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Abstract

The design of a knowledge-based system for inferring the three-dimen-
sional structure of an object based only on three orthogonal views of it
is presented. The three views are line drawings obtained from digitized
two-dimensional images of the front, top, and one side of the object. The
system attempts to make the same deductions as would be made by a
draftsman observing these line drawings. Although the information in only
three views is insufficient to uniquely characterize an object, a draftsman is
still able to infer a reasonable three-dimensional interpretation by making
appropriate assumptions about hidden surfaces and using intuition about
the structure of objects in three-space. The system incorporates similar
intuitive knowledge and reasoning techniques which enable it to make the
same assumptions. The knowledge which is used by the system is encoded
as productions in the rule-based language OPS5. The system successfully
produces a correct three-dimensional description for many simple polyhe-
dral objects. It can be easily expanded to include new polyhedral objects

simply by adding new production rules.

1 Introduction

The problem discussed here is the construction of an expert system

to produce the three-dimensional representation of a polyhedral object us-
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ing information about lines and vertices obtained from line drawings of
three orthogonal, two-dimensional views of the object. The line drawings
are derived from orthographic projections of the object. These are pro-
duced by projecting points on the object into the plane of projection along
lines which are perpendicular to the plane. For simplicity, the objects are
limited to polyhedra, so that the line drawings and the resultant three-
dimensional description consist solely of straight line segments. It is as-
sumed that the three views contain sufficient information to construct this

three-dimensional description.

An attempt has been made to capture the reasoning techniques used by
humans in understanding the shape of an object when given the top, front,
and right side views. The information from the three views is combined to

generate lines in three dimensions.

1.1 Understanding Line Drawings of Polyhedra

There have been several attempts to construct a system that can auto-
matically generate an interpretation of a line drawing [1,2,3]. Waltz [1], us-
ing labelling methods similar to those introduced by Huffman and Clowes 4],
developed a technique for interpreting line drawings of polyhedral scenes.
Mackworth [5] described a method for producing an interpretation of a line
drawing of a polyhedral scene by using physical rules which govern the re-

lationships among the edges and surfaces in such a scene. Sugihara [6,7]
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discussed the mathematical conditions under which a line drawing repre-

sents a valid polyhedral scene.

1.2 Manual Blueprint Reading

An orthographic projection of an object is a drawing produced by pro-
jecting points on the object into the plane of projection along lines which
are perpendicular to the plane. Each line in a drawing represents a change
in the direction of a surface, but a second view must be given in order to
tell what kind of change it is. A line can be an edge view, the meeting
of two surfaces, or the limit of a curved nonpolyhedral surface as shown
in Figures 1 and 2. In the drawing of a polyhedron, only the first two
possibilities exist.

Many objects are described by presenting their top, front, and side

views on an engineering drawing or blueprint. This is the most common

combination of views used for description.

The reader of a drawing attempts to determine the shape of the object
by quickly surveying all of the given views [8,9]. He imagines himself moving
around the object by looking at the features of the object, beginning with
the most prominent features. A person studying drafting often tries to
develop skill at reading drawings through exercises in sketching objects
and modeling them with clay. The process of reading drawings depends

heavily on the reader’s intuitive ability to determine the three-dimensional
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shape of the object.

1.3 Characteristics of Production Systems

The system discussed here is a production system implemented in OPS5

[10]. A production is a statement of the form

IF Cy, Cy,..., C, THEN Ay, A,,..., Ap

where Cy, C;,..., C, are conditions and A;, Aj,..., A,, are actions to be
taken if conditions C;, Cs,..., C, are met. The conditions are called the

antecedent of the production and the actions are called its consequent.

OPSS5 is a general purpose production language. A program in OPS5
consists of a set of productions which operate on data in a database called
working memory. During the execution of a program, the conditions of each
production are tested to see if they are satisfied by the data in working
memory. This is termed matching. Then one of the productions whose
conditions are satisfied by working memory is selected, and its actions are
performed. This mode of inference is forward chaining. OPS5 incorporates
a conflict resolution strategy which selects a particular production to be
executed when more than one is executable. Execution continues until

there is no production whose antecedent is satisfied.
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2 Representation of Information

The input data for this program are descriptions of line drawings of the
top, front, and side views of the object. Each line segment of each drawing
is input by the system as a pair of endpoints in the appropriate Plane,
where an endpoint consists of a pair of coordinates. A coordinate system is
chosen so that the top view is described by x and y coordinates, the front
view by x and z coordinates, and the side view by y and z coordinates. The
origin of each plane is in the lower left corner, as shown in Figure 3.

The results for a given object are the descriptions of a set of lines in
three dimensions, where each line is specified by its endpoints, and each
endpoint is specified by its x, y, and z coordinates. The state of the system
at any time is determined by the contents of working memory, where the
data in working memory are represented as instances of a set of objects.
Each object has a set of attributes associated with it, and an instance of

the object may have a value associated with each attribute.

3 Geometrical Reasoning

The goal of the system is to find a correct three-dimensional interpre-
tation for all line segments which matches all of the data. The reason-
ing strategy for this system is therefore data-driven, which is implemented

readily with the match-act control strategy of OPS5. Forward reasoning
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works well for this problem since, for the most part, the system starts with
the given two-dimensional line segments and vertices and tries to derive
three-dimensional line segments. (It would be impossible to use a back-
ward reasoning strategy, because there are an infinite number of possible
objects which could be represented [11].) The rules attempt to match lines
and points in the three views which may be projections of the same edge of
the object. Backtracking is used in cases where three-dimensional points or
lines which are inferred are later shown to be incorrect. The system termi-
nates when it finds a three-dimensional interpretation which is consistent

with all line segments.

3.1 Program Execution

The operation of the system is described by the following sequence of

contexts and their associated actions:
e Read 2D line segments

Generate 2D vertices, calculate slopes of 2D lines, and extend 2D
lines

Generate 3D vertices and lines

e Remove incorrect 3D vertices and lines

Print resultant 3D lines

A predicate named GOAL maintains and controls the current value of this

context.
For example, in the context for reading data, the attribute TYPE of

the predicate GOAL alternates between values read-code and read-data.
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When TYPE has value read-code, a production causes a value to be read
which determines whether the data corresponds to a line segment in the
top, front, or side view. This production also changes the value of the
attribute TYPE of GOAL to read-data. An appropriate production can
then fire, causing the data to be read and changing the GOAL back to
read-code. This sequence is repeated until an end-of-file is reached. The
attribute TYPE- of GOAL then has its value changed to the context for

generating two-dimensional vertices.

When GOAL has TYPE generate-points, the slopes of all two-dimen-
sional line segments in the three views are calculated; also, all vertices
in the three views are generated. The GOAL TYPE generate-points also
activates a set of productions which fire when a view contains line segments
from point A to point B and from point B to point C with the same slope.
A longer line from point A to point C is then generated for that view.
These new lines provide information needed for the generation of lines in

the three-dimensional description of the object.

After all vertices have been generated and all slopes have been calcu-
lated, the GOAL TYPE is changed to add-points. In this context, produc-
tions are activated which generate instances of LINE-3D and POINT-3D

and add them to working memory.

After all instances of LINE-3D and POINT-3D have been added to

working memory, the value of GOAL TYPE is changed to remove-points.
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Productions which check for and remove invalid lines and points in the

three-dimensional description are then allowed to fire.

The value of the TYPE attribute of GOAL is then changed to print,
and a list of the lines which make up the three-dimensional description of

the object is written to a file.

3.2 Rules for Adding Three-Dimensional Lines

There are twelve productions which generate the three-dimensional lines
whose projections onto each of the three views are lines. These produc-
tions all have the following form: if there is a line in the top view with
endpoints (x1, y1) and (x2, y2), a line in the front view with endpoints
(x1, z1) and (x2, 22), and a line in the side view with endpoints (v1, 2z1)
and (y2, 22), then an instance of LINE-3D with endpoints (x1, y1, z1)
and (x2, y2, 22) is generated. Consider the rectangular wedge of Figure
4. The line from (20, 0, 0) to (20, 5, 10) is projected onto the top view
as a line from (x=20, y=0) to (x=20, y=5), onto the front view as a line
from (x=20, z=0) to (x=20, z=10), and onto the side view as a line from
(y=0, 2=0) to (y=5, z=10). One of the twelve productions generates an
instance of LINE-3D which represents the line from (20, 0, 0) to (20, 5, 10).

There are six productions which generate the three-dimensional lines
whose projections onto one of the views are points and whose projections

onto the other two views are lines. In fact, these lines have to be perpendic-
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ular to the view which shows the line as a point. To illustrate this, consider
the cube shown in Figure 5. The three-dimensional line from (10, 0, 10)
to (10, 10, 10) is projected onto the front view as a point (x=10, z=10),
onto the top view as a line from (x=10, y=0) to (x=10, y=10), and onto
the side view as a line from (y=0, z=10) to (y=10, 2=10). Notice that the
lines in the top and side views are perpendicular to the front view. One of

the productions generates the correct instance of this line.

Another set of productions is used for the case where the projection of
an edge of the object is a line in each of two views, but does not appear
at.all in the third view. Consider the case where the top view contains a
line from (x1, y1) to (x2, y2), the side view contains a line from (v1, 2z1) to
(¥2, 22), but the line from (x1, z1) to (x2, z2) is hidden and does not appear
in the front view. The system must look for other lines in the top and side
views with the same y coordinates. An example of this case is shown in
Figure 6. The lines with the same x coordinate endpoints in the top and
side views need to be matched in order of descending x with ascending z.
The program must also consider the possibility that a line with different x

or z coordinates could prevent the matching.

Two productions generate instances of POINT-3D when a point oc-
curs as an end point in an instance of LINE-3D, but was not previously

instantiated as a three-dimensional vertex.
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3.3 Rules for Deleting Incorrect or Redundant Lines
and Points

Consider Figure 7 which shows a cube with one of its corners miss-
ing. From the point (x=10, z=10) in the front view and the lines from
(x=10, y=0) to (x=10, y=3) in the top view and from (y=0, z=10) to
(y=3, 2=10) in the side view, one of the productions generates a line in
three dimensions from (10, 0, 10) to (10, 5, 10). This line is incorrect since
(10, 0, 10) is not part of the figure. There are 64 productions which cor-
rect errors of this type by removing the incorrectly inferred vertices from
working memory. Once a point has been removed from working memory,
then all lines which contain that point are removed. The 64 productions
for removing incorrect points have the following general format:

IF there is a line L from point A to point B,
AND there is a line M from point B to point C,
AND line M has the same slope as line L,

AND there is a line N from point D to point E,
AND there is a line O from point E to point C,
AND line O has the same slope as line N,

AND there is a line P from point F to point G,

AND there is a line Q from point G to point C,
AND line Q has the same slope as line P,

THEN remove point C from working memory.

Inferred instances of three-dimensional lines which contain this point are
removed by productions of the form
IF a three-dimensional point C has been removed from working

memory,
AND there is a three-dimensional line L from(to) A to(from) C,
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THEN remove line L from working memory.

The productions which generate instances of three-dimensional lines can
generate lines which render existing lines redundant, as follows:
IF there is a line L from point A to point B,

AND there is a line M from point B to point C,
AND line M has the same slope as line L,

THEN create a three-dimensional line from point A to point C.

Lines M and L have obviously become redundant. There are eight produc-

tions which remove redundant lines of this form.

4 Results and Conclusions

Figures 5 through 11 show examples of results from several different
objects. The program successfully produces the three-dimensional repre-
sentation for many simple polyhedral objects, including those of Figures 5
through 9. It can be expanded to include new polyhedral objects by adding
new production rules.

The results for the object of Figure 10 contain an extra line from (0, 5, 5)
to (5, 5, 5) as if there were two objects, a wedge and a parallelepiped. The
problem could be eliminated by a procedure to check to see if the surfaces on
either side of a line are in the same plane. If they are, then the line should
be eliminated. The pyramid of Figure 11 has the same type of result. The

three-dimensional description given by the system contains two extraneous
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lines in the base plane. There is a line given from (0, 0, 0) to (20, 20, 0) and
one from (20, 0, 0) to (0, 20, 0). The problem here would also be solved
by checking to see if all nonboundary lines represent the meeting of two
nonplanar surfaces.

A preprocessor for this system which analyzes real two-dimensional
images of polyhedra to determine their edges and vertices has been con-
structed [12]. Further improvements could be made by considering surfaces
as well as points and lines so that the program would attempt to match a
surface in one-view with a surface or line in another view. The program
could also be enhanced by a procedure to check to see if the result of an
object reconstruction represents a valid polyhedron.

A system such as this could be used for “reverse drafting”, i.e., con-
verting an existing object into a computer representation in terms of three-
dimensional surfaces, lines, and vertices. This representation is very com-
pact compared to the amount of storage required for three two-dimensional
images of the object. More importantly, the representation can then be eas-
ily modified and used to control machines for manufacturing similar objects.
The system could also lead to insights that could be used for instructing

draftsmen in the interpretation of drawings.
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