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Abstract

The research on the conversion from 2D paper drawings to 3D computer feature models has been stuck in low-level coding. One of the
reasons for it is that the three phases of understanding process has been isolated and people have been doing their research on only one of the
phases since the whole conversion is very complicated and more difficult. For instance, the vectorization methods for the first phase were
developed only for getting straight lines, arcs, circles, etc. so that much information contained in the drawing has been lost after the
vectorization. This paper develops a holo-extraction method of information from paper drawings, the networks of single closed regions
(SCRs), which can not only provide a unified base for recognizing both the annotations and the outlines of projections of parts, but also build
the holo-relationships among SCRs so that it is convenient to extract lexical, syntactic and semantic information in the subsequent phases for

3D reconstruction. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In order to survive worldwide competition, enterprises
have tried to use the computer’s huge memory capacity,
fast processing speed, and user-friendly interactive graphics
capabilities to automate and tie together cumbersome and
separate engineering or production tasks, including design,
analysis, optimization, prototyping, production planning,
tooling, ordering materials, programming for numerically
controlled (NC) machines, quality control, robot assembly,
and packaging. The technologies for all these tasks rely on
three-dimensional (3D) computer feature models of
products made during design. Some advanced computer-
aided design systems have been developed so that people
can use these systems to build 3D computer feature models
for new product designs, and the productions without draw-
ings have thus appeared in some enterprises of developed
countries. But enterprises have had a great deal of two
dimensional (2D) mechanical paper drawings made in the
past for their existing products, which need to be converted
to 3D computer feature models for applications. The
advanced computer-aided design systems can easily convert
3D computer models made with it into their 2D orthogonal
projections, but cannot do the other way round. How to
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convert 2D mechanical paper drawings into 3D computer
feature models has been one of major issues many enter-
prises are very concerned about.

In order to convert 2D mechanical paper drawings into
3D computer feature models, the 2D paper drawings are first
scanned by an optical scanner and inputted to a computer in
the form of raster (binary) image. The conversion from the
raster image to 3D model needs two processes: under-
standing and 3D reconstruction. The research on the under-
standing process has been implemented following three
phases [1].

1. Lexical phase: The raster image is converted into the
vectorized information, such as straight lines, arcs, and
circles.

2. Syntactic phase: The outlines of orthographic projec-
tions of a part and the annotations are separated; the
dimension sets, including their values of both the
nominal dimensions and the tolerances, are aggre-
gated; the crosshatching patterns are identified, and
the text is recognized.

3. Semantic phase: Much semantic information needed for
3D reconstruction is obtained by functional analyses of
each view, including the analysis of symmetries, the
recognition of technologically meaningful entities from
symbolic representation (such as bearing and threading),
and so on.
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After the understanding process, a 3D computer model
will then be reconstructed by using geometric matching
techniques with the recognized syntactic and semantic
information.

Up to now, the research on the conversion from 2D paper
drawings to 3D computer feature models has been stuck in
low-level coding: essential vectorization, basic layer separa-
tion and very limited symbol recognition [1]. One of the
reasons for it is that the three phases of understanding
process have been isolated and people have been doing
their research on only one of the phases since the whole
conversion is very complicated and more difficult. For
instance, the vectorization methods were developed only
for getting straight lines, arcs, circles, etc., so that much
information contained in the drawing has been lost after
the vectorization. Even in some researches, different meth-
ods were developed and applied for recognizing the text and
the outlines of orthographic projections of parts, respec-
tively. In fact, the 3D reconstruction needs not only the
vectors themselves but also their relationships and the infor-
mation indicated by various symbols, from which the
syntactic and semantic information can be extracted later
on. This paper develops a holo-extraction method of infor-
mation from paper drawings, the networks of single closed
regions (SCRs), which can not only provide a unified base
for recognizing both the annotations and the outlines of
projections of parts, but also build the holo-relationships
among SCRs so that it is convenient to extract lexical,
syntactic, and semantic information in the subsequent
phases for 3D reconstruction.

2. Review of current vectorization methods

Vectorization is a process that finds the vectors (such as
straight lines, arcs, and circles) from the raster images.
Much research work on this area has been done, and many
vectorization methods and their software have been devel-
oped. Although the vectorization for the lexical phase is
maturer than the technologies used for other two higher
level phases, it is yet quite far from being perfect.

Current vectorization methods can be categorized into six
types: Hough Transform (HT) based methods, thinning
based methods, contour based methods, sparse pixel based
method, mesh pattern based methods, and black pixel region
based methods.

2.1. Hough Transform based method [2]

It visits each pixel of the image in (x, y) plane, peaks in its
transform (m, c) space are detected, and each peak is used to
form a straight line defined in the following equation:

Y=mx+c¢ 1

where m is its slope and c is its intercept. Since the slopes
and intercepts are sampled sparsely, they may not be as
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precise as the original straight lines. Moreover, this method
cannot generate polylines [3].

2.2. Thinning based method [4-7]

Thinning is a process that applies certain algorithms on
the input raster image and outputs one-pixel wide skeletons
of black pixel regions. Three types of algorithms have been
developed for it, i.e. iterative boundary erosion [5], distance
transform [6], and adequate skeleton [7]. Although their
speeds and accuracies are different, they all have disadvan-
tages: high time complexities, loss of shape information
(e.g. line width), distortions at junctions, and false and spur-
ious branches [3].

2.3. Contour based method [8—10]

This is to find the contour of the line object first and then
calculate the middle points of the pair of points on two
opposite parallel contours or edges. Although it is much
faster than thinning based methods and the line width is
also much easier to obtain, joining up the lines for a merging
junction or a cross intersection is problematic, and it is
inappropriate for use in vectorization of curved and multi-
crossing lines [3].

2.4. Sparse pixel based method [11]

Its basic idea is to track the course of a one pixel wide
‘beam of light’, which turns orthogonally each time when it
hits the edge of the area covered by the black pixels, and to
record the midpoint of each run. With some improvement
based on the orthogonal zig-zag, parse pixel vectorization
algorithm can record the medial axis points and the width of
run lengths [3].

2.5. Mesh pattern based methods [12]

It is to divide the entire image using a certain mesh and to
detect characteristic patterns by only checking the distribu-
tion of the black pixels on the border of each unit of the
mesh. A control map for the image is then prepared using
these patterns. Finally, the extraction of long straight-line
segments is performed by analyzing the control map. This
method not only needs a characteristic pattern database, but
also requires much more processing time. Moreover, it is
not suitable for detection of more complex line patterns,
such as arcs and discontinuous (e.g. dashed or dash-dotted)
lines [3].

2.6. Black pixel region based method [13—15]

It is to construct a semi-vector representation of a raster
image first and then extract lines based on the semi-vector
representation. The semi-vector representations can be a run
graph (run graph based methods) [13], rectangular graph
[14], trapezoidal graph [15]. A run is a sequence of black
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pixels in either horizontal or vertical direction. A rectangle
or trapezoid consists of a certain set of runs.

It can be seen, from the current vecterization methods,
that, except black pixel region graph based methods, other
methods are mainly focused on the speed and accuracy of
generating vectors themselves, not on holo-extraction of
information. Although black pixel region graph based meth-
ods build certain relationships between constructed runs,
rectangles, or trapezoids, the regions are so small that it is
not appropriate for curve line vectorization and is difficult to
construct the relationships among vectors.

In fact, the understanding process for its subsequent 3D
reconstruction is an iterative process for searching different
level relationships and performing corresponding connec-
tions. For instance, linking certain related pixels can form
a vector. Connecting a certain set of vectors can form primi-
tives or characters of the text. Combining two projection
lines and a dimension line containing two arrowheads
with the values for normal dimension and tolerance can
produce a dimension set, which can then be used with corre-
sponding primitive for parametric modeling. Aggregating
the equal-spaced parallel thin lines and the contour of
their area can form a section, which can be then used with
certain section symbols for solid modeling. Connecting
certain primitives referring to corresponding symbols recog-
nized can form certain features (e.g. bearing and threading),
which can be used for feature modeling. Matching primi-
tives in different views according to orthogonal projective
relationships can produce 3D model. If the primitives
extracted are accurate, their projective relationships can be
determined by analyzing the coordinates of end points of
these vectors. But the primitives extracted and their projec-
tive relationships are inaccurate in paper drawings, so that
this method cannot be applied. It needs an expert system that
simulates the experienced human designer’s thinking mode
to transform the inaccurate outlines of part’s orthographic
projections into 3D objects’ image, so that their relation-
ships become more important and crucial. As mentioned in
the first section of this paper, vectorization process in the
first phase should not loss the information in a drawing or
the information needed for 3D reconstruction, which are
mainly different level relationships and have been contained
in raster image. Accordingly, a holo-extraction of informa-
tion from the raster image is needed. In order to facilitate the
iterative process for searching different level relationships
and performing corresponding connections, the method
needs a compact representation of raster image as a bridge
from raster image to understanding, which should satisfy the
following requirements:

1. it can distinguish different types of linking points for
different relationships of the related elements (e.g.
tangential point, intersecting point, and merging
junction) to provide necessary information for extracting
lexical, syntactic, and semantic information in the sub-
sequent phases;
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2. it can provide a unified base for further recognizing both
the outlines of orthogonal projections of parts and the
annotations, and facilitate their separation;

3. it can recognize line patterns and arrowheads, and facil-
itate the aggregation of related elements to form certain
syntactic information, such as dimension sets;

4. it can provide holo-graphs of all the elements as a base
for the subsequent 3D reconstruction;

5.1t can facilitate recognizing vectors quickly and
precisely, including straight lines, arcs, circles.

The networks of SCRs reported in this paper is developed
for these purposes.

3. Construction of the networks of SCRs

The elements and workflow of constructing the networks
of SCRs are shown in Fig. 1, and illustrated in more detail as
follows.

3.1. Generating adjacency graphs of runs

Let visiting sequence be from top to bottom for a raster
image and from left to right along horizontal direction for its
each row. When visiting along a row, the first black pixel
converted from white pixel is the starting point of a run and
the last black pixel, if next pixel is white, is the end point of
the run. The value of its end coordinates minus starting
coordinate in horizontal direction is its run length, the unit
of which is pixel. If the difference of two runs’ vertical
coordinates is 1 and the value of their minimal end coordi-
nates minus maximal starting coordinates is larger than or
equal to 1, the two runs are adjacent. If A and B are adjacent
and A’s vertical coordinate is larger than that of B, A is
called predecessor of B, and B is called successor of A.
There are seven types of runs according to its adjacency
relationships with other runs as shown in Fig. 2.

1. Singular run—has no predecessor and no successor.
2. Beginning run—has no predecessor and only one

successor.
Raster Image

| Generate Adjacency Graphs of Runs |

| Construct Closed Regions |

| Split Closed Regions into Single Closed Regions I

l Build Adjacency Graphs of Single Closed Regions I

| Construct Networks of Single Closed Regions |

Fig. 1. Elements and workflow of constructing the networks of SCRs.
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Fig. 2. Seven types of runs.
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Fig. 3. The adjacency graph of runs for a run graph.
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. End run—has only one predecessor and no successor.

4. Regular run—has only one predecessor and only one
SUCCESSOr.

5. Branching run—has one predecessor at most and more
than one successors.

6. Merging run—has more than one predecessors and one
successor at most.

7. Cross run—has more than one predecessors and succes-

sors, respectively.

With recording the adjacency relationships of runs while
visiting in the assumed way, the adjacency graphs of runs
can be made using a node to represent a run and a line
between two nodes to represent an adjacency relationship
between the two runs. Different properties of runs (including
their starting coordinates, end coordinates, lengths, and
types) are stored in the node data file. Fig. 3(b) shows an
adjacency graph of runs generated from the run graph in
Fig. 3(a). It is obvious that the adjacency graph of runs
represents not only runs themselves but also their adjacency
relationships.

3.2. Constructing single closed regions (SCRs)

Based on the adjacency graphs of runs constructed, higher
level representation of the raster image can be obtained by
aggregating related runs into closed regions. These related
runs must satisfy the following requirements.

1. They are adjacent to each other.
2. The beginning run is not a branching run or a cross run,
and the end run is not merging run or a cross run.
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(a) (b) (©)

Fig. 4. The closed region graph.

(a) (b) (c) (d) (e)

Fig. 5. Closed regions.

3. The difference between their lengths is less than their
shorter run length.

From the first run, the related runs can be searched via the
adjacency graphs of runs, and their starting points and end
points are then recorded to construct closed regions. Fig. 4(c)
shows a closed region graph constructed from the run graph
in Fig. 4(b) for the outlines in Fig. 4(a).

According to the method, the possible results obtained
may be the closed region for a point, a straight line, an
arc, an arrowhead, or a combined line, as shown in
Fig. 5(a)-(e), respectively, which are identified using
Fuzzy Logic method [16] and will be introduced in detail
in another paper. A point may be a independent point,
branching point, merging point, cross point, and tangential
point, as shown in Figs. 5(a), 6(a)—(d), respectively. A
straight line can be a sloping, vertical, or horizontal straight
line.

Although the closed region for a point, a straight line, an
arc, or an arrowhead is a single closed region (SCR), the
closed region for a combined line is not a SCR since a
combined line may consist of straight lines and/or arcs,
which are linked or tangential to each other. In order to
construct the adjacency graphs of SCRs, the closed region
for a combined line should be decomposed into several
SCRs, each of which represents a straight line or an arc.
The method for decomposition is to find their optimal
split points with least number of segments, each of which
can be fitted to a straight line or an arc with least error. This
is an optimization problem, which can be solved by using
Genetic Algorithm [17] and will be introduced in detail in
another paper. For example, with this method, a combined
line in Fig. 7(a) can be split up into two straight lines and
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brancing run

(a)

(d)

merging run
merging point 3

(b) (c)

/- linking point

2

(e)

Fig. 6. Single closed regions for points.

two arcs, as shown in Fig. 7(b) where the split points are
indicated by small circles.

After its split points are found, the closed region for a
combined line can be decomposed into several SCRs. Thus,
the original run graph can be transformed into the graph
consisting of only SCRs. Each SCR represents a higher
level element of primitives or annotations, so that the rela-
tionships among vectors can be extracted more easily.

3.3. Building adjacency graphs of SCRs

Based on the adjacency graphs of runs and the single
closed regions constructed, the adjacency graphs of SCRs
for a raster image can be built using the following rules:

1. use a node to represent a single closed region;

2. add a black node for a split point of combined lines, or a
linking point where there appears a branching run, a
merging run, or a run between which and its predecessor
the length difference is larger than their shorter one as
indicated in Fig. 6(e);

3. apply a line between a node and a black node to represent
an adjacency relationship between a SCR and a split
point or linking point.

(a) (b)

Fig. 7. The split of a combined line.
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Fig. 8(a)—(d) shows the adjacency graphs of SCRs built
for the single closed region graphs in Fig. 6(a)—(c), and 6(e),
respectively.

The single closed regions constructed can also be cate-
gorized into seven types according to its adjacency relation-
ships with other single closed regions as shown in Fig. 9.

1. Singular SCR—has no predecessor and no successor.

2. Beginning SCR—has no predecessor and only one
successor.

3. End SCR—has only one predecessor and no successor.

4. Regular SCR—has only one predecessor and only one
successor.

OO
o
& G & O ©
() (b) (c) (d)

Fig. 8. The adjacency graphs of SCRs for different connections.

(a) (b) ()

Fig. 9. Seven types of SCRs.
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5. Branching SCR—has one predecessor at most and more
than one successors.

6. Merging SCR—has more than one predecessors and one
successor at most.

7. Cross SCR—has more than one predecessors and succes-
sors respectively.

Different properties of SCRs are stored in the node data
file and include their types (one of seven types above), the
categories of segment represented by the SCR (i.e. point,
arrowhead, straight line, or arc) and characteristics. For a
point, its characteristics are the coordinates of its center. For
an arrowhead, its characteristics cover the coordinates of its
top point, its angle to horizontal (x) axis, length, and width.
For a straight line, its characteristics are its line width, start-
ing coordinates, end coordinates, length, slope and inter-
cept. For an arc, its characters cover its line width, the
coordinates of its curvature center, its curvature radius,
starting angle to the x-axis (let the direction of arc be
counter-clockwise), and end angle to the x-axis. The coor-
dinates of each linking point and the labels of SCRs adjacent
to the linking point are stored in the black node data file as
the properties of linking point. It is obvious that the adja-
cency graphs of SCRs represent all the single closed regions,
their linking points and their adjacency relationships.

3.4. Constructing the networks of SCRs

In the adjacency graphs of SCRs, there are some black
nodes, which represent the points linking the SCRs of
the elements of primitives or annotations, not the SCRs of
the elements (i.e. straight lines or arcs) themselves. It is the
linking points that contain useful information about the rela-
tionships among elements, such as their tangential relation-
ship or intersection relationship at a certain angle. These
linking points should be further analyzed to extract different
types of relationships among elements for constructing the
networks of SCRs.

Whether the elements adjacent to a linking point are
intersected or tangential to each other can be determined
by calculating the angles among them. Accordingly, the
networks of SCRs can be further obtained by using the
following procedure.

1. Delete each black node and all the lines between the
black node and its related nodes; and, instead, connect,
with a line, each pair of all the nodes having adjacency
relationship with the black node.

2. Eliminate the following nodes and the lines between the
node and its related nodes:

o the node representing a branching SCR if the exten-
sions of its successors pass the center point of the
branching SCR;

o the node representing a merging SCR if the extensions
of its predecessors pass the center point of the
merging SCR.
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o the node representing a cross SCR if the exten-
sions of its predecessors and successors pass the
center point of the cross SCR. For this case, every
two of the nodes for its all predecessors and
successors will be connected with a line if there
is no line between them.

3. Record the properties of relationship for each pair of the
related nodes
o If they represent two straight lines, compare their

slopes to determine the type of their relationship.
When their slopes are very close or equal to each
other, they are collinear. Then, the type of their rela-
tionship (i.e., collinear) and the coordinates of their
linking point are recorded as the properties of the line
between the two nodes in the line data file. If not, they
intersect with each other, and the angle between them
is calculated. The type of their relationships (i.e. inter-
section), the degree of angle between them, and the
coordinates of their intersecting point are thus
recorded as the properties of the line between the
two nodes in the line data file.

o If they represent two arcs, compare their curvature
radii and curvature center coordinates to determine
the type of their relationships. When they have the
same or very close curvature radius and curvature
center coordinates, they are concyclic. Then, the
type of their relationships (i.e., concyclic) and the
coordinates of their linking point are recorded as
the properties of the line between the two nodes in
the line data file. If not, the distance between two
curvature centers is calculated. When the distance is
equal to the sum of their curvature radii, they are
externally tangential to each other. If the distance is
equal to the difference of their curvature radii, they are
internally tangential to each other. Otherwise, they
intersect with each other. The type of their relation-
ships and the coordinates of their tangential point or
intersecting point are thus recorded as the properties
of the line between the two nodes in the line data file.

o If one represents a straight line and another an arc,
calculate the distance between the straight line and the
curvature center of the arc to determine the type of
their relationship. When the distance is equal to the
curvature radius of the arc, the straight line is tangen-
tial to the arc. If not, they intersect with each other.
Then, the type of their relationship and the coordi-
nates of their tangential point or intersecting point
are recorded as the properties of the line between
the two nodes in the line data file.

4. Find out the node representing a SCR of the straight line
the slope of which is very close or equal to zero (i.e.
horizontal straight line), and check whether the intersect-
ing point between it and one of its predecessors is very
close to or at the intersecting point between it and one of
its successors. If yes, apply a line to connect the related
predecessor and successor.
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Fig. 10. The networks of SCRs for different connections.

Fig. 10(a)—(d) show the networks of SCRs generated for
the adjacency graphs of SCRs in Fig. 8(a)—(d), respectively.

For a view, like the view shown in Fig. 11(a), its SCR
graph, adjacency graphs of SCRs, and networks of SCRs
can be in turn obtained using this method, as shown in
Fig. 11(b)—(d), respectively. In its networks of SCRs, a
node represents the properties of a SCR for a related
element (a straight line or an arc) and a line between two
nodes represents the properties of relationship between the
two elements. Therefore, the networks of SCRs satisfy the
first requirement of a compact representation of raster image
as a bridge from raster image to understanding mentioned in
the second section of this paper. That is, the networks of
SCRs distinguish different types of linking points for differ-
ent relationships of the related elements to provide neces-
sary information for extracting lexical, syntactic, and
semantic information in the subsequent phases.

4. A bridge from raster image to understanding and 3D
reconstruction

The networks of SCRs are holo-extraction of information
from a raster image, and can be used for subsequent differ-

@\VNa)

12

(a) (b)

ent level understanding and 3D reconstruction. The main
elements and workflow of further understanding and 3D
reconstruction is shown in Fig. 12, and illustrated in more
detail as follows.

4.1. Separation between the annotations and the outlines of
projections of parts

In engineering drawing, there are the outlines of orthogo-
nal projections of parts and the annotations. They should be
separated first so that the former can be used for reconstruct-
ing 3D model of a part and the later can be recognized to
provide necessary information for parameters, features, etc.
The former consists of straight lines, arcs, and/or points. The
later includes non-outlines (e.g. center lines), symbols (e.g.
machining and surface texture symbols) and text. The char-
acter of text may be Arabic numbers, English characters,
Chinese characters, or other language’s characters. They all
consist of straight lines, arcs, and/or points as well. These
straight lines or arcs may be split up into segments (i.e.
shorter straight lines or arcs), by branching, merging,
cross, tangential, or split points, which have been repre-
sented by their corresponding SCRs. Fig. 13(b) shows
three graphs of SCRs generated for an English character,

D2e9
&)
o)

% ]

(c) (d)

Fig. 11. The SCR graph, adjacency graphs of SCRs, and networks of SCRs for a view.
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Networks of SCRs

Separation

| Outlines | IAnnotationsl

h 4 \ 4
\ Vectorization || Recognition ]

| Features Extraction |

3D Reconstruction |

Fig. 12. The main elements and workflow of further understanding for 3D
reconstruction.

Arabic number, and Chinese character in Fig. 13(a) respec-
tively. The networks of SCRs for each character or symbol
can also be constructed using the same method for the
outlines of projections of parts introduced above. The
networks of SCRs thus provide a unified base for further
recognizing the primitives and the annotations.

Normally, the extraction of text is implemented based on
the areas of the region containing a set of connected
segments and the densities of black pixels in the region
since the area for the character of text is smaller and has
higher density of black pixels than the primitives do. If the
character string is not arranged horizontally, it should be
identified and rotated to horizontal position, and then recog-
nized using further methods. The extraction of outlines of
projections of parts is done according to their line widths
since their line width is thicker than others. The separation
between non-outlines and symbols is carried out using
pattern recognition. Since one network of SCRs represents
a set of connected segments and the networks of SCRs
contain all the necessary information, including line widths
and those necessary for calculating their areas, densities,
sloping angles to the x-axis, and pattern, these extractions
or separations can be easily implemented and the further
recognizing methods can then be applied, all based on
their networks of SCRs. Therefore, the networks of SCRs
meet the second requirement of a compact representation of
raster image as a bridge from raster image to understanding
mentioned in the second section of this paper. That is, the
networks of SCRs provide a unified base for recognizing
both the outlines of orthogonal projections of parts and
the annotations, and facilitate their separation.

4.2. Vectorization

4.2.1. Recognition of horizontal thick lines and arrowheads

Since the line widths can be calculated and have been
stored in the node data file, thick lines or thin lines can be
detected by comparing the line widths of all the nodes in the
networks of SCRs for a drawing. The arrowhead can also be
extracted according to the change of its SCR’s width. But, it
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Fig. 13. The SCR graphs for characters of the text.
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Fig. 14. Identification of horizontal thick lines and arrowheads.

is difficult to identify a horizontal thick line or horizontal
arrowhead connected with a horizontal thin line, since a
SCR for a thin line will contain the part of SCR for a
thick line or an arrowhead connected with the thin line as
shown in Fig. 14(a) and (b), respectively.

In these cases, the SCR for a thin line will be divided into
several parts according to its adjacency relationships with
other related SCRs, as shown in Fig. 14(c) and (d), respec-
tively. That part of SCR for a thin line, which has adjacency
relationships with other related SCRs, will then be aggre-
gated into a horizontal thick line or a horizontal arrowhead,
as shown in Fig. 14(e) and (f), respectively. Since all the
information needed for the operations is contained in their
networks of SCRs, the extraction of horizontal thick lines or
arrowheads connected with horizontal thin lines can be
implemented conveniently based on their networks of
SCRs. Therefore, the networks of SCRs also satisfy the
third requirement of a compact representation of raster
image as a bridge from raster image to understanding
mentioned in the second section of this paper. That is, the
networks of SCRs facilitate recognizing line patterns and
arrowheads.

4.2.2. Recognition of complete arcs and circles

In 2D drawing, there may be many arcs or circles, which
are divided into several segments by other straight lines,
arcs, or circles. These segments have their own nodes in
the networks of SCRs. A circle may also be divided into
two SCRs for two halves of a circle, which have been repre-
sented in the network of SCRs. In order to extract the
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vectors (i.e. the complete arcs or circles), the SCRs for these
segments should be combined together. The method is to
search for the first SCR representing the arc in the networks
of SCRs as a seed SCR; then to find the SCRs, which are
adjacent to the seed SCR and belong to the same arc, via the
networks of SCRs; and finally to combine the related SCRs
to get a complete arc or circle. If there is no more related
SCR for arc, the second seed SCR for arc will be found in
the networks, and the above process will be repeated until
no seed SCR for arc can be found. Fig. 11(a) can be used as
an example for recognizing complete arc and circle. As
shown in Fig. 11(b), the arcs represented by SCRs 2 and 4
belong to the same arc, and are connected by point repre-
sented by SCR 1. The arcs represented by SCR 7 and 8
belong to the same circle, and connected by linking points
represented by SCR 6 and 9. While searching for the SCR
for arc in the networks of SCRs for the view, the SCR for arc
2 will be found as a seed SCR first, and then the SCR for arc
4 will be found adjacent to it and belonging to the same
arc via the network of SCRs and will be combined with the
seed SCR to obtain a extended arc. Since there is no other
related arc, the complete arc is extracted. Then the SCR for
arc 7 will be found in the networks of SCRs as the second
seed arc, and the same process will be repeated to connect
the SCR for arc 8 with it into a complete circle. Since there
is no more SCR for arc left, the process will be stopped and
the another process for recognizing complete straight lines
will be started.

4.2.3. Recognition of complete straight lines

The complete straight lines can also be obtained using the
same method. Fig. 11(b) can be still used as an example of
recognizing complete straight lines. The straight lines repre-
sented by SCRs 3 and 11 belong to the same straight line,
and the straight line represented by SCRs 5 and 12 belong to
another straight line. While searching for the SCR for a
straight line in the networks of SCRs for this view, SCR 3
will be found as a seed SCR first, then SCR 11 will be found
adjacent to it and belonging to the same line via the network
of SCRs since the type of their relationship is stored in line
data file, and SCRs 3 and 11 will be combined together as an
extended straight line. Since there is no SCR for straight
lines found belonging to the same straight line, the complete
straight line is extracted. Then, SCR 5 will be found as the
second seed SCR, from which SCR 12 will be found adja-
cent to it and belonging to the same straight line via its
network of SCRs and combined with the seed line to form
an extended straight line. Since there is no other SCR for
straight lines, which are collinear, the vectorization process
will be stopped.

4.2.4. Software prototype

Based on the method introduced above, a software proto-
type has been made in C++. Many paper drawings have
been vectorized successfully by using this software proto-
type. As an example for it, Fig. 15(c) shows the results of
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Fig. 15. The results of vectorization using the software prototype based on
the networks of SCRs.
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Fig. 16. Search for circuits to create faces of 3D models.

running the software prototype for a view of a drawing
shown in Fig. 15(a). Fig. 15(b) shows its SCR graph for
illustration. It is obvious that the vectorization method
based on the networks of SCRs is feasible and that the
networks of SCRs meet the fourth requirement of a compact
representation of raster image as a bridge from raster image
to understanding mentioned in the second section of this
paper. That is, the networks of SCRs facilitate recognizing
vectors quickly and precisely.

4.3. 3D reconstruction

For 3D reconstruction, two families of methods have been
developed. The first family is known as the ‘fleshing out
projections’ concept [18,19]. Another family is volume-
oriented instead of privileging wire-frames [20].

The former is based on the reconstruction of a wire-frame
model by matching vertices and edges; the real faces of the
object are then found by propagating constraints on this
wire-frame. Its idea is to search for the circuits on each
view, by sorting the edges in trigonometric order with
respect to the normal to the surface, at each vertex, and by
traversing the resulting graph of oriented edges; to create a
face for each finite circuit and a hole for each infinite circuit;
and to make up a real solid with a group of faces without
violating the Moebius rule [21,22]. The Moebius rule says
that when a real edge is on the border of two real faces, the
traversals along the circuits of these two faces follow the
edge in opposite directions. Fig. 16(b) [21] shows
the circuits for the view in Fig. 16(a). Therefore, the circuits
are crucial for this method of 3D reconstruction, and, some-
times, a vector-based representation yielded is not very
useful [21].

The later is to decompose each view into several prede-
fined types of sub-views [23] or exterior boundary and inter-
ior boundary [24]; to generate their 3D subparts; and then to
combined them to build the complete object [20]. Each view
and its predefined types of sub-views or exterior boundary
and interior boundaries are all circuits. Therefore, the
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circuits are also crucial for this method, and, sometimes, a
vector-based representation yielded is not very useful as
well.

Since a circuit consists of elements, which are repre-
sented by SCRs, and the networks of SCRs provide holo-
relationships of all the elements, the circuits can be searched
easily via the networks of SCRs. Moreover, 3D reconstruc-
tion also needs various features, which are also extracted
from the networks of SCRs as indicated in Fig. 12. It is
obvious that the networks of SCRs are more useful and
can be used as a base for the subsequent 3D reconstruction.
Therefore, the networks of SCRs meet the fifth requirement
of a compact representation of raster image as a bridge from
raster image to understanding mentioned in the second
section of this paper.

Based on the networks of SCRs, a 3D reconstruction
method have been developed. As an example for it, Fig. 17
shows the results of running the software prototype for a
drawing shown in Fig. 18, where each SCR is represented
by its corresponding symbol (e.g. Fy4 is the symbol for the
bottom SCR in front view). Fig. 19 shows its networks
of SCRs generated according to the drawing, where V

Fig. 17. An example of 3D reconstruction.
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Fig. 18. A 2D drawing of an object.

indicates a linking point by two SCRs and C by more than
two SCRs. Fig. 20 shows circuits obtained via the networks
of SCRs, which are indicated by closed chain lines and/or
symbols. For example, Lg, is the symbol for the circuit
represented by a closed chain line in front view, and Lg, is
the symbol for the circuit covering Lp, and Lps, i.e. the
outside outline of the front view.

5. Conclusions

The research on the conversion from 2D paper drawing to
3D computer feature model has been stuck in low-level
coding. One of the reasons for it is that the three phases of
understanding process has been isolated and people have
been doing their research on only one of the phases since
the whole conversion is very complicated and more difficult.

For instance, the vectorization methods for the first phase
were developed only for getting straight lines, arcs, circles,
etc. so that much information contained in the drawing has
been lost after the vectorization. In fact, the understanding
processes for its subsequent 3D reconstruction is an iterative
process for searching different level relationships and
performing corresponding connections. In order to facilitate
the iterative processes, a holo-extraction of information
from raster image is needed, and a compact representation
of raster image should be generated as a bridge from raster
image to understanding, which should satisfy five require-
ments introduced in the second section of this paper. This
paper develops a holo-extraction method of information
from paper drawings, i.e. the networks of single closed
regions (SCRs), for these purposes; describes the algorithms
or methods to generate the networks of SCRs for a given
view; analyzes their functions which indeed meet the five
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Fig. 19. The networks of SCRs generated from a 2D drawing.
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Fig. 20. The circuits obtained via the networks of SCRs.

requirements. A software prototype for it has also been
developed in C++, and verified by its applications. This
holo-extraction method of information from paper drawings
and its software prototype can be used as a base for further
research on subsequent understanding and 3D reconstruc-
tion. Based on this software prototype, a more sophisticated
system with more functions for 3D reconstruction is being
developed favorably.
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