result of the vision system.
Therefore, the representation of the scene model is dependent on the use of
the vision system. For some applications, for example, a space-filling repre-
sentation might be most useful, while a surface-based representation would be
best for other applications.

In the case of the 3D MOSAIC system, the model is designed to efficiently
describe partially complete polyhedral objects, and to be casy to use in
matching. The scenc is represented as a graph of topological structures:
vertices, edges, edge groups (rings of edges), faces, and objects, as well as the
underlying geometric structures: points, lines, and planes. The topological
features are linked to each other by part-of (topological) links, and to the
geometric structures by geometric constraint links. This structure graph may be
modified by adding or deleting nodes or links, or by changing the equations of
geometric nodes. The effects of modifications are propagated to other parts of
the graph. A complete description of the algorithms for updating the structure
~ graph may be found in [4] or [5].

The wire frames are also represented by structure graphs, although the
structure graphs of the wire frames contain only edge, vertex, line, and point
nodes. The wire frame extracted from the first view of a particular scene forms
the initial scene model. All vertices, edges, and points of the wire frame are
tagged as confirmed. The initial scene model is augmented with additional
vertices and edges, as well as edge rings, faces, and objects to derive a
surface-based model of the scene, using knowledge of the domain. The
elements of the final scene model that were not present in its initial state are
tagged as unconfirmed. As an example, Fig. 6 shows the representations of an
initial wire frame and a final model for a cube. In the initial wire frame, both
topological and geometric nodes are shown, with the arrows representing
part-of links and the thick lines representing geometric constraint links. The
final model is simplified, showing only the topological nodes with confirmed
nodes shaded.

To incorporate a wire frame extracted from a new view, the wire frame's
structures are tagged as confirmed and matched to the current scene model.
The wire frame is then merged into the model, *averaging™ confirmed ele-
ments in the model with confirmed elements in the wire frame, and replacing
unconfirmed elements in the model with their confirmed counterparts from the
wire frame. The structures necessary to complete the model are then generated
using domain knowledge, as for the first wire frame.

The steps taken by the 3D MOSAIC system for object completion are shown
by an example in Fig. 7. The object to be completed (Fig. 7(a)) has one vertical
edge and four coplanar horizontal edges. First, a face is hypothesized for each
pair of edges that share a vertex. In Fig. 7(b) these faces are shown by *“webs"™
between each face’s edges. Then all pairs of faces that lie in the same plane and
satisfy additional constraints are merged. One constraint is that faces that share
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Fina! structure graph
Fig. 6. Completion of a cube.

Fig. 7. Steps in object completion.
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a single edge are merged (Fig. 8(a)), unless the shared edge separates the
faces, as in Fig. 8(b). Another constraint is that if the confirmed edges of the
faces do not touch, they must be within a threshold distance of one another.
The result of this step is a set of partial faces. Only the “roof” face is
represented in Fig. 7(c). Each partial face is then completed by adding one or
two edges. If the partial face has two edges, two more are added, forming a
paraliclogram. If the face has more than two edges, then a single edge is added
to complete the polygon formed by the edges of the face. These possibilities
are exemplified by the roof and the front wall of the building in Fig. 7(d).
Next, vertical edges are hypothesized to support all horizontal faces that lic
more than a given distance above the ground (Fig. 7(e)). These edges are
dropped from each vertex of the floating face to the next lower horizontal face,
or to the ground. New faces are hypothesized for each pair of edges sharing a
newly created vertex, and the process is repeated until no new faces can be
hypothesized. Figure 7(f) shows the fina! building.

The knowledge used in completing wire frames is embedded in the proce-
dures for hypothesizing, merging, and completing faces. Each wire is con-
strained to represent a boundary between two faces, and each vertex the
intersection of three faces. Thus, a partial face is hypothesized for each pair of
edges that meet at a vertex. This constraint is also used to derive the
constraints on merging partial faces. For example, if two partial faces sharing
an edge that separates them, as in Fig. 8(b), were merged, then the shared
edge would not be the boundary between two faces. The distance threshold for
merging nontouching edges is related 1o a constraint on the size of buildings in
acrial images.

The domain constraint that buildings often have parallelogram faces is used
to derive the strategy for completing faces. Finally, the real-world constraint
that faces do not float in midair forces supporting edges to be hypothesized for
floating faces.

o
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Fig. 8. Examples of beuristic for merging faces:-(s) f1 and f2 should be merged because they share
edge €2. (b) f1 and 2 should not be merged because 3 partitions them, rather than serving as a
boundary. (This figure is adapted from [5].)
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Errors in face completion are often caused by incorrectly assuming that a
face with more than three edges should be completed by adding a single edge.
Figure 9 shows two butterfly-shaped buildings that violate all the domain
constraints. The dotted edge in each building was hypothesized by the system.
In Fig. 9(a), the short spur 5 on one of the horizontal edges was connected to
the opposite vertex with a single edge. In Fig. 9(b), vertical edge L was
mislabeled as horizontal and connected to the other edges of the roof.

Even if all wires are correct, the true shape of the building can be lost if
enough edges are not detected in early processing. For example, if only parts
of the edges of a building were detected, the hypothesized edges would run
through the middle of the building. Both types of errors could be prevented by
accurately verifying hypothesized edges in the image.

Some experiments in verification have been run using an interactive version
of the 3D MOSAIC system that allows the user to verify each edge and face
hypothesis as it is made, by responding “yes™, “no”, or ‘“change” the
hypothesis. As an example, Fig. 10 shows a portion of the interactive comple-
tion of one building in Fig. 3(a). In the first two images, the web faces
composing the roof are merged, with the user accepting each successive edge
into the face. In the third image, the system proposes an incorrect completion
of the face, and the user changes it to a more appropriate edge, in this case an
extension of the previous edge. In the current version of the system, vertices
are not deleted, so the vertex remains. The system then acceptably completes
the face. The final two images show edges being dropped from the roof to the
ground. The first is accepted by the user. The second edge, dropped from the
. vertex that should have been deleted, is rejected by the user.

In addition to providing hypothesis verification, the user may interactively
create and modify the wire frames, and control the system’s focus of attention.
The interactive system is helpful in designing and debugging object completion
algorithms, by observing real cases and generating relevant test cases. Watch-

@ (b}

Fig. 9. Illegal “*butterfly” buildings: (a) caused by “spur” (§) on horizontat edge; (b} caused by
vertical line (L) mislabeled as horizontal.
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Fig. 10. Interactive object completion.

ing the system operate gives insight on domain assumptions which should be
added to the system. These experiments have also shown the power of
hypothesis verification, and a need for error correction when domain con-
straints are violated (such as the butterfly buildings in Fig. 9). The results of
experiments with the interactive system are being used in designing the next
generation of the 3D MOSAIC system.

4. Enhancing the System with Explicit Domain Knowledge

Much of the success of the 3D MOSAIC system can be attributed to its use of
specific domain knowledge throughout its processing. For example, in monocu-
lar analysis, the knowledge that buildings have primarily horizontal and vertical
faces is used, and during face completion, the information that many faces of
buildings are parallelograms is used. Much of the geometric reasoning in the
system exploits geometric constraints derived from the domain knowledge.
However, all domain knowledge in the 3D MOSAIC system is represented
implicitly in its interpretation and reasoning procedures.

The domain knowledge can be exploited more fully by combining an explicit
representation of the domain constraints with geometric and symbolic reason-
ing. One system that has had success with such an approach is ACRONYM [2].
For example, consider the knowledge that walls are vertical rectangular faces.
In the 3D MOSAIC system, this knowledge is used to derive a default method of
completing faces, and contributes to the decision to iabel all edges as horizon-
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tal or vertical when generating wire frames. If the system had an explicit model
of a generic wall that would match any vertical rectangular face, this knowl-
edge could also be used to alleviate the error caused by vertical edges of
unequal length in Fig. 5. Although the initial wire frame in this example would
have one leg either above or below the ground, after fitting the wire frame to
the model, both legs would be on the ground. The butterfly buildings in Fig. 9
would not match a generic building model, causing some recovery action to
take place.

Using explicit models, it would be easy to add new constraints to the system,
such as a maximum height for buildings, or a minimum distance between them.
Other relationships between buildings could be added, for example, buildings
are generally aligned with each other and with roads. The relationships would
be represented so that they might be used both for prediction and for
verification. For example, the parallel relationship would take four arguments:
two lines, the angle between them, and the distance. Any subset of the
arguments could be specified, and the parailel relationship would fill in the
rest. To verify that two lines are indeed parallel, the two lines would be
specified, and the angle between them would be restricted. The parallel
relationship would then determine whether this restriction is satisfied. To find a
line parallel to a given one, only one line would be specified, but both the
angle and distance would be restricted. The parallel relationship would provide
a second line parallel to the first, satisfying the angle and distance restrictions.

In addition to knowledge about objects in the domain and relationships
between them, the camera model and projection could also be explicitly
represented. Explicitly representing both camera and object knowledge would
facilitate the verification of object hypotheses in the image. For a hypothesized
structure, the camera and object knowledge could be combined to derive a
prediction of the structure’s appearance, which could then be verified in the
image. The predictions would be improved by including surface appearance
information with the geometric information in the model. Appearance infor-
mation would propagate through the structure graph in a similar manner to
geometric information. Knowledge about the 3D structure and appearance of
an object in a similar manner to geometric information. Knowledge about the
3D structure and appearance of an object could also be used to choose an
appropriate image operator, such as a specific edge detector, to extract the
low-level features for verifying that object. Scene knowledge might even be
used to determine an initial strategy to extract useful 2D features from the
image,

The next generation of the 3D MOSAIC system will explicitly represent and
use domain knowledge including the camera model and projection, the shape
and surface properties of scene objects, and multi-way relationships between
scene objects. This system will be built on top of the 3D FORM system [9],
which uses frames to represent geometric objects and the relationships between
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them. By evaluating the relationships, the 3D FORM system does object
completion in a more general way than the heuristics implemented in 3D
MOSAIC allow. This allows a vision system using 3D FORM to be more flexible,
organizing its reasoning to take advantage of the available information, while
the 3D MOSAIC system must always operate according to its built-in heuristics.
In addition, the frame representation is extensible to allow representations of
surface properties of scene objects, camera models, and transformations
between image and scene features. Finally, the frame representation allows
easy extension to different building shapes, while this is difficult in the 3D
MOSAIC system since knowledge of new building shapes would have to be
embedded within the current procedures. Using 3D FORM, the processing in
the current 3D MOSAIC system will be augmented with hypothesis verification
and model-based predictions. The domain knowledge will be strengthened by
adding appearance information, more objects, and more relationships between
objects. The result should be a more robust, fiexibie, and extensible vision
system.

§. Conclusion

This paper has described a method of generating 3D descriptions of a scene
from images, using domain knowledge and geometric reasoning. Examples
have been chosen from the 3D MOSAIC system that illustrate both the strengths
and weaknesses of the current procedures. Finally, we have argued that the
robustness, flexibility, and extensibility of the system can be improved by
representing the domain kaowledge explicitly, using the knowledge for predic-
tion and verification, and incorporating geometric reasoning. We are develop-
ing a frame-based system to achieve this goal.
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