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ABSTRACT: In the construction industry, many aspects from structural

analysis to drawing production have already been computerized, except quantity
surveying which includes the measurement of steel reinforcement used in
reinforced concrete, still involves large amount of manual processes. Taking off is
a very time consuming process. For example, at the tender preparation stage, it
normally takes 4 to 5 man-months of an experienced Quantity Surveyor to
complete the measurement work of a reasonable size, high-rise construction
project. In order to solve this problem, this thesis presents a computer-aided
quantity survey system, named as VHSTATION, to automatically recognize and .
il]terbret CAD structural engineering drawings, and to take off the amount of steel
reinforcement indicated in the drawings. The methodologies integrated in the
VHSTATION system include methods for automatic version control to guarantee
the most update version to be analyzed; weighting symbols by the statistics of
similar instances in candidate drawings under different recognition thresholds in
order to adjust symbol recognition order; detectiné walls in an architectural plan
based on door symbol recognition; autornati'cally extracting geometric features of
architectural objects and couverting the features into recognition rules, and
utilizing Virtual Reality (VR) enabled 3D reconstruction and coliision detection
techniques to automatically identify and minimize design errors. The integration of
these methods not only makes a useful contribution to the task of developing
intelligent computer systems to automate the task of quantity surveying, but also
provides interesting insight into the research domain of engineering drawings

recognition.
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Chapter 1

INTRODUCTION

1.1 Introduction

It is often said that a picture paints a thousand words. At present, engineering drawings
generated by Computer-aided Design (CAD) systems arc widely used in the
construction industry. Most CAD drawings used in the construction industry are 2-
dimensional geometric representations of construction components. Engineers have to
use their professional knowledge and expertise to interpret drawings and mentally
transforin the information presented in the drawings into useful information. Owing to
these reasons, there are still many aspecté where human efforts are needed in order to
extract useful information from engineering drawings. This is particularly true in the
case of quantity surveying which still involves a large amount of manual process,
irrespective of using paper-based or electronic drawings. The target of the research is
the conversion of engineering drawings in the construction industry to high-level

representations with sufficient information for later stage analysis.

In order to develop a computer system to automate the taking off process, there is a
need for a system that can automatically understand and interpret drawings in order to
capture the semantic meaning of graphical entities presented in the drawings. Dym
(1988} and Han (1997) addressed the importance of drawing understanding and
interprétation in the construction industry and stated “a computer system which could
automatically recognize individual elements by interpreting patterns of lines, arcs and

strings would be an interesting and challenging task™.



1.2 Objectives of the Research

The overall aim of the research are to develop a conceptual framework for
implementing a computer-aided quantity survey system that can recognize and interpret
CAD structural engineering drawings, and can take off the amount of steel
reinforcement shown in the drawings. In order to test the conceptual framework, a

computer system is implemented. Specifically, research objectives are to (see Fig. 1.1):

Enginecring Drawings

~7
[ Drawings Management (Chapter 3} 1
N2
. o — ™
Syntactic T Symbol Recognition (Chapter 4)

Level

Wall Recagnition for Drawing Checking
{Chantar R)

Semantic . Automatic Rules Acguisition (Chapter 6)
Level N )
‘s ™ '_

EDQUI of Structural Engineering Drawings

Based on Automatic Rules Acquisition

- _ S
EDUISysiem 0
iﬁ D
[ 3D Reconstruction (Chapter 8) ]

Fig. 1.1 Architecture of the Rescarch

s research and apply Engineering Drawings Understanding and Interpretation
(EDUI) techniques to the problem of automating the quantity survey work of
steel reinforcement;

¢ build a computer system for this purpose, and use it as an experimental tool to

conduct research in EDUI techniques;



¢ redesign and modify algorithms, or create new algorithms, to achieve improved
performance. The algorithms includes:
(1) An algorithm for automatic version control;'
(2} Symbol recognition order adjust algorithm;
(3) f)oor based wall recognition algorithm;
(4) An algorithm for automatic acquisition of rules for EDUI
{5) An algorithm for checking design errors based on 3D reconstruction and
EDUI technology
e provide experimental data to enable the computer science and informatics
research communities to conduct further research in the area of EDUI toward
the development of algorithms, tools and techniques for other applications.
Thousand; of engineering drawings are designed, produced and used in a construction
project. Different parties create drawings representing different functions of the same
building. If one drawing is modified, the drawings of other related parties should also
be altered. So it is important for an EDUI system to have a mechanism to monitor
drawing changes and identify which versions are the most up-to-date. Chapter 3
introduces a knowledge-based algorithm for drawing layout analysis and automatic

version information extraction.

The interpretation and understanding of engineering drawings can be classified into five
levels: pixel level, graphics primitives level, symbol level, element [evel and frame
level. Symbol recognition is the kernel process of engineering drawings interpretation
and understanding. The element level and frame level interpretation cannot be
performed without recognition of the required symbols. In the EDUI system p-resented,
a graph-based symbol recognition method introduced by referenced 'paper is selected. In

order to improve the accuracy and efficiency of algorithm, a method for weighting



symbols by the statistic of similar instances in candidate drawings under different

recognition thresholds is introduced in chapter 4.

A wall is an important element in architectural and structural drawings. It is a basic
requirement of quantity surveyiﬁg systems to extract wall information. The quantity of
non-structural walls can only be recognized from architectural drawings, and wall
information in architectural drawings describes the essential spatial information and
dimensional information of a building that is important for the quantity surveying of
structural elements. This is considered in chapter 5 which presents an automatic method

to extract wall information from architectural drawings.

Then an element level recognition rules extraction method is presented in chapter 6.
Previous work in this area can only focus on symbol level automatic rule learning for
drawing recognition. The method proposed is a sample-based self-learning algorithm
and the processing procedure can be described as: Designation of the sample, feature

extraction, then conversion from feature to recognition rules.

The system design and implementation are introauced in chapter 7. All the algbrithms
and methods presented in chapter 3,4,5,6 are adopted in the system. The purpose of the
system is to aid automatically recognizing and measuring steel reinforcement. It has now
been fully implémented and commercially available. This is the major achievement of the

research. It is shown diagrammatically in Figure 1.1.

1.3 Research Methodology
In this study, an automatic EDUI system is designed and implemented using the IPDA

(Implementation, Prototyping, Design, and Analysis) research methodology (Lee 1991).



The IPEA Methodology includes three classical phases of Analysis, Design, and
Implementation. In addition, it includes Prototyping as an intermediate phase situated
between Design and Implementation, and dedicated to the verification and critical

assessment of the analysis and design results.

Analysis is devoted to the collection and specification of requirements, expressed at a
conceptual level. This phase focuses on modelling reality by means of semi-formal,
expressive models and languages. Therefore, this phase uses conceptual models with an
associated graphical representation that are well established in the software engineering

practice.

Design is the process of translating semi-formal requirements into design documents that
provide a precise, unambiguous, and computer-processable specification of the
applicatrion. Due to the emphasis on object orientation and rules, Chimera model and
language are used as the target of this phase (Ceri et al. 1993). The IPEA design process
is divided into schema design, concerned mostly with types, classes, relationships, and
operations; and knowledge design, further subdivided into deductive rule design and

active rule design.

Prototyping is the process of testing, at a conceptual level, the adequacy of design results
with respect to the actual user needs. A variety of formal transformation methods can be
applied to improve the quality of the design, verify its formal properties, and transform
design specifications into equivalent forms, which exhibit specific features required by

the target implementation system.



Implementation is the process of mapping conceptual specifications into schemas,

objects, and rules of existing database platforms.

Chapter 7.2 and 7.3 introduce how the system is analyzed and chapter 7.4 introduces
the design considerations including: Development Strategies, Appropriate System
Functions and friendly user interface. The implementation of the system is introduced

in chapter 7.5 and 7.6.

1.4  Organization of Dissertation
There are nine chapters in this dissertation. These chapters are organized according to

their relationships with the objectives of the research.

Literature relating to approaches of EDUI and previous systems of EDUI is reviewed in

Chapter 2.

Chapter 3 introduces a knowledge-based algorithm for automatic version information
extraction. The method analyses the layout of the drawing frame and extracts version
information with the help of predefined key words. A comparison method between two
versions of drawings is introduced. Differences between two versions are rﬁarked, which

facilitate engineers to quickly and easily identify the changes.

Symbol recognition is the kernel process of drawing interpretation. Traditional methods
only consider optimizing the algorithim of symbol recognition itself rather than the
performance of the entire system. Actually the efficiency and accuracy of a‘symbol
recognition system depends on how well it performs on i‘ecognizing the whole set of

symbols instead of any particular symbol. Chapter 4 presents a method for weighting



symbols by the statistic of similar instances in candidate drawings under different
recognition thresholds. Using statistical results, symbol recognition order is adjusted to
reduce probability of symbol recognition errors and to improve symbol recognition

efficiency.

Chapter 5 presents an automatic method to extract wall information from architectural
drawings. The method uses door as the seed segment to guide the recognition of inner
room boundary. Then, separating walls between rooms can be extracted. The outside
walls are recognized with the help of the separated walls. At last, all the extracted walls
are connected with junctions. In the presented method only the lines that are the possible
boundaries of the walls would be processed, thus the accuracy and efficiency of the

presented method is improved.

Aiming at the rule-based steel reinforcement measurement system for structural drawings,
Chapter 6 introduces a sample-based method that will automatically extract the geometric
features of architectural objects and convert the features into recognition ruléé. When
.LISCI'S designate the first sample of one type of objects, this method automatically analyzes
and extracts the features useful for drawing recognition. Aided by a simple interactive
operation, recognition rules for this type of objects are generated. When a new sample of
one object is introduced, this method analyzes and modifies the features of this object,
then generates new rules. The recognition system could be improved continuously

without modifying the program by adding new types or representations of the objects.

Chapter 7 introduces the architecture and implementation of a computer system, namely
VHStation, for automaticalty recognizing and measuring steel reinforcement of structural

drawings. This system utilizes rules extracted based on the feature of structural drawings



to support the interpretation of drawing elements and the relationship between the
elements. The use of the rules is illustrated with various examples. An innovative method,
which is called enhanced gravity field relationship method (EGFRM), is developed in
order to recognize the information needed for calculating reinforcement steel. The system

is fully implemented and commercially available.

Chapter 8 introduces a set of Virtual Reality (VR) enabled 3D reconstruction and
collision detection techniques to automatically identify and minimize design errors. The
3D reconstruction technique can reconstruct 3D models from three 2D orthographic
views. This process helps identify many dimensional inconsistencies within different

orthographic views of the same object that give rise to incomplete/irregular 3D models.

The contribution of the research can be summarized as follows: an EDUI system has
been developed in the Ph.D research project. In order to support the implementation of
the system, five algorithms have been developed to tackle different aspects of the
system. According to the experimental studies, the system provides a comprehensive
software environment for the work of quantity surveyor, and it is thus expected to provide
an intelligent approach to other works in construction such as design, planning and
management in the further development to improve the efficiency in construction. The
system has been developed by the author in C-++ language, implemented and is now fully

operational.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

In the last three decades there has been a growing interest amongst researchers in
studying the field of EDUL. Intensive research has been carried out in this field, which has
resulted in a large fiumber of technical papers and reports (Tombre 1998; Dori and
Tombre 1994; Vaxivire and Tombre 1994). This field has attracted immense research
iﬁterest not only because it is very challenging, but also because it provides the means for
automatically processing large volumes of data in office automation, building code

checking, cost estimation and other business and scientific applications.

An engineering drawing has three main functions: communication, discussion and record
keeping. The graphic language of engineering drawings was developed through the use of
lines, symbols and texts. An object is represented through several 2D views in an
engineering drawing. Each view has two main natures: geometric nature and ]inguiétic
nature {Tomber 1995). The geometric nature represents the shape of the object with
interconnected edge segments using groups of graphical primitives such as lines, arcs and
circles. The linguistic nature includes groups of dimensioning lines, texts, annotations and
hatchings to indicate other useful information such as dimensions, locations and materials.
Understanding and interpretation of an engineering drawing is to deal with these natures
(Dori et al. 1994). Specifically, the goal of drawing understanding and interpretation is to
capture the required information and the attached semantic meaning of graphic entities

showed in engineering drawings for further analysis.



EDUTI is a subset of Graphics Recognition which is again a subset of pattern recognition.
Along with the optical character recognition (OCR) and the document layout analysis, it
covers a broader area of document analysis and recognition. The following are the main
problems to be tackled in the task of EDUI {www.cvc.uab.es/iapr-tc10):

» Recognition of graphical primitives, shapes and symbols

+ Analysis of tables and forms etc. in engineering drawing

« Analysis and interpretation of engineering drawings, logic diagrams, maps,

diagrams, charts, etc.

. 3-D‘models reconstruction from muitiple 2-D views (line drawing)

« Graphics-based information retrieval

« Performance evaluation in graphics recognition

« Systems for graphics recognition

+ Automatic errors detection in engineering drawings

2.2 Approaches for EDUI
Various approaches have been applied in EDUI, which can be classified into the
following categories:

» Syntactic pattern approach

* Rule-based approach

» Graph-based approach

« Statistical Approach

» Artificial neural networks approach

+ Fuzzy logic approach

» Neuro-Fuzzy approach

+ Genetic algorithm approach

10



In this chapter, three most relevant approaches are reviewed: rule-based approach,

syntactic pattern approach and graph-based approach.

2.2.1 Rule Based Approach

[t is common that human experts express their own expertise in terms of situation-action
r.ules. Rules indicate that in a certain situation, some appropriate actions should be taken.
A rule based system uses "rules" as the knowledge representation for knowledge coded
into the system. Rules themselves have their origins in a variety of sources. Some are
heuristics accumulated from past experiences. Others reflect complied knowledge and are
based on a compilation of or extraction from the first principles of a particular domain.
Still other rules are causal in nature; that is, they describe very specific cause-and-effect
relationships. Thus rules can represent several different kinds of knowledge. Rules
typically take the form of if-then statements, This is a popular and intuitive knowledge
representation. Constraint knowledge, which identifies a set of conditions or limits, is
easily represented using rules. Another form of knowledge, pattern matching, is also a

good candidate to be implemented using rules,

Rule-based systems are adaptable to al variety of problems. In some probiems,
information is provided with the rules and the artificial intelligence (Al) follows them
to see where they lead. An example of this is medical diagnosis in which the problem is
to diagnose the underlying disease based on a set of symptoms (the working memory).
A problem of this nature is solved using a forward-chaining, data-driven, system that
compares data in the working memory against the conditions (IF parts) of the rules and

determines which rules to fire.

1t



In other problems, a goal is specified and the Al must find a way to achieve that
specified goal. For example, if there is an epidemic of a certain disease, this Al could
presume a given individual had the disease and attempt to determine if its diagnosis is
correct based on available information. A backward-chaining, goal-driven, system
accomplishes this. To do this, the system looks for the action in the THEN clause of the
rules that matches the specified goal. In other words, it looks for the rules that can
produce this goal. If a rule is found and fired, it takes each of that rule’s conditions as
goals and continues until either the available data satisfies all of the goals or there are

no more rules that match (Clive 1991).

Although‘ many approaches of graphics recognition have been applied to EDUI, it is
very difficult for a person without domain knowledge to develop and use a hybrid
system between EDUI approaches and domain knowledge. The reason is that most
graphics recognition approaches require computer-programming skills in order to apply
knowledge to the system. It is not a simple process. However, a rule-based system has
been the most common technique in knowledge-based Al for a hybrid system with
EDUI because it has a very simple rule structure to derive an answer. The rules for an
application can be casily constructed in the if-then structure by a non-expert once the

rule-based engine (or interpreter) is developed.

Early systems such as DENDRAL (Buchanan et el., 1969) and MYCIN (Shortliffe,
1976) demonstrated the success of rule-based approach. After these successes, many
systems have been developed for technical applications of various domains. Many

systems of EDUT have also adopted the rule-based approach.



Henderson (1984) introduced a mcthod to extract swept subtractive features such as
cylindrical holes, pockets and slots using logic programming rules. With this method, a
3D model in boundary representation is converted into facts in PROLOG. These facts are

used by production rules that encode the necessary and sufficient conditions for a feature.

Niyogi and Srihari (1986) used three kinds of rules in a production system for document
understanding. The document image is firstly segmented and descriptions about
various regions are obtained. Knowledge rules pertain to intrinsic properties and spatial
relationships among various regions. Control rules are used to decide which knowledge
rules need to be executed. Strategy rules are used to determine whether a consistent

interpretation has been obtained.

University of Twente developed a commercial process-planning system PART (Planning
of Activities, Resources and Technology) (Houten et al. 1989). PART incorporated a
rule —based feature recognition system. The patterns to be identified ‘as features are
speci.ﬁed in a feature description language. Feature recognition has two phases, feature

pattern recognition and parameter extraction.

Yuhong and Ashok (1997) presented a system for recognizing a large class of
engineering drawings. The class includes several domains such as flowcharts, logic and
electrical circuits, and chemical plant diagrams. The automatic recognition task is divided
into two stages: 1) Domain independent rules are used to segment symbols from
connection lines in the drawing image that has been thinned, vectorized, preprocessed in
routine ways. 2) A drawing understanding subsystem works in concert with d set of

domain-specific rules to classify symbols and correct errors automaticaily.
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A Rule-based approach has several advantages compared with other approaches of
graphics recognition (Chadwick and Hannah, 1986, and Watson, 1997). First, rules can
be easily understood because the control structure is relatively simple as an if-then format.
Second, rules can encapsulate an important part of knowledge in which rules can model a
complex problem. And, knowledge can be saved by rules. Third, the control structure of a
rule seems to mimic some human problem-solving strategies, and hence rules saved in a
system can be used for solving human problems. Fourth, rules are independent of each
other. Even though some parts of the-ruies are deleted or incorrect, these mistakes will not
affect other rules or functions. However, some mistakes of other programming languages
describing an if-then structure may affect the entire function. Fifth, rules can be placed in
any order in a program. Last, natural languages can be used for questions én the user
interface, and hence it is very convenient for non-experts to use rule-based expert system

for solving problems.

Though rule-based approach is simple and useful, there are still some limitations (Slade,
1991, and Watson, 1997). First, the numbelj of rules about a feature is not unique and it is
impossible to encode all the properties about all the different occurrences of a feature
(Qiang et al. 1997). Second, the. number of‘ rules will increase when the feature’s
complication or the number of feature increases. The rule-based system needs ruies for
every candidate recognizing instances. Third, it is difficult for a rule-based system to
perform an exact matching. Intersections of rule sets between two features may cause
systems error recognition results. Fourth, although a rule assumes that there is a generally
accepted body of explicit knowledge in a domain, there are many domains in a real world

that have no underlying causal models and no generally accepted explicit rules.
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2.2.2 Syntactic Pattern Approach

The syntactic pattern approach, which was developed over last two decades, has received
much attention and applied widely to many practical pattern recognition problems, such
as optical character recognition, fingerprint recognition, speech recognition, texture
analysis, 3-1) object recognition, symbol recognition and EDUI (Fu, 1982; Qiang et al.,
1997; S. Colltn et al., 1994; Ah-Soon et al., 1998; Wang 1992). The syntactic pattern
approach makes explicit use of knowledge about the structure of the object. It utilizes a
pattern description where each pattern is divided into sub-patterns called primitives. Each
primitive has no direct relation to the structure of the pattern. A pattern is represented by
knowledge about how sub-patterns must be combined to make up the entire pattern, and
how sub-patterns relate to each other. In the syntactic pattern Qpproaches, the analysis
mode consists of constructing rules for combining primitives in order to obtain the
structure of a gtven object. The approach is formulated around the concept of formal
languages with each primitive represented as a terminal symbo!l and a grammar inferred
for each pattern class. The recognition mode consists of a mechanism to check whether
an object could be constructed using the rules associated with a specific object class. This
process is called the syntax analysis or the parsing of a string. Grammar used in the
approach include the finite-state grammar, context-free grammar, context-sensitive
grammar, programmed grammar, indexed grammar, grammar of picture description
language, transition network grammar, operator precedence grammar, pivor grammar,
plex grammar, attributed grammar, etc (Huang 2002). The syntactic parsing analyses
include finite-state automata, pushdown automata, top-down parsing, bOﬁOmTUp parsing,

Cocke-Younger-Kasami parsing, Earley’s parsing, etc (Huang 2002).

Although the syntactic pattern approach is the formalization of pattern rules using pattern

grammars, the rule-based method uses the rules themselves in place of the formalized
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language to prevent the limitations that grammar primitives impose. Since no grammar or
primitives are required in a rule-based method, any definable feature concept, whether 2D

or 3D, can be described by rules (Qiang et al. 1997).

One of the earliest syntactic pattern methods is proposed by Kyprianou (Kyprianou 1980).
In his approach the B-Rep of a object is firstly converted into a face-edge graph with
nodes representing faces and arcs representing edges of the object. Graph gramnar is

applied to extract features of objects.

Dori (1992) proposed a context free string grammar to recognize dimensions and size
tolerances from engineering drawings. The prammar is extensive and capable of
interpreting linear, angular, diametrical and radial dimensions, but the approach cannot

handle the geometric tolerances or the textural callouts in engineering drawings.

Constraint network is another kind of syntactic pattern approach that is introduced by Ah-
Soon to detect symbols in architectural drawings (Ah-Soon et al. 1998). The symbol
model is constructed through a set of constraints on geometrical features. Symbol
recognition is the procedure of verifying each constraint of symbol model in the

constraint networks.

Although the syntactic pattern approach has shown some good recognition capabilities, it
has its own limitations. The major limitation of syntactic pattern approach is the difficulty
in learning or deriving structural ruies from a set of training patterns. Its learning process
may require significant human interaction. Though syntactic pattern approac'hes have
been applied to recognizing 2D prismatic parts successfuily, they have little success in 3D

parts, for the lack of suitable languages to describe 3D objects in these approaches,
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Another limitation is the ambiguity of the syntactic patterns (Wang 1992). The primitives
involved in the syntactic approach usually cannot represent some geometric properties,
such as the size of the primitive, relative orientation of the object, edge concavity, efc.
Though syntactic pattern approach has been applied successfully in symbol recognition,

these limitations will prevent it from being used widely in other fields of EDUI.

2.2.3 Graph-Based Approach

In graph-based approaches, the topology of an object is represented as a graph. Then the
graph representation is searched for certain properties to identify the object instances in

the engineering drawings. The graph approach gained momentum at the end of 1980 s,

and it is one of the most prevalent recognition techniques at present (Llados et al. 2000;
Zhi et al. 2003}, for it can directly use many developed concepts and algorithms from
applied mathematics, especially in graph theory and topology. The graph approach can be
informally classified into two categbries: graphics recognition and structural pattern

recognition.

Graphics recognition is a sub-field of document analysis and understanding. {t deals
with symbols, charts, diagrams, logos, etc. Some applications of graphics recognition
are the matching of fingerprints, the interpretation of flow charts and diagrams, the
analysis of musical scores for conversion to MIDI, the conversion of engineering
designs to a CAD-compatible representation, the interpretation of architectural
drawings, the analysis of maps in GIS environments, and the interpretation of electronic

circuit diagrams, etc (Tombre 1998).

Structural pattern recognition, as a research area, started at the end of 1960's. Nowadays,

it is still actively pursued as a research area and a number of applications have been
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proposed using this technique. The basis of the structural pattern recognition is the
relational organization of low-level features into higher-level structures. This relational
organization is represented by means of symbolic data structures like strings, trees,
graphs or arrays instead of vectors of numbers that are used in the statistical pattern
recognition approach. These data structures also allow a hierarchical organization of the
information. There are two particular problems about structural pattern recognition: (1)
Error-tolerant (sub) graph isomorphism. Graphs are clearly the most widely used data
structure to represent n-dimensional prototypes. Thus, a pattern may be recognized by
means of a graph matching procedure. Since the presence of noise and distortion in
input images is a usual fact, an exact graph matching procedure appears to be unreliable.
An error-tolerant model has to be ﬁpplied in the matching process. (2) Inference of
structural_ models. One of the fields where structural pattern recognition has an intensive
action is structural texture analysis. A structural texture is characterized by a repetitive
element called texel repeated according to a set of placement rules. Graph-based formal

grammars are useful structures to represent such repetitive structures.

Mader]echﬁer (1986) proposed a method of discriminating graph (DG) to give a
solution for symbol recognition. The symbol of DG is a labeled subgraph. In general
there are more than one DG for a certain symbol, comprising a hierarchically ordered
set called the discriminating description (DD). Symbol recognition is performed by

subgraph isomorphism of DG.
Kuner (1986) proposed an improved subgraph isomorphism method for consistent

classification of symbols in engineering drawing. The problem of subgraph

isomorphism is transformed to a quadratic classification problem that leads to an integer
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optimization solution. Thus, for the recognition of perfect symbols only partial

coincidence between the graphs is necessary.

Joshi and Chang {(1988) introduced a feature extraction method in engineering drawing
based on attributed adjacency graph. The attributed adjacent graph (AAG) makes use of
B-Rep information on faces and edges. An AAG is defined as a triple G=(N,A,T),
where N is the set of nodes, A is the set of arcs, and T is a set of attribute values for arcs
in A. In this method, the topological and geometric relationships for a depression
feature are firstly translated into a local AAG that represents feature faces and has only
concave links. Unique properties for a particular feature are subsequently extracted
from the local AAG of a feature and represented in terms of heuristics that define the

feature.

Messmer and Bunke (1996) provided a subgraph isomorphism for symbol recogntion
system in engineering drawings. The system represented symbols and drawings by
attributed relational graphs (ARG) and recognition is performed by searching for

subgraph isomorphism.

Lladés and Marti (2001) designed a system for analysis architectural plans. The
knowledge of the drawing is described in region adjacency graph (RAG). The analysis
is performed by a subgraph isomorphism algorithm to search the instances of RAG

model in segmented architectural plans.
Graph-based approach is one of the most prevalent recognition techniques, which uses

many developed concepts and algorithms from applied mathematics, but there still exist

some limitations. First, Graph-based approach is unable to represent and recognize
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objects made up of several disconnected segments. Second, computation complexities

of all the graph-based approaches are very high. Graph construction and subgraph

isomorphism are both computationally expensive. Third, most graph-based approaches

consider only a limited set of patterns. Searching more patterns becomes complicated.

Fourth, Graph-based approaches are typically weak at recognizing features that

intersect. Fifth, Graph-based approaches are verbosity in terms of the number of graphs

required to represent the features.

Table 2.1 is shown to summarize and compare the three main techniques.

Table 2.1 Three Main approaches

Rule based approach

Syntactic pattern
approach

Graph based
approach

Knowlédge
Representation

Rule

Pattern

Graph

Recognition process

Rule matching

Syntax analysis or the
parsing

Graph matching

Advantages (1) Rules can be easily | (1) Easy acquisition (1) Graph  structures

understood (2) Efficient device for have been studied

(2) Model complex use extensively
problems (3) High efficiency and { (2} Many existing

(3) Mimic some human accuracy in  well- algorithms can be
problem-solving structured objects reformulated in
strategies (4) Well variability terms of graph

{4) Rules can be placed and flexibility (3) Reuse algorithms
in any order in a : of mathematics
program which have been

(5) Natural languages proved efficient
can be used

Limitations (1) The number of | (1} Difficulty in | (1) U‘nable to process

rules abvout a learning or disconnected
feature is  not - segiments.
unique deriving (2) computation

(2) The number of structural rules complexities  are
rules will increase from a set of very high
when the feature's tratning patterns (3) Consider only a
complication or the | (2) Lack of suitable limited set of
number of feature languages to patterns
increases describe 3D objects | (4) Weak at

{3) The number of recognizing
rules will increase features that
when the feature's intersect

complication or the
number of feature
increases




2.3 Previous Systems in EDUI

The goal of EDUI is to interpret the contents of an engineering drawing. Systems for
EDUI can be categorized into: (1} CAD drawings understanding and interpretation (2D to
3D), (2) sketch interpretation (HCI), (3) indexing and searching engineering drawing, and

(4) technical document analysis.

The Singapore Building and Construction Authority has developed an IEC (Industry
Foundation Classes) based system BP-Expert for electronic engineering drawing
checking (Wong et al. 2001). The system employs rule-based approach and CAD
technologies in automating the checking of building plans for their compliance with
building control regulations. And the IFC format provides the necessary capability for
information sharing. It accepts CAD software prepared building plans and recognizes
the floor layout plans, and derives the relationships amongst various building
components and checks their compliance with the building regulations. IFC is also used
for hand over architectural and HVAC designs to code checking sever. Though the
checking process is an automatic process, the recognition of floor layout plans still
requires significant human interaction and input. So the BP-Expert is a semi-automatic

EDUI system.

A team at the University of Carnegie developed a system called SEED (Software
Environment to Support Early Phases in Building Design) (Fenves et al. 1995). The
goal is to provide support, in principle, for the preliminary design of buildings. This
includes using the computer not only for analysis and evaluation, but also more actively
for the generation of designs, or more accurately, for the rapid generation of design
representations. A major motivation for the development of SEED is to bring the results
of two multi-generational research efforts focusing on “gencrative' design systems

closer to practice:



1. LOOS/ABLOOS, a generative system for the synthesis of layouts of rectangles

(Flemming et al., 1988; Flemming, 1989; Coyne and Flemming, 1990; Coyne,

1991);

2. GENESIS, a rule-based system that supports the generation of assemblies of 3-
dimensional solids (Heisserman et él., 1991; Heisserman and Woodbury, 1993).
SEED intends to provide systematic support for storing and retrieval of past solutions and

their adaptation to similar problem situations. This motivation aligns aspects of SEED
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closely with current work in Artificial Intelligence that focuses on case-based design (see,
for example, Kolodner, 1991; Domeshek and Kolodner, 1992; Hua et al., 1992). SEED is
not an EDUI system, but it is employed in some useful ideas such as using rule-based

approach to analysis the relationships of design objects and drawing layout analysis (Fig.

2.1).




Lewis and Sequin of the University of California at Berkeley have developed the
Building Model Generator (BMG) to build 3D building models from 2D architecturat
plans from a smoke-spread prediction model, CFAST, developed by NIST (Lewis and
Sequin 1998). BMG utilizes room label as seed point to find interior space contour, and
provides topological correction and semantic enrichment models for CFAST and
WALKHRU. The approach requires the room label to be placed well in the room region.
The BMG has reduced considerably the modeling time, it can build a model of a large

building in a matter of days rather than weeks or months.

The OGAR (Querying Graphics through Analysis and Recognition) team of the lab of
LORIA in France developed an engineering interpretation model CELESSTIN and
applies it in architecture drawings to reconstruct the 3D model of a building

[hitp://www loria.fr/equipes/isa/index_anglais.html]. The syntactic pattern approach is

used in CELESSTIN to recognize wall and symbol information in architectural drawings.
For the inherent limitation of syntactic pattern approach, the model is not capable of

analyzing the semantic meaning of the recognized objects.

From 1990 to 1995 the Hamburg Al-Laboratory has been committed to research on three
successive "drawing interpretation” projects: WIZ, ADIK and InterDok (Gloger et. al.
1992, Pasternak et. al. 1992 (1), Pasternak et. al. 1992 (2), Pasternak 1993, Pasternak

1994, Pasternak 1995).
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The WIZ project was part of an European cooperation project (ESPRIT 2001). The goal
of WIZ was to realize a knowledge-based support for the conversion of paper-based
drawings into actual CAD representations. The WIZ prototype focused on techniques to
recognize higher-level structures in the drawing by exploiting domain knowledge. The
basic processing mechanisim is inspired by a blackboard metaphor, which realizes a
bottom-up recognition of domain-specific objects, like dimension sets in engineering

drawings (Fig. 2.2).
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geographic maps, architectural plans, etc.) an "adaptable drawing interpretation kernel"



(ADIK) was developed as a prototype (Fig. 2.3). The key elements of this approach are a
declarative specification language for geometry and a specialized inference engine that

recognizes the described objects very efficiently.

InterDok is a cooperation project with Technical University of Hamburg-Harburg,
Korber AG, Daimler Benz Aerospace-Airbus, ASCAD GmbH Nord and SerCon GmbH.
The aim of the project is to further develop the ADIK prototype into a practically

applicable tool for various "drawing interpretation" purposes.

Though the aims of WIZ, ADIK and InterDok is to provide a domain-independent
drawing interpretation system, most of the approaches and models applied in systems
only shows successful example in mechanical drawings and can not be used in the

construction industry.

MDUS (Machine Drawing Understanding System) is a system developed by team at

department of Industrial Engineering and Management of [srael Institute of Technology,
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which is ultimately aimed at reconstructing 3-dimensional objects described in drawings
{Tombre 1997, Dori. 1997). Several algorithms for sparse-pixe!l primitive detection were
developed and implemented, including recognition of bars, arcs, arrowheads and text
{(Dori  1995; Dori and Liu 1999). In an international contest held in 1997, MDUS (Fig.
2.4) was rated as the best performing systems in the domain of mechanical engineering

drawings.

Brain W. of Bell Laboratories describes a sub-system of WISE (Wireless System
Engineering), a tool for design and optimization of indoor wireless communications
systems, which is to extract information about the walls of a building from architectural

plans (Kernighan et al. 1996).

Research in the area of EDUI in the construction industry is relatively new; therefore,
there is little pertinent literature in this area. Only a few systems have been developed
for the understanding and interpretation of constructional engineering drawings (Ah-
Soon and Tombre. 1997). Maost systems focus on processing architectural drawings. In
a construction project, drawings can be classified into the following categories based on
the functions: Site plan, Architectural plan landscaping plans, civil plans and, Structural
plans. Structural plans gives the most detail information of a building compared with
other plans, and is also the most complicated plan. Few algorithms or systems are
proposed for structural plans or other type of engineering drawing in the construction
industry. Table 2.2 summarizes the approaches.

Table 2.2 Algorithms of Drawing Understanding and Interpretation in Construction

Author and Category Cutput Approach Furpose
Year
Koutamamis CAD Drawings Building Template Architectural
1989, Understanding Element matching design
1992,1993 and Interpretation
Flemming et al. CAD Drawings Rooms . Syntactic Architectural
1988,1989,1993 Understanding Pattern and design
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and [nterpretation

Rule based

approaches
Yessios, Cetal. | CAD Drawings Architectural Rule based Architectural
1989 Understanding elements approach design
and Interpretation
B.O.Nnaji etal. | CAD Drawings Architectural Neutral Architectural
1990 Understanding clements network design
and Interpretation
Al Pollock et. | CAD Drawings Wall, room Graph based Architectural
Al 1994 Understanding : appracch design
and Interpretation
Ryall Shieber CAD Drawings Wall and Image process Architectural
1995 Understanding Rooms and recognition design
and Inferpretation
Brian W. 1996 CAD Drawings Wall Sweep Wireless
Understanding Algorithm communications
and Interpretation predictions
J. Lladés et al. Sketch Wall and Graph based Architectural
1996, 1998, Interpretation Room, approach design
1999, Symbols
Y. Aokietal Sketch Wall Sweep Architectural
1996 Interpretation Algorithm design
M Huang, et al. CAD Drawings Building Image process Cost estimation
1997 Understanding structure and recognition
and Interpretation Element
Christian Ah- Sketch Wall and Sweep 3D reconstruction
Soon and Karl Interpretation Rooms Algorithm
Tombre 1997,
1998
Y. Cao 1999 CAD Drawings Column, Rule-Based Cost Estimation
Understanding Beam Wall, Approach
and [nterpretation Slab
Song Z-L et al. CAD Drawings Room Graph Room Searching
2002 Understanding Approach
and Interpretation
S. Wang et CAD Drawings Structural Rule-Based Quantity Survey
al.2002 Understanding Element Approach
and Interpretation
G. S Anchez et Sketch Wall Sweep Building Planning
al.2003 Interpretation Algorithm Model
Yong-Bin CAD Drawings Watll Knowledge- N/A
Kwon 2003 Understanding Direct Sweep
and Interpretation Algorithm
Zhi G.5. et al. CAD Drawings Wall, Room Graph Based Building
2003 Understanding Approach Evacuation Model
and Interpretation
2.4 Conclusions

This chapter presents a survey of recent research that is related to EDUL Several systems

have already been developed, for example, CELESSTIN in France and BP-Expert in



Singapore, yet there are still limitations found in their applications. These limitations can
be categorized as follows. Firstly, most of the previous engineering drawing analysis
systems are still at the lexical phase, and do not have the ability to semantically interpret
engineering drawings. Secondly, drawing analysis systems that were developed in earlier
stage all targeted a single type of drawing. However, emphasis of recent work has found
to be a need for systems that can be applied to different types of drawings. Thirdly,
methods described in the previous systems could only work well in strict conditions (line
thickness, grid location, etc.). Fourthly, the previous systems do not have the ability of
self-learning or self-adapting. Hence, a large number of rules will be required to cover
every possible condition. But as the number of rules arises, the reasoning speed of the
system tends to become slow. Finally, they lack performance measures and experimental
protocols. These limitations motivated the writer to develop a more awtomatic, self
contained, less complex and more robust system to interpret constructional engineering

drawings.
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Chapter 3

INTELLIGENT DRAWING MANAGEMENT USING
ENGINEERING DRAWINGS UNDERSTANDING AND

INTERPRETATION TECHNIQUES

31 Introduction

Every year thousands of construction drawings are produced for each construction
project using computer-aided design systems (CAD). Differf;nt parties create drawings
representing different functions of the same building. Since there are no convenient
tools avéilable to monitor drawing changes and identify which versions are the most up-
to-date, it would be hard for contractors to obtain the most updated version of drawings,
especially when one drawing is linked to several other drawings. Therefore, in order to
maintain the history of different versions of drawings and version control has become a

key issue in the development of an EDUI system.

The task for controlling the development of different versions of a drawing can be
complex. It will become more complicated when the number of authors increases (Dix
and Miles, 1992). Various attempts have been made to categorize and index drawings.
While some of the methods can be very helpful for the version control, most of the

methods require manually inputting necessary version data.

Standardizing key information in engineering drawing is helpful for version control,
and is widely applied. For example, vendors of the Department of Defense of the U.S.
government are required to provide technical publications complied with particular

military standards, such as MIL-M-38784 and MIL-M-81927. CERN (CERN EST/98-



01 (ISS) CDD Manual} also adopts a method to use a unique fixed length alphanumeric
number identifying the key information in engineering drawings. Drawing sequential
numbers are standardized by some codes, and based on these codes main data items
associated with each drawing can be extracted automatically. In addition, version
information can be extracted automatically. The Hong Kong Architectural Service
Department and Hoﬁsing Department also adopt the similar drawing management

methods.

Though standardization is a very useful method, mistakes caused by incaution of
designers and different parties involved in a same project make it difficult to implement.
For example in the Japanese construction industry, architects and engineers only
produce preliminary drawings and general contractors and their subcontractors produce
all the detail drawings (Hirasawa et al. 1999). 1t is therefore difficult to require the
architectural companies, general contractors and subcontractors to follow the same
drawing standards. In this regard, flexible methods are needed. Hughes Aircraft
Company introduces an automated logistical relational database support system for
engineering drawings management (Virgil et al., US patent US-5, 493,679). The system
extracts version information in a drawing frame using a model-based method. Firstly,
the method defines patterns that describe the extraction area of drawing frames for
different kinds of drawing. When a new drawing is introduced to the system, it selects a
predefined pattern most similar to the drawing frame used in the new drawing and
extracts the information based on the selected pattern. But the method does not analyze
the layout of version information in the drawing frame. The region and layout of the
drawing frame is defined through user interaction. In addition, for engineering drawings
with different layout plan of drawing frames, predefined patterns should be prepared

and implanted into the system before version extraction.
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In this chapter a knowledge-directed version information extraction method is presented.
This chapter firstly presents a method that analyzes the layout of the drawing frame and
extracts version information with the help of predefined key words. Next, a description of
changes shown in the table is recognized and information relating to the description of the
changes is extracted. Then a comparison method between two versions of a drawing is
introduced. Dissimilar graphic primitives between two versions are marked with different

colors, so that engineers can locate and identify changes quickly.

3.2 Automﬁtic Recognition of Version Number

3.2.1 Version Number Extraction in Drawing Frame

A standard engineering drawing can be regarded as consisting two parts: drawing content
and drawing frame. While the drawing content gives detailed descriptions of enginecriﬁg
objects, the drawing frame supplies generic information concerning properties of the

drawing. Version information is part of the important information in the drawing frame.

T T L L . '

Fig. 3.1 Drawing Frame

Even though drawing content could be complicated, the format of a drawing frame is
similar across all kinds of drawings (see Fig.3.1). Based on the fact, an automatic
detection algorithm is designed to recognize the verston information illustrated in the
drawing frame. There are three typical representations for the version number

information (see Fig. 3.2). In type a and b, version number is described with a key word,
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Fig.3.2 Three representations of version number

and in type ¢ version number is attached with other drawing information such as the

drawing number. A detail description of the recognition method of version number is

described in the following steps:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Collect all the graphical elements from a CAD drawing.

Find all the enclosed rectangular regiong in the drawing. Then check all the
rectangular regions and find the rectangular regions fulfill the following three
constraints: (1) The rectangular is located at the right or bottom of the drawing,
(2) The rectangular comprises of a group of rectangular regions, (3} Some
strings in the predefined key words dictionary could be found in the enclosed
rectangular. The rectangular regions fulfilled with the three constraints are the
regions of drawing frame.

Get the drawing frame and store all the inside closed rectangular regions in a Set
A.

Go through the inside area of every rectangular region in Set A to find a region
that fulfilis one of the following criteria (1) The region contains one string, and
the string is also in the predefined key words dictionary. (2) The region contains
two strings, one is in the predefined key words dictionary and the other is a
character. If the region fulfills the first criterion then go to step 5. If the region
fulfills the second criterion, then the character is the version number. If could
not find such a region, got step 6.

Check all the regions that are adjacc_:nt to the region found in step 4, and find the

region that contains only a character. The found character is the version number.



Step 6: Find all the regions that contain a character and check whether the regions are
attached to another drawing information region. If the regions can be found, the
characters inside are the candidates of version no. Otherwise, the drawing
number cannot be recognized until the recognition of Changing Description
Table. Compare the version information found in the Changing Description

Table to decide which character is the correct version number,

3.2.2 Changing Description Table Analysis

Change description table (CDT) plays an important role in version control. It is the k.ind
of table used to describe some important information related to the changes of new
version. The columns of the table could conéain Data, Initial and Description of the
changes (see Fig. 3.3). Many research efforts have been reported on developing
methods to recognize tables (Cao 2002). Limitations of these systems include that they

could only automatically or semi-automatically recognize tables using information

B | 4/97] COLUMNS €26, SEC. 1-1, 2-2
REVISED 7O SUIT ARCH. YN

£ 1 /971 COLURKNS C4d44 AND C25% REVISED ~
TO SUIT ARCH. DRAWING SIGNED
ray. | Aate descrigtion initicl

Fig. 3.3 Change Description Table

stored in predefined table databases (Cao 2002, S. Chandran et. Al. 1993, Itonori 1993,
Shamilian 1997). An important difference between CDT with other kinds of tables is
that the column head of CDT is at the bottom of the table. It is because that the number
of rows in CDT could not be determined and a new version will result in a new row.

The latest version number is stored in the top of the row. Different companies and

originations have different settings of columns, so it is difficult to set a uniform modei
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of CDT. A possible method is to set corresponding predefined patterns for every new

type of CDT. But it still requires a great deal of manual input.

In order to minimize manual input, two distinctive features are used to recognize CDT
automatically. The first feature is that every CDT has at least two columns: Version
Number Column and Description Column. The second is that the Version Number
Column contains a group of rectangular regions and each region has a character inside it
and the character in the top region is the same to the version number extracted from the
drawing frame. Characters inside the regions are listed in a descending sequence. Key
words used for the column headings of the aforementioned two columns are limited,
and could be stored in a predefined key words dictionary. The CDT detection algorithm

is based on these two features and is described in details as follows:

e Find all the closed rectangular regions in the drawing frame and select the
rectangular regions that only contain one character.

« Group the above regions with the width, height and position. Those regions, which
have same width, height and are connected, are grouped into a set.

e Go through all the sets that are grouped in step 2 and sort the regions in the group
based on the position of the character inside. For a region A, if the character inside
is higher than the character of the region B, then region A is put before region B in
the set. Go through all the sets and find a group that characters inside are listed in
descending sequence, and record the top and bottom position the group.

o Get the groups and check whether the group fulfills the following conditions: (1) A
column head region is adjacent to the bottom of the group. The column region has
same height and width with the regions inside the group and contains a string that

could be found in the predefined key words dictionary (2). The top most character is
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same to the version number extracted before. If the group can fulfill the two
conditions, a CDT in the drawing frame is recognized. The bottom and top positions
of group are also the top and bottom positions of CDT and the number of regions in
the group is the number of rows.

e« The Descriptioﬁ Column can also be detected based on the position of CDT and

Version Number Column.

3.2.3 Drawing Comparison

To analyze the content of CDT is a task of natural language processing which is not the
focus of this chapter. However, engineers can use the content in CDT to detect the
differences in two different versions of drawings, as the most important concern to
engineers is to identify the changes in the new version of drawing quickly. So an
automatic CAD drawings comparison method is presented in this chapter to assist the

engineers to detect the changing graphical primitives between different versions.

Before comparing two versions of drawings, a reference point should be detected. And
all the graphical primitives are compared based on the detected reference point. Two
kinds of points could be used as reference points: Intersection poiints of grid system and
points of a drawing frame. The method used to detect the region of drawing frame is
already described in this chapter. Methods for obtaining intersection points of grid
system can be referred to the paper (Wang and Cao 2002). After finding the reference

point, the comparing algorithm proceeds according to the following steps:
« Collect all the graphical primitive data from two CAD drawing files A, B and store
them into graphic primitives sets based on drawing structure. For example F ig. 3.4

lists some typical data structure of some common graphic primitive in DWG or
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www.opendwg.org).

DXF fite that define and generate

by AutoCAD (www.autodesk.com,

Line: Text: Dimension: Arc:
Layer, Layer, Layer, Layer,
LineType, Height, Rotation, BeginAngle
X0, Y0, 20, Font, BlockName, ,
X1, Y1, Z1, Rotation, X0,Y0,20, EndAngle,
X0, Y0, Z0, X1,Y1,Z1, Radius,
X1,Y1,Z1, X2,Y2,22, X0,Y0,20,
X3,Y3,Z3, X1,Y1,Z1,
X4.Y4,74 X2.Y2,722

Fig. 3.4 Typical Graphic Element Data Structures

e If A and B contain XREF data, convert the XREF data into graphic primitives sets.
The term XREF is used to refer the type of data that appears in the drawing files of
some CAD software that aliows another drawing to be inserted at a specified point
in the drawing.

e Go through every graphic primitive set and check the graphic primitive between A, B
and mark the following situations: (1) A graphic element a is shown in A but not in B,
(2) A graphic primitive b is shown in B but n;at in A (3) Graphic primitive a in A, b in
B are shown in same position but do not have same properties. Properties can be
classified into two types: Geometrical property and general property such as Layer,

Color, font, LineType and so on.

The automatic CAD drawings comparison method is implemented in the system
presented in Chapter 7. In the system two types of comparison functions are
implemented based on the different reference point: comparison based on World
Coordinate System (WCS), which simply compares the two versions based on their

original reference point provided in the drawings, and Comparison based on User
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Coordinate System (UCS), which compares the two versions based on the reference
points selected by the users. After comparison, the differences are highlighted and users

can locate the changes easily. A sample of comparison resuit is shown in Fig. 3.5.

Fig. 3.5 Comparison Result of Ditferent Versions

33 Experiments

This section reports two experiments on automatic version numbef extraction and CDT
recognition conducted in the research. In the first experiment, 469 architectural drawings
of three types are selected to test the aigorithm of automatic version number extraction.
The experimental drawings are from three sources: Hong Kong Architectural Service
Department, one of Hong Kong main contractor and one of China Architectural Company.
The version number information from different sources is shown in different format and
the key words for identifying the version number information are also different. Except
for one architectural drawing, all the other drawings had a sound result in the experiment.
The only drawing that could not be processed correctly had the graphical errors in the
drawing.

Table 3.1 Results of Version Number Extraction Experiment

Name Hong Kong Architectural One of Hong Kong Main One of China Architectural
Service Depariment conlracior compaty
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ersion No o li T
e || se/es/sions REY. A nEs |

LT B0

Type Structure Details Architectural Plan Building Service Plan
Drawing
Number 265 176 28
Extraction 100% 99.4% 100%
Correctness

In the second experiment, 441 drawings of two types were selected to for automatic
CDT recognition. Though the column fields of two types of drawing are different, the

presented method can detect the CDT correctly based on the feature of version number

list.
Table 3.2 Results of CDT Extraction Experiment
Name Hong Kong Architectural Service One Hong Kong Main contractor
Department
&
Version No. 3 P P LA P )
Type N A v
o L L o m:q(fév:‘-»;
Type Structure Details Architectural Plan
Drawing
Number 265 176
Extraction 100% 100%
Correctness

The methods proposed in this chapter are successfully implemented in the EDUI system
presented in Chapter 7. Furthermore, the methods can also be widely employed in
drawing management systems in construction as well as many other manufacturing

sectors.

34 Conclusions

In this chapter, methods for automatic version control are presented. The methods not
only focus on extracting the information about version but also on detecting differences
between different versions of drawings. Therefore, these methods can avoid massive

manual input required in other systems, and also detect inconsistencies and mistakes
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through comparisons of drawings. Future research will be focus on how to manage
different versions of engineering drawings at the lexical and semantic level, and the
user can quickly identify which architectural or construction elements have been altered,
so that all the refated subsequent modifications can be made automatically. Another
research task will be on the reduction of storage cost on keeping several versions of
drawings simultaneously. Current drawing management systems require storing all the
revisions together. This makes it prohibitively expensive to run these systems in terms
of storage costs, especially when no data compression techniques are employed. Finally,
indiscriminately storing every change produceé too many revisions, and engineers have
difficulties to distinguish them. Therefore, how to use drawing interpreting technologies
and comparison methods to save the changes of the new version alone will be an

interesting research topic in the future.
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Chapter 4

SYMBOL RECOGNITION ERRORS REDUCTION USING

RECOGNITION ORDER ADJUSTING ALGORITHM

4.1 Introduction

The EDUI process can be divided into the following three phases: graphics primitive
recognitidn; symbol recognition; and element recognition. Syfnbol recognition is the
~intermediate process of drawing understanding and interpretation. It converts discrete
graphical p.rimitivcs into symbols that have special meanings. Symbol recognition is
the kernel process of EDUL. Most of EDUI systems have to resolve symbol recognition

problems.

Many approaches have been proposed for symbol recognition. A few examples include
model matching, decision tree, neural network, graph, matching, syntactic/structural
matching and statistical method (Lladés et al. 1999; Ah-Soon et al. 1998; Okazaki, et al.
1988). If processed engineering drawings are not complicated, all these methods can
achieve high efficiency and accuracy. However, interp;'eting hundreds even thousands
of symbols in complicated engineering drawings is not an easy task. When the correct
recognition rates of the aforementioned approaches get to a certain level, it is difficult
to improve further. Currently, research efforts have been concentrated on optimizing the
algorithms themselves. It is generally understood that recognition errors are caused by
noises and distortions (Chhabra 1997). However, there are other types of reéognition

errors that are often overlooked. These kinds of errors are named as related errors,
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which are caused by the interference of adjacent objects in the drawing. For example, if
a symbol is the sub-graph of another, it will be probably recognized wrongly. This type
of error impacts not only on the symbol itself but also the recognition of other objects.
Based on statistics, about 15~30% of recognition errors are related errors tn symbol

recognition (Cao 2003).

This chapter introduces an algorithm to adjust symbol recognition in order to reduce
related errors. The algorithm counts ambiguous instances of symbols in a drawing
based on calculating the similarity measured by two different thresholds that will be

elaborated below.

4.2  Definition of Symbol Recognition Priority

It is generally understood that a symbol or graphical primitive that has more similar
instances in the drawing will result in higher probability of error-recognition. The
_probability of error-recognition and recognition of a symbol depends on whether the
recognition algorithm uses strict or loose thresholds. The probability of related errors
occurrence between strict and loose thresholds would be higher than other fields. So in
this chapter an algorithm is proposed to evaluate probability of the related errors of each

symbol and recognition order is performed according to the evaluation.

The symbol model is represented in a graph structure, where graphical primitive is the
node and relationships between graphical primitives are edges. The probability errors
related of a symbol are the sum of the related errors probability of its nodes and edges.

A similarity matrix proposed by Yeung (Yeung and Wang 2002} is used to measure the
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similar instances in engineering drawings of nodes and edges in the symbol model.

Suppose that each node/edge is identified by a collection of features £, {j =1, m}.
Then for i=1,2--,N,e, =(x,,%,, %, ), where x, corresponds to the value of
feature F,{1< j<m). Function Dist(p,,p,) is defined to represent the geometric

similarity between two nodes or edges.

Dist(p,) = [>(x, = x,)’

If Dist(p,, p,} <&, then p, and p, can be treated as similar. The number of similar
instances depends on the value of &. In order to identify the probability of related errors
of a symbol model, two thresholds value £, and &,, &, > &, are chosen, where £, is a
strict threshold that tries to ensure that least errors elements will be counted into the
similar set, and £, is a loose threshold that tries to ensure that most similar elements
will be counted into the similar set. The value of & and £, could be different in
different engineering understanding and interpretation systems. In this chapter a simple

approach is chosen to establish the value of &, and &, . For each recognition condition,

the selected threshold is £, then £, =0.9x¢ and &, =1.1x¢€.

The definition of Density of Similar Nodes in Symbol (DSN) can be defined as:

_S(n,¢)

DSNn,, €)= o0

S(n,,£) is the amount of graphic primitives similar to »;in a drawing, O(n,) is the total

amount of graphic primitives of the group which », belongs to in a drawing.  For a



symbol s with N nodes, the probability of related errors occurrence of nodes can be

defined as:

CN (s) = i (I ~({DSN (n,,£,)- DSN {(n,,&))

ini
For an edge e (n,n,) in the symbol model, and nodes  set
{R, | n} € R, Dist(n],n,) < &} and {R, |ny € R,,Dist(ny,n,) <&} , two edges sets
could be got:

{ER |(ni,n/ye ER ,n| € R, Disi{n;,n}),(n,,n,) <&}

{ER, i(n},nl) € ER,,n, € R,,Disk(n,,n]),(n,,n,) <&}
The definition of Density of Similar Edges (DSE) in Symbol is defined as:

DSE((”l,nz)) — S((”I!”Z),E) .
O(n,, 1))
S((n,,n,).€) returns the similar amounts of edges in £R, and ER,, O(n,n,) returns

the total amounts of the type which (#,,n,)belongs to in drawing.

For a symbol s with M edges, the probability of related errors occurrence of edges can be

defined as:

CE(s) = i (1 - (DSE((n;,n;),£,)— DSE((n,,n,),€))) -

i=l
The symbol recognition priority (SRP) can be defined as:
SRP (s)=CN(s)+ CE(s).
For a set of symbols, the recognition order can be performed based on the recognition

priority of each symbol.
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An example is given how to calculate the recognition priority of two symbol models:

Double Swings Door and Single Swing Door (see Fig. 4.1).

e[f0

OFD o ¢
[ b & Clo
8] () fo} ] C
o RO k)G [0 o
i 1@ o) B EE LI
T B — - N
Doubie Swings Dovr Single Swing Door Tl i
Symbols Candidate Drawing
a b

Fig. 4.1 Symbol Model and Candidate Drawing

Table 4.1. Double Swings Door Recognition Priority

(1) 4] @[] G | (5|62 06403 0D
Double Swings Door :
S(n,€,) 31 31 4 [ 3| 10 | 137 | 137 | 8 3 [ 8 58
S(1.,£,) 54 54 7 | 7| 15 | 286 | 286 [ 8 3 g | 154
DSM"”EZ) 0.973 0973 | 0625 05| 0994 | 0.998 | 0.998 1 1 1 0.999
~ DSN(n,, £,)
SPR 10.06
Table 4.2 Single Swing Door Recognition Priority
Single Swing Door {a) (b) {c) {(a,b) (b,c) (c.a)
S(n,€) 3 31 3 470 8 8
S(n,&,) 54 54 7 1147 8 ]
(]
DSNr,2,) 0.973 0.973 0.5 0.992 1 |
~ DSN(,,£,)
SPR 5.438

Graphic primitives in engineering drawings can be classified into the following classes:

Line, Arc, and String. For statistical purposes each kind of graphical primitive is further

classified into several groups. For example, lines can be classified into three groups:

[solated Line, Open Ended Line and Enclosed Line (Maderlechner 1988), and

according to the classification of lines, arcs can also be classified into four groups:
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[solated Arc, Open Endéd Arc, Enclosed Arc and Enclosed Loop Arc. Strings can be
classified into three groups: Digital word, normal word and sentence. Different groups
of graphical primitives have different recognition complexity level. Based on the
grouping, the number of {Isolated Line, Open Ended Line, Enclosed Line}, {lsolated
Arc, Open Ended Arc, Enclosed Arc, Enclosed Loop Arc} and {Digital word, normal
word, sentence} are {0,212,884}, {0, 8, 2, 3} and {0, 9, 18}, the numbers of {Line,
Line}, {Line, Arc}, {Line, String}, {Arc, String}, {Arc, Arc}, {String, String} are
87908, 6184, 8568, 67, 12 and 52. Double swings door has three tines', two arcs, three
{Line, Line} edges, six {Line, Arc} edges and one {Arc, Arc} edges. Single Swing
Door has two lines, one arc, one {Line, Line} edges, two {Line, Arc} edges. The SPR
value of Double Swings Door and Single Swing Door can be found in Table 4.1 and

Table 4.2. And Double Swing Doors should be recognized before Single Swing Door.

4.3 Proof of Accuracy and Efficiency Improvement

The relationship {s;,s j} between two symbols model s, and s, can be classified into the
following three types: {R, |5, < s;} (see Fig. 42(a)), {R, |5, (s, # g5, @s,,5, T 5;}
(see Fig. 4.2(b)y and {R, |s; (s, =@} (see Fig. 4.2(c)).

For two symbols s, and s, their individual correct recognition probabilities are p(s,)

-~ O ©
S A [
a b c
Fig.4.2 Symbol Relationships
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and p(s,). If recognizing them together, the correct recognition probabilities will be

p(s,5,) or p(s,s,) based on different recognition order.

If {s,,5,} C R and SPR(s,) > SPR(s,), based on the recognition priority, 5, will be
recognized before s,. Errors that recognize part of s, as s, will be avoided, so p(ss,)

will be higher than p(s,s,).

if {5,,5,} R, and SPR(s)>SPRs,) , the following' symbols can be defined
as {5, |5, =8, 18,3, {8, |5, =5, =5,,} and {55, | sy =5, =$,,} . Errors will occur
under the following conditions: (1) For a symbol instancesf in a drawing, and a similar
structure 5'1{2, if s; and S{z match the constraints of s, and the symbol recognition
system recognizes 5, before s,. (2) For a symbol 55 instance in a drawing, and a similar
structure S;i], if s} and slj] match the constraints of 5, and symbol recognition system

recégnizes s, before 5. -Based the definition of SPR, SPR(s))=SPR(Si2}+SPR(s1) and
SPR(s;)=SPR(s12)+SPR(s;). If SPR(s;)>SPR(s;} then SPR(si)>SPR(sz2). If
SPR(s;1)>SPR(s2), it will be under two cases: (a) complexity of 5, is high than 55, (b)
There are more similar objects to §,, than to s, in the drawing. In case (a), 5, will have
more constraints than s, . In case (b), the probability of related errors of s, will be higher
than s,. Therefore in both cases error rate of condition (2} will be lower than that of

condition (1). So p(5,5,) = p(s,5,}).
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If (5,,5,) © Ry, then p(s;s,) will be equal to p(s,s,) -

Therefore, for a symbol set, to change the recognition order based on the symbol
recognition priority will avoid some related errors, so that the total recognition accuracy

can be improved.

The proof of efficiency improvement is given below. If there are two symbols s, and s,
5, consists of ¢, lines and ¢, strings, s, consists of 4, lines and &, cdges and numbers
of to be lines, edges and strings in drawings are 4, 8 and C, respectively Two factors
will affect SPR: the complexity of the symbol model and recognized primitives in
drawings. In most cases SPR is in inverse proportion to the number of recognized
primitives in drawings. If 4> B> C, SPR(s,) will be higher than SPR(s,) under most
conditions. The efficiency will be improved if the symbol recognized system recognizes

5, before s,.

The average searching cost of sclecting one -graphic primitive from M graphic
primitives is % So the average searching cost of selecting A7 graphic primitives from

M1

—_ZN(M;N)!' If the system recognizes §, firstly, and then

~ graphic primitives is

recognizes §,, the matching cost 05, will be:

Al a (£-a) B

B 2“'{,4*“‘)!' 2°94C - ¢ ! 2% (Ad—a, -a,) 2%(B-b,)N
|

o5,

[f the system recognizes S, first, and then recognizes S, , the matching cost 05, will be:

A . B! . (A -a,) . C!
221 (4 -a,) 2%(B-b) 2(4-a,-a,)t 2°(C -¢)

Qsz‘_‘
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Then the value of g5, /05, will be:

B, A (d=a)t ,, C 4 _(4-a,)!

25 el (A-a-a)l 2% (d-a)! (A-a, ~a,)

Based on statistical data, in a symbol the number of any kind of graphic primitive,

except line, is no more than 4. Forg, >0, ¢, >0, a,>0, b, >0, 50 a, +¢, —a, - b, e[-44].
[t means that 24 ™™ ¢ [%,16]. In an engineering drawing the total number of one kind

of graphic primitive will be more than 100. If the drawing is slightly complex, the

number will be over 1000. In most conditions, B8~C>5 , so the value of

B! C! Ble2 @ *tai mathy
-3 f—= will be more than 100000. For
2o g mra C!

A {(A-a)! ) A (A-a)! . (A-a)!
(A-a)! (4-g-a)! (4-a)! (A-g-a) (4-a)!

If a, >a,and a, =a,, it is so obvious that the 05, /0S5, >>1. If a;, <q,, in a symbol the

(A-a) |

—,itis
{(A—a,)} A-a,

average difference value of a, and a, will be no more than 2. So

also obvious that 0S,/QS, >>1. This proves that by only changing the recognition

order, the recognition efficiency will be improved greatly.

4.4 Experiments

It is common for a symbol to be a subset of another symbol, so related errors exist in
different applications of symbol recognition. Experiment one includes a survey on the
subset-relationship that exists in the symbol models presented in the previous studies.
Five types of drawings are selected, they are: maps, geographic drawings, electronic

drawings, circuit diagrams and constructional drawings, and results are shown in Table
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4.3. From the survey, subset-relationship is more common in electronic drawings,

circuit diagrams and constructional drawings than in the other two types of drawings.

Table 4.3 Symbol Relationship Survey Results

Field Symbol Number R, R, References
Maps 6 33.3% 0 E. Reiher et al.1996
Geographic 18 5.5% 72.2% H. Samet et al. 1994
Electronic 25 20.0% 80.0% A. D. Ventura 1994
Circuit Diagram 8 25.0% 75.0% A.Okazaki. 1988
Construction 55 23.4% 76.6% S. Wang et al. 2002

Three kinds of matching orders were chosen and applied in a graph-based symbol
recognition system: Random order, high-priority-first-recognition order and low-
priority-first- recognition order (see Fig. 4.3). The symbol rccognitioﬁ system is based
on attributed relationship graph matching. Most of the traditional systems are currently
using the random order. In the High-priority-first-recognition order, symbols with
higher SRP values will be recognized befo-re those with lower SPR values, while in the
tow-priority-first- recognition order, the recognition will be performed in the reverse
order to the High-priority-ﬁrst-recqgnition order. Low-priority-first- recognition order
is used to stmulate the worst case in matching order. 15 symbol models and 13
engineering drawings were :;elected for testing. The largest drawing has 5839 lines, 873
texts and 81 edges, and the smallest drawing has 1335 lines, 582 texts and 21 edges.
The results are shown in Fig. 2 and average correct recognition rates of three orders are
96.16%, 93.16 and 89.16%, respectively. By adopting high-priority-first-recognition
order, the recognition system can improve correct recognition rate by 3 percent

compared with the average.
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4.5 Conclusions

A symbol réoognition order-adjusting algorithm is presented in this chapter. The
method prioritizes the symbols to be recognized by using the similarity measurement of
instances in a drawing under two recognition thresholds. Through counting the number
between two thresholds, the probability of error recognition of the symbol can be
determined. Based on the error probability sequence, a suitable recognition sequence is
performed and some of the related errors can be avoided, so that both the accuracy and
efficiency of the symbol recognition system can be improved. The algorithm is general
and has a broad applicability. Although the example is drawn from symbol recognition
to illustrate the point, the method described here can also be applied to other fields of

graphics recognition such as OCR.
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Chapter 5

ANOVEL WALL DETECTION ALGORITHM BASED ON DOOR

SYMBOL RECOGNITION IN ARCHITECTURAL DRAWINGS

5.1 Introduction

Walls are backbones of architectural drawings. It is a basic requirement of quantity
survéy systems to extract wall information. The quantity of none structural walls could
only be recognized from architectural drawings, and wall information in architectural
drawings describes the essential spatial information and dimensional information of a
building that is important for the quantity survey of structural elements. ln' the past two
decades there has been a growing interest amongst researchers in studying the field of
~ architectural drawings understanding (Tombre 1995; Lladds et al. 1999; Ah-Soon 1998,
Pollock 1994). Several methods are potentially useful for extracting graphical information
of walls from architectural drawings. These methods could be divided into two classes:
semi-automatic extracting (Zhi et al. 2003) and automatic extracting methods (Ah-Soon
et al. 1997; Kernighan et al. 1996; Kwon 2003; Sanchez et al. 2003). Semi-automatic
extracting methods mainly use layer and block settings to classify and group graphical
objects in CAD systems. The algorithms for wall extracting are only performed on the
grouped objects. Semi-automatic methods have advantages when drawings arc correctly
set and prepared. However, current CAD drawings are not produced with standardized
settings and symbols. In addition, mistakes, such as wrong layer and object definitions,
incorrect placing of objects in layers, redundant objects existing in different layers, are

common in current professional architectural drawings. The fact that architectural
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drawings are prepared in different companies and organizations with different drawing
styles and settings adds to the complexity and heterogeneity of architectural drawings. As
it is very difficult to require architects to follow the same layer and blocking settings, the

semi-automatic extracting methods cannot be widely applied.

Automatic extracting methods process all the graphical objects and recognize walls by
using features. Parallel lines of a wall are a feature applied by most automatic extracting
methods (Ah-Soon et al. 1997; Anchei et al. 2003). The key idea introduced by Ah-Soon
and Karl Tombre (1997) is to sweep pairs of parallel thick lines that belong to the same
wall. However, one drawback is that it is difficult for the sweep algorithm to recognize an
open-air courtyard in the drawing. Although Anchez (2003) reported an algorithm which
improved Ah-Soon and Karl Tombre’s algorithm (1997) by adding some constraints, the
additional constraints are still based on the parallel feature of wall. The first attempt of
using other helpful information for wall extraction is introduced by Kwon (2003). He
presents a method for recognizing main walls in architectural drawings by -using
dimension extension lines. The main limitation of this method is that a dimension
extension line should be the only auxiliary line in wall boundaries. Thus this method

cannot recognize and extract walls that comprise several parallel lines.

When the parallel feature is not distinct enough for wall extraction, all the previous
automatic methods will have limitations in handling representations of walls and the
other architectural elements similar to walls. These limitations are difficult to solve by
only adding additional constraints into existing automatic methods. A possible solution

is to introduce more features in wall recognition and extraction, but wall representations
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are simple, features such as dimension extension lines inside wall boundaries can only
aid some cases. In this chapter, an automatic wall extraction algorithm that utilizes
doors as an additional feature is introduced. The algorithm goes like this. Firstly, a door
is recognized for guiding room boundary searching. Then, separating walls between
two rooms can be identified. Lastly, the separating walls guide the recognition of other
walls that are not between the two rooms. Some examples are used to indicate how this
new algorithm overcomes the shortcomings of the previous algorithms and that the

speed and accuracy of the presented approach are improved significantly.

5.2 Wall Detection Algorithm Based on Door Symbol Recognition

5.2.1 Difficulties of Wall Recognition

Wall is a continuous structure forming one of the sides of a building or room. It is usually
represented with two or several parallel lines. So the parallel feature seems to be the only

distinct feature for wall extraction, and is also widely used in many existing algorithms.

CABINETS

AN . | | roors

a b
Fig. 5.1 Elements similar to wall

Many other elements in engineering drawing have a parallel feature. It is not easy to
distinguish a wall from those similar elements (see Fig. 5.1). In addition, as several
parallel lines can be used fo represent a wall, in some cases all the lines are wall

boundaries, while in other cases only the two outside lines are wall boundaries and the
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other lines are auxiliary lines. Therefore, it is difficult to detect the correct wall boundary

by only applying parallel feature (see Fig. 5.2).

i

a b c d e
Fig. 5.2 Walls presented in several parallel lines

It is difficult to solve the above problems by only improving the wall-extracting algorithm
itself. This is why doors are introduced as an additional feature to guide the extraction of '
wall boundaries. A door is an essential element opened in the wall, therefore the lines
connected with a door symbol must be wall boundaries or auxiliary lines inside them. The
representation of door symbol is very stable, and is usually represented with two straight

perpendicular lines and an arc, which is much more distinct than the representation of a

wall.

5.2.2 Door Symbol Recognition
S)'fmbol recognition is the task of finding and labeling part of a 2D model in
engineering drawing. Many algorithms, such as model matching, graph matching,
syntactic/structure matching and so on, are proposed for symbol recognition. In this
chapter, a rule-based algorithm is adopted for interpreting the door symbol. The main
rules are described as follows:
Rule 1: There are two kinds of door symbols: Double Swings Door, Single Swing
Door (see Fig. 5.3)
Rule 2: A standard Double Swings Door symbol contains five elements: one Long

Door Edge Line, two Shoit Door Edge Lines and two Door Track Arcs.
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Doubie Swings Door Single Swing Door
Fig. 5.3 Door Symbuol

Rule 3: A Long Door Edge Line is the line that shows the width of the door and it
intersects with Short Door Edge Lines and two Door Track Arcs.

Rule 4: A Short Door Edge Line is the line that shows the width of door from
another direction. The length of Short Door Edge is half of Long Door Edge.

Rule 5: A Door Track Arc is the arc that shows 90 degrees rotation track from Short
Door Edge to Long Door Edge.

Rule 6: A standard Single Swing Door symbol contains three elements: two Short
Door Edge Lines and one Door Track Arc.

Rule 7: Two Short Door Edge Lines show the width of door in different directions.
It should be noted that the algorithm of door symbol recognition is not the
focus of this chapter, and its details could be found in chapter 4 and 7 and a

previous paper (Wang ct. al. 2002).

-5.2.3 Wall Extraction Algorithm

Before wall extraction, the architectural drawing is firstly converted into a graph

structure. In the structure, all the intersection points of lines and arcs are the nodes, and

lines and arcs are the edges. Next all the recognized door symbols are converted to
edges in the graph structure, called door edges (Zhi et al. 2003). Then wall extraction

can be perforined on the graph structure. There are four steps for wall extraction:
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Step |: Door edges are used as seed segments for tracing the inner boundaries of
rooms (IBR), which are also the boundaries of walls.

Step 2: Separating walls between two rooms are detected by analyzing the
relationships between rooms. Then the edges in the IBR as the boundaries
of separating walls are marked. The left unmarked edges in the IBR are
used to find outside walis in step 3.

Step 3: Outside walls are not between rooms. They are used for surrounding rooms or
buildings. The objects adjacent to outside walls might be vacancies or other
objects such as staircase, corridor and water tanks. These walls are
recognized under the guidance of the unmarked edges and the recognized
separating walls.

Step 4: Junctions between walls are detected to connect all the walls.

The details of these steps are described in the following sections.

5.2.3.1 Inner Boundaries of Room Detection
An IBR is a set of edges in the graph structure surrounding one room. The detection
algorithm includes the following step: ‘

Step 1: Get one door edge (Vs,,Ve) overlapped with the inner side of room, Vs is the
start point and Ve is the end point. Put the edge (Vs,Ve) into the a new
empty set St. Take this edge as the seed segment to track the other
connected edges. Set the segment edge E= (Vs,,Ve)

Step 2: Get all the edges (Vi ,Vi+1) (=1 n) connected with E at point Vs.

Step 3: Find the first edge (Vi Vi) (1<k<n) that fulfill both of the following

conditions
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(a) There exists an edge in the graph that is parallel to (Vi,Vin), and the
distance between them is less than the maximum thickness of wall (Fig.5.4a).

(b) The direction from E to edge (Vi ,Vi) is anti-clockwise(Fig.5.4b).

Y |
s
Al |
=3
S - )
A .
a b

Fig. 5.4 Edge Tracking Examples

Step 4: If the edge (Vk ,Vk+1) is equal to (Vs,,Ve), the IBR detection for door edge
(Vs,,Ve) is finished. Otherwise put (Vi ,Vi4) into St and setl E=(Vy11 , Vi),
then go to step 2.

Step 5: Select another door edge as seed segment, and go to step 1. If there is no
unselected door edge, go to step 6.

Step 6: Delete the duplicated St (1<t<m) that contains the same edges. The left St are

the inner boundaries of rooms (IBR) in the drawing.

Fig. 5.5 gives an exémple of IBR extraction. There are two rooms in the sample:
NIGHT REST RM and LAV. First the two door eages are {(V1, V9) and (V10, V15)
recognized based on the door symbol recognition, then the IBRs are analyzed from
points V9 and V15, finally the IBRs of two rooms {VI, V2, V3, V4, V5, V6, V7, V8§,

V93 and {V10, V11, V12, VI3, V14, VI5} are extracted.

57



V2 V3
NIGHT NIGHT
REST RM. A REST RM. A

yg ¥ va

v
80 12

vy
15

e LAV,
m VT V13

Fig. 5.5 Wall Boundary to Inner Room Boundary
5.2.3.2 Separated and Qutside Wall Extraction

After establishing the IBR, the separating wall can be identified easily. The
relationships between two rooms can be classified into four types: (a) adjacent with one
edge, (b) adjacent with several edges, (¢} intersection at a corner, (d) separate. In the
conditions of type a and b, the edges between two rooms in IBR can be recognized as
the separating walls. Then the outside walls can be detected based on the rest edges in

[BR. The wall detection algorithm is described in detail as follows (see Fig.5.6).
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Fig.5.6 From Room to Wall
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Step 1: Check every two edges (Vi, Vj) and (Vp, Vqg) in different rooms. If the two
edges are parallel and their distance is less than the maximum thickness of
wall, (Vi, Vj) and (Vp, Vq) are the boundaries of a separating wall.

Step 2: Make pr.ojection between the two edges. There are four projection points in
the edges. The points not overlapped with the two edges are deleted.

Step 3: Using these points, each edge will be divided into several segments (at most
three segments). Replace the original edges with new separated edges in
IBR. Select the two divided edges overlapped in the projection direction as
the boundaries of a separate wall, which are marked for the following use.

Stepl 4: After extracting all the separate walls, select each edge of every room that is
not marked. Get the thickness of the nearest separating wall which connects
to the edge. Then find its parallel lines where the distance between them is
the same as the above thickness. These lines and the edges comprise the

outside walls.

5.2.3.3 Wall Connection

Until now all the walls have been detected. The junctions connecting the extracted walls
could be extracted at this time. Every two recognized walls intersected at a point are
established, and the lines connecting these two walls are then found. There are four kinds

of junctions: + Junction, T_junction, L_junction and A_junction. (see Fig.5.7). The

I N

Fig. 5.7 Junctions

59



junction comprising the lines and wall boundaries are generated based on the intersecting

positions of these lines. Finally the junctions are used to connect the walls.

5.3 Experiments

In this section, two representative experiments are reported in the context of wall
recognition in architectural floor plan and interior decoration plan. In the experiment one
the presented wall extraction method is compared with those of Karl Tombre (1997) and
Kwon (2003).  The architectural floor plan (Fig. 5.8) is chosen for the comparison. In
the experimental plan, there are 22 rooms, 39 doors and four types of wall: 127 Single
Walls, 26 Three Lines Walls, 15 Glass Walls and 7 Six Lines Walls (see Fig.5.8). The

recognition results are displayed in Table 5.1.
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Fig. 5.8 Architecture Floor Plan

Table 5.1: Results of Wall Extraction

Wall E—— Rec.

Type R TETMIRIEIMI R|E][M [ R|E[ M | Rae
Tombre V1112716l 0] 000 o]0 o |00 84%
YongBin | 114 12 13] 0] 0 0] 0]0ol 0 0] o[l 0| 8%
Proposed | 124 ] 0 | 3 |25 0 | L [ 15{0] 0o [ 7 0| 0 | 976%

R: Successfully recognition, E: Error Recognition, M: Miss Recognition

60



In experiment two an interior decoration plan is chosen for wall extraction {(see Fig. 5.9).
The interior decoration plan is based on architectural plan. Some appending information
such as furniture, decoration material and ceiling are also drawn on the drawing. In such a
plan, some elements are very similar to a wall, and give many difficulties in wall
extraction. In Fig.5.9, there are 16 rooms, 68 single walls, and 12 three lines walls in the

plan. The recognition results are displayed in Table 5.2.
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Fig. 5.9 Interior Decoration Plan

Table 5.2: Result of Wall Recognition in [aterior Decoration Plan

Wall - - Ree.
Type Rate
R E M R E M
Tombre 61 12 7 0 0 0 89.7%
Yong-Bin 61 12 7 0 0 0 89.7%
Proposed 68 0 0 12 0 1 98.8%

R: Successfutly recognition, E: Error Recognition, M: Miss Recognition

In experiment two, methods of Tombre and Yong-Bin’s have the same recognition rate
because there is no dimension extension lines in the interior decoration plan. Though

the recognition rate of their methods increase in the experiment two, the number of
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error-recognized walls increases too. The reason is that their methods could not

distinguish the etements similar to a wall from the real walls.

5.4 Conclusions

This article presents an automatic method to extract wall information from architectural
drawings. Most of the methods that have been applied in the past have come across some
difficulties in processing such complicated drawings, and could not achieve high
recognition accuracy. Some systems use a semi-automatic method to get the wall and
room information by setting layers and blocks. However, the efficiency and accuracy are
not very satisfactory. There are two reasons that dominate the accuracy of wall
recognition: different representations of a wali- and architectural elements similar to wall.
The presented method uses the door as the seed segment to guide the recognition of inner
room boundary. Firstly, separating walls between rooms can be extracted. Then outside
walls are recognized with the help of the separating walls. Finally all the extracted walls
are connected with junctions. In the previous methods every line in a drawing need to be
swept which is time-consuming. In the presented method only the lines that are possible
walls are processed, so the accuracy and efficiency of the presented method are improved-

significantly.

The method presented in this chapter aims at wall recognition. However, the idea that an
object with high recognition accuracy may be used to guide the recognition of the objects
with low recognition accuracy has a broader applicability. Although an example is drawn
from wall recognition and illustrate the point, the method described here can also be

adopted in other fields of graphics recognition such as drawing Vectorization.



Chapter 6

AUTOMATIC ACQUISITION OF RULES FOR UNDERSTANDING

AND INTERPRETATION ENGINEERING DRAWINGS

6.1 Introduction

In the design of the EDUI system, the issue of knowledge acquisition, organization and
contextual reasoning is crucial. The target of the research is the conversion. of
engincering drawings in the construction industry to high-level representations with
sufficient information for later stage analysis. However, the aim is not only to build a
universal system capable of understanding and interpreting engineering drawing in the '
construction industry, but also to explore the power of knowledge-based techniques for
performing high-level understanding and interpretation of engineering drawings in

other industry.

Similar to many other existing technologies, knowledge is first converted into
recognition rules in the understanding and interpretation system manuatly. Though this
kind of static-rule-based methods can. achieve good results, it also brings some
drawbacks. Firstly, manual rule analysis is time-consuming and the adaptability of the
recognition algorithm isn’t good (Prabhu et al. 1999; Rangachar et al. 1990; Ah.-Soon
1998: Llados 1998; Yu 1997). Secondly, discussions are usually limited to symbol
recognition. But for those complex graphic objects, the recognition ability is lower (Ah-
Soon 1998; Llados 1998; Yu 1997). Thirdly, those methods based on object feature

template are too closely related with the structure definition of templates. The
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recognition algorithm must be modified with the change of the template structure and

the flexibility is low (Prabhu et al. 1999; Ah-Soon 1998; Yu 1997).

Some researchers have proposed methods for automatic rule learning for drawing
recognition (Samet et al. 1994; Satoh and Mo et al. 1993). However, only a few of them
have actually implemented the learning procedure. The decision tree is one of
approaches. The values of one simple primitive attribute or dualistic relation (such as
inclinatiOn) are collected through strict traiﬁing of many samples. These values are the
only basis for choosing the cut points of the decision tree (Lu, Wu, Sakauchi 1995;
Satoh, Satou, Sakauchi 1992). In addition, the user is allowed to decide which branches
are more important and which can be deleted (Kefalea et al. 1999). Thus, the tree
structures are always very complex, lacking optimized path arrangement, and long
traversal time is needed for recognit_ion. Generally, they are only suitable for very

7

simple graphics objects, such as “two cross lines”, “triangle” etc.

The other class is devised for classifying non-self-intersecting shapes that comprise
straight lines only. It analyzes conjunctions of local properties of each shape, indexes
all the shapes by the properties and matches the indexed shapes against the instance by
calculating the sum of the weights of successfully matched properties. Weights are
manually selected and modified untii all the samples can be recognized correctly. This
approach needs a lot of samples and several different training sequences for one object
type. Furthermore, it cannot adapt to objects with complex graphics (self-intersecting,

or containing arcs, circles, strings) that appear frequently in architectural drawings.
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To solve above problems, this chapter presents a new heuristic sample-based rule
acquisition method for self-adapting recognition system. This method introduces the
combination of single-sample-analysis and multi-sample-comparison. Based on the
integrated calculation of primitive attributes and relationships, supported by heuristic
principles derived according to general knowledrge, feature extraction, reduction,
synthesis and comparison are performed. Recognition rules are then converted from the
features. Similar to a human’s learning procedure, while more new object
representations and types are being processed, rules are perfected step By step and the
recognition effect improves. This method can deal with complex objects and has no

special requirements on the sample or training sequence.

6.2 Self-adapting Recognition Mechanism

Graphic primitives (GP) in engineering drawings can be classified into two groups:
lines (points, straight lines, circles and arcs) and strings. One group of GPs, which has
certain domain meaning, is called “Architectural Object” (for short, the term object has

oL

been used in this chapter), such as “level symbol”, “column”, “beam”, “wall” etc.

6.2.1 Object Graphics and Corresponding Recognition Method

Different objects have different graphics representation characters, thus corresponding

13.4 ' Cl R 2B23 - 300 g
Eb P L

T
]
]
I

T
1
]
I

(a) rectangular hole (b} level symbol {d) one beam {f) steel structure of
an the slab (c) anc column (top view) (top view) (e) dimension column {(section view)

Naotg: Dashed lines represeit the GPs that don’t belong to but are connected with the object graphics. They may not be dashed in real drawings.

Fig. 6.1 Examples of Architectural Objects
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recognition methods are different too. Several typical examples are given in Fig. 6.1,

(1) Some objects’ graphics have fixed topology and the topology matching is used to
recognize them. Fig. 6.1{a) shows one rectangular hole on the slab. Its size and
aspect ratio change greatly according to the reality, but it has the fixed topology:
“one rectangle contains two catercorner lines intersecting each other”. Such kind of
objects can therefore be recognized through matching the topology structure.

(2) Some objects’ graphics contain one special GP fit for leading the recognition. Fig.
6.1(b) shows one level symbol, composed of one circle, two perpendicular lines and
one string. Because the circle is usually a small part of all the GPs in a whole
drawing, for improving the recognition efficiency, the circle in this symbol should
be recognized firstly.

(3) Some object’s graphics contain one string, which has particular composition rule
and so can be the lead of the recognition. Solid lines in Fig. 6.1{c) compose one
rectangular column’s boundary in the top view and dashed lines belong to the
beams that are possibly connected with this column. String “C1l  is column name, in
which ‘C’ is the prefix, followed by one serial number. This is one of the naming
rules of the c‘:olumn in engineering drawings in Hong Kong construction industry.
String’s amount is also relatively small in one drawing and content-based string
matching is fast, so when recognizing such kind of objects, for improving the
efficiency, search the special string to locate the object firstly, then search other
lines beside the string.

(4) Some object’s graphics contain certain strings, but their contents are not regular, so
the lines must be recognized first and then the existence of needed sirings examined.

In Fig. 6.1(b), <13.4 is the string denoting the level value of the symbol. This string
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must exist but the value cannot be, so it will be searched after the lines are
recognized.

(5) Some objects have particular connected relations with environmental lines. These
relations must be validated after recognizing the object graphics. Dashed lines in
Fig. 6.1 (c) show a kind of unfixed relation because their quantity and position of
are changeable. As for Fig. 6.1 (d), dashed lines belong to two objects that are
connected with the beam (named “2B23 ) by one line respectively. Onc of these
two objects must be the construction component such as column, beam or wall, the
other one may be the construction component too or the “beam border” that is just
one line indicating the end of beam. This is a kind of fixed relation.

(6) Exclusive checking is needed after the recognition of one object, if it is not
permitted to have any connected relations with other objects or its graphics is a part
of another one object’s. Fig. 6.1(e) shows one dimension. It can be looked as two
level symbols, one of which there’s no string. If one level symbol is found,
additional examination should be undertaken to confirm that no c_)ther level symbol
(without string) existing beside found one, viz it isn’t a dimension.

(7) Some objects’ graphics contain GPs that can be classiﬁed. into several groups. GPs
of each group compose one kind of pattern whose quantity is variable and the
arrangement of the groups is regular. The recognition method is pattern matching
aided by regularity checking. Fig. 6.1(f) shows a steel bar structure in section view
of two columns (strings are removed). One polygon of the outer layer represents the
column boundary, within which the steel bars are represented by smaller polygons,

short lines and small circles cling to them. This regularity then is used for
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recognizing such kind of objects though the quantity and position of these steel bars

will change greatly with the column’s size and shape.

6.2.2 Self-adapting Recognition Mechanism

The Graphics representation characters of objects determine their recognition methods.
Therefore, before concluding the method of recognizing one type of objects, all the
possible representations and their features must be analyzed. But objects of the same
type may have totally different shapes if different drafting conventions are applied or
even only the drafismen are different, so it’s impossible to forecast what kinds of
representations will appear. Ordinary rule-based recognition approaches always need to
modify the predefined object templates or recog.nition algorithms manually when
meeting new representations of objects. This situation reduces the practicability of the
approaches. This chapter presents a brand-new “self-adapting” recognition mechanism.
In this mechanism, the function of object graphics analysis and rule definition,
previously done manually, is moved into the recognition system. The recognition rules

for any type of objects will be automatically generated and modified to adapt new
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{2) Feature Extraction @ /

Interactive Operation
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(2) Feature Extraction :
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Berwesn New Features Modified Recognition Rules
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Fig. 6.2 Automatic Generation and modification of Object
Recoguition Rules
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appearances of objects, without changing the algorithm. Fig. 6.2 shows the module that

implements the generation and modification of the rules.

For the given objects of type T, when users designate the first sample of T, the system
analyzes it to extract out the graphics features. These features are confirmed or partially
modified by users according to their experiences, and then they are reserved as the
representative features of T. Meanwhile, rules for recognizing T are automatically
converted from the features. When only'onc sample of T is processed, even if the user
has made some modifications, the adaptability of obtained rules is comparatively weak
because they will fail to recognize those objects belonging to T but have totaily
different shapes from the first sample. Therefore, when users designate another sample
of T, the system extracts features from the new sample, and then compares new features
with old ones. Through analyzing the differences, the system can automatically
(interactive operation can be done if needed) modifies the features and generates new

rules that have better adaptability.

Along with the introduction of more different object representations or types, the
system continuously modifies and improves the recognition rules, the recognition
module can then use new rules to achieve better recognition effect. That is, the system’s

adaptability will be improved without modifying the program.

6.3 Object Analysis and Feature Extraction
Object features embody a group of stable relations among the GPs composing this

object. Accordingly, recognition rules are the criteria to judge whether the relations in
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object features can be satisfied. Automatic feature extraction is therefore indispensable

for rule acquisition.

6.3.1 Designation of Object Graphics

Given one sample drawing of one object type, users designate the object’s graphics
through following three steps:
(1) Draw one rectangular encircling the whole object graphics and give the object
type.
(2) In the box, designate NI: the strings and lines that don’t belong to the object
and are irrelévant with the object.
(3) In the box, designate NC: the lines that don’t belong to the object but have
certain connected relations with the object.

Then the left GPs in the box belong to the object graphics.

6.3.2 Feature String and Description of Its Composition Rule

Many types of objects have their own “names”. In the graphics, the object name is just
one string, which has one or several kinds of fixed composition rules. Because these
strings directly indicate the location of corresponding objects and make the recognition
much more effective, they are defined as Feature String (FS). FS’s composition rules
are related to drafting conventions and cannot be analyzed automatically, so this chapter
presents a method for users to describe it conveniently. Several characters that will not
appear in real engineering drawings are chosen for the purpose of format control. For

instances, ‘?’ denotes one integer (one digit or long number), ‘# denotes any
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continuous ‘blank’ character, **n’ denotes any non-nul! string whose length is less than

n (n is an integer), each part bracketed with one pair of *{*and ‘}’ is an omissible part.

For example, in engineering drawings used in the Hong Kong construction industry,
prefixes of beam names are always floor number followed by ‘B’ and size annotation
can also be included, such as “IB1 “5B22 “1BI (400X600)” etc, so “7BM{(7XN}" is

defined to describe the composition rule of this sort of beam names.

6.3.3 Closed Line Series

In object graphics, there’re always one ox; more Closed Line Series (CLSs), each of
which consists one circle or several lines (arcs) connecting end to end. One of them
possibly can be the representative feature depicting the object’s shape. During
recognition, CLSs benefit locating the object quickly, especially when it contains the

circle, arcs or regular polygon such as square and equiangular triangle.

6.3.4 Object Graphics Analysis
Considering the characters of architectural objects, analyze the designated object graphics
by following steps:

(1) Separate strings from lines. Figure out two minimal boxes, “Line Box” is the one
encircling all the lines, “Object Box” is the other encircling all the strings and
lines.

(2) Analyze the relation between NI, NC and object graphics. 1f there is no GP of NI

within Line Box, then assumption is made that this object excludes other GPs’

existence. If some lines of NI are connected with object’s graphics on their
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endpoints (sﬁch as dashed lines in Fig. 1,¢), then this object is considered to
have flexible connected relations with environmental graphics. If NC isn’t null,
then this object is considered to have fixed connected relation with the lines of
NC.

(3) Analyze the features of lines:

. Search out all the CLSs.

. If one or more CLSs exist, begin from the largest one, check the filling
pattern of each CLS: whether it is filled with one kind of hatch or several
groups of GPs each of which has one certain pattern (see also Fig. 1, ).

. Arrange all the CLSs in following sequence: circle, polygon including
arc(s), square, equiangular triangle, rectangular, ordinary polygon. The
first one is defined as Feature Line Series (FLS).

. If FLS exists, then analyze the relation between it and other CLSs or other
individual lines.

. [f there’s no FLS, well then there’s no CLS, then define the longest arc (if
existed) or line as Feature GP (FGP) and analyze the relation between
FGP and other GPs.

(4) Analyze the features of strings:

Search for one string according with the composition rule of FS of the object. If

successful, extract the string out as Leading String, then search for the down—l

leads, each of which points at the Leading String and object lines respectively

with two ends of it.



For ather strings, analyze the relation between Leading String and them, as well as the
relation between FLS or FGP and them, and then search for the down-leads pointing at

these strings and object lines.
6.3.5 Extraction of Object Feature

Feature Groups
After analyzing the object graphics, the result is classified into six feature groups,
which together describe the integrated features of each type of objects:

(1) Leading Feature. This defines that which part of the object graphics should
be recognized firstly and how to recognize this part, comprising four
aspects:

1. Leading part’s type: Leading String, FLS or FGP.

2. Leading part’s information: descriptions of Leading String’s
composition rules, geometric structure of FLS or geometric attributes of
FGP.

3. Matching constraint: indicates how to match the leading part (if it is FLé
or EGP) with the real drawings during recognition, embodying Topology
Matching, Direct Matching that means the graphics of leading part must
be matched without changing the shape, size or rotation, Scaling
Matching that means the size can be zoomed when matching, Rotated

Matching that means rotation is allowed when matching.
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4. Leading way: indicates the relationship between the leading part and
other parts of object graphics, such as down-lead leading, position
leading and distance leading.

) Closure Feature. 1t defines the characteristics of all the CLSs and how to
recognize them, comprising four aspects:

i) Structure feature: geometric structure and size of each CLS.

i) Filling feature: indicates each CLS’s filling pattern, whichis described
in. If one CLS is filled with nothing then its filling feature is null.

iii) Matching constraint: indicates how each CLS should be matched. Same
as that of Leading Feature, it embodies Topology Matching, Direct
Matching, Scaling Matching and Rotated Matching. |

iv) Leading GP: defined as the longest arc for each CLS including arc(s)

and the longest line for others.

3) Relation Feature. 1t describes all the relations among the GPs of the object
graphics.
1) Relating way: similar with “leading way”, indicates how some GPs are

related with some others, embodying down-lead relating, distance
relating, position relating and enclosure relating.

i) Relating constraint: embodies all the detailed geometric constraints such
as the relation between Leading String and individual lines, the relation
between individual lines and CLSs or FGP etc.

4) Transformation Feature. It defines what kinds of geometric transformation
can happen to the whole object graphics in different appearances of this

object:
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i)  Transformation type: no transformation, zoom with changeless or
changeable aspect ratio of Object Box, rotation.
i)  Transformation constraint: embodied the permitted scope of scaling or
rotation angle.
(5) Exclusive Feature. It indicates what kind of GPs that don’t belong to the
object cannot appear within Line Box.
i) Exclusive type: no exclusive (exclude nothing), All Exclusive (exclude
anything), GP Exclusive (exclude some certain GPs’ existence).
i) Exclusive information: embodies the geometric attributes of the
excluded GPs for GP Exclusive.
(6) Connection Feature. 1t describes the necessary relations between the object

graphics and environmental lines.

) Connection type: no connection, Fixed Connection and Flexible
Connection.
i) Connection constraint: embodies connecting position and type for Fixed

Connection, permitted quantity and geometric attributes of connecting

GPs for Flexible Connection.

Initial Feature Evaluation

Features that are extracted from only one sample of one object type may not be

integrated enough, because it’s impossible for the system to automatically dope out

other different representations from current one and the initial values of some features

are then set automatically by estimation only. For example, if in current sample there is

no GP of NI within Line Box, the system will temporarily set the Exclusive Feature of
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this object type as “All Exclusive”. Another example is, the system cannot make
decision from one sample whether one type of objects are permitted to be rotated or

zoomed, so temporarily set the Transformation Feature as “no transformation”.

Through automatic initial evaluation like above, features obtained may have some
limitations. Users can modify manually according to their experiences, making the
features more adaptable to different representations of the same type of objects. Users

also can designate more samples to let the system modify the features automatically.

6.3.6 Modification of Object Feature
When given a new sample of one object type whose features have been extracted before,
the system compares the old features with new ones that are extracted from the new
sample, and automatically (also reminds the users to check) modifies the object features
according to the differences identified in the comparison. For instance:
(1) If the old Exclusive Feature indicates “All Exclusive” but new one is “No
Exclusive”, then exclusive type of this type of objects will be changed to
“No Exclusive”. Similarly, if old Connection Feature indicates “no
connection” but new one is “Flexible Connection”, then “Flexible
Connection” will be the tinal choice.
(2) If the matching constraint of old Closure Feature indicates that one CLS
should use Direct Matching, but this CLS appeared in new sample has the

same geometric structure but different size with the old one, then the

matching constraint of this CLS will be changed to Rotated Matching.
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(3) If the position relation between one string and some lines in the new sample
is different from that of the old one, correspondi.ng relating way will be
changed to “distance relating” from “position relating” and calculated
distance is used to determine relating constraint.

(4) If new features are totally different from old ones, such as some CLSs
appear in old features but don’t appear in the new sample, or GP
composition is totally changed (see Fig. 6.3. a and b) etc, then two sets of
features are both reserved to be coordinate. When any one of those

coordinate features is satisfied, the object is recognized successfully.

N R

{a) three types of truncation symbals (b) twa types of level symbals

Fig. 6.3 Examples of Feature Modification —
Coordinate Features
Because of the diversity of building design, drafting convention and draftsman’s custom,
when beginning to process the drawings of a new construction project, new object types
or new representations of old types will appear. According to the presented method,
users can pick out appropriate samples from new drawings in advance, or take out
unrecognized objects as new samples; then feature extraction, comparison and
modification will be performed automatically; finally the features of new object types

are added and the features of old types are modified to be more representative.

6.4  Automatic Generation of Recognition Rules
Whenever object features are newly extracted out or modified, the recognition rules for

relevant object types will be automatically regenerated according to the latest contents

of features.
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6.4.1 Typical Object Recognition Process

For one object possessing the integrated six feature groups explained in Chapter 6.3.5,
Fig. 6.4 gives its typical recognition process and shows which features should be used
for which recognition phase. If some features are missing, the corresponding phase will
be omitted. For example, if the leading part’s type is FGP but not Leading String, then

the first phase “Recognition of Leading String” needn’t be done.

| Recognize Leading String +

CcF ';::t Recopnize FLS and other CLSs + LF

b

Recognize FP * o

1

* Recognize Other Strings —+ 41 RF

TF e

+ Recognize Other [ndividual Lines +

¥

I Exclusivity Judgment +

¥

ConF * Connectivity Judgment l EF

Fig. 6.4 Recognition Phases and key Feature Group

6.4.2 Conversion from Features to Recognition Rules
It can be concluded from Fig. 6.4 that the recognition process of one object depends on
a group of ordered rules, and each rule can be converted from some correlative object
features. The following are some examples of the conversion method.
Considering one object type:
(1) Assume that leading type is Leading String whose composition rule is
predefined as S (for example, S can be “7B?#{(7X?}}”), leading way is down-

lead leading: ‘LL’, then the rule for recognition of Leading String is:
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(2)

(3)

(4)

IF MATCH_LEAD STRING(S, ‘LL’)
THEN RETURN(Names, Leading-lines)
ELSE FAIL
Assume the Closure Feature contains following information, one CLS’s
geometric structure is described as the model: ‘L’; filling feature is null: “NF’;
leading CP is the longest line: a; matching constraint is Direct Matching ‘DM’.
The Transformation Feature indicates that transformation type is “rotation” and
permitted rotation angle is from 0 to 360: *T:R(0-360)’, then following rule can
be generated for recognizing this CLS:
[F MATCH_LINES( ‘L’, ‘NF’, a, ‘DM’, ‘T:R(0-360)’)
THEN RETURN(Polygon)
ELSE FAIL
Assume FGP is the longest line: a; Relation Feature contains the information:
there’s one string related with g, the relating way is distance relating *DL’,
relating constraint indicates that the string is parallel (‘P’) with a and the
distance between them is less than d, then following rule is generated:
IF MATCH_STRING(a, ‘P;DL:< ) |
THEN RETURN(String)
ELSE FAIL
Assume exclusion type is All Exclusive: “ALL’, then following rule is used for
exclusive judgment:

IF (TEST_EXCLUDE(‘ALL’) # NULL)

THEN FAIL
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6.5 Experiments

The method applied to the EDUI system that aims at automatic calculation of

reinforcement sieel in engineering drawings. Fig. 6.5 gives one example of the framing

plan recognition in this system.

Fig. 6.5(a) shows a corner of one framing plan (DWG file), which comprises five types

of objects: cotumn, beam, slab symbol, level symbol and truncation symbol.
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Fig. 6.5 Experiment Result of Self-Adapting Recognition
Predefined FS’s composition rules of column, beam and slab symbol are “C?”,

“OB2#(7X7?)" and “?S?” respectively. The system only processes the following samples:
one rectangular column, one horizontal beam, one slab symbol, one truncation symbol
and one level symbol, which are used to ‘train’ the system. Though aided by a little
interactive modification, the system can self-generate rules based on the features
extracted from the samples. However, extracted features have some limitations such as:
the Closure Feature of a column requires “‘rectangle”, the Relation Feature of a beam

requires two horizontal lines with the same length; the Transformation Feature of a
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truncation symbol is “no transformation” so Rotated Matching is unallowable.
According to the rules converted from these parochial features, recognition results are
shown in Fig. 6.5(b). Hereinto lines of column C3, lines of beam 3B42(43/45/47) and

one truncation symbol are unrecognized.

Users then seiect new samples from the unrecognized objects, here C3, 3B42 and the
one-truncation symbol are chosen. The system extracts features from the new samples
and modifies the features of relevant types of objects. When the rules converted from

modified features are applied, recognition results are improved as shown in Fig. 6.5(c).

Other similar experiments also manifest that the presented method can effectively
improve the system’s self-adaptability without modifying the program, therefore the

applicability of the systemn is improved.

6.6 Conclusions

By adopting the function of automatic object feature extraction and rule acquisition
presented in this chapter, rules in the recognition systems are continuously refined
along with new objects (representations) introduced to the system. The recognition
ability is therefore improved without modifying the recognition algorithm. This
mechanism brings higher self-adaptability, stability and applicability to the system
described in the chapter. Experimental results also reinforce the better performances of

the proposed system.
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Chapter 7

A KNOWLEDGE BASED ENGINEERING DRAWINGS
UNDERSTANDING AND INTERPRETATION SYSTEM FOR

AUTOMATIC MEASUREMENT OF STEEL REINFORCEMENT

7.1 Introduction

In the current bidding practice, engineering drawings that are either prepared manually
or by using CAD systems, are given to bidders as part of the tender documents. Quick
and accurate measurement of the quantities from engineering drawings provided is vital
for preparing and winning a bid. In- this task, taking off the amount of steel
reinforcement is the most time consuming activity, as it requires to manually measure
the dimensions and quantities of steel reinforcement in a structure that is projected in
three perspectives: plan, elevation and cross section views. For a middle size project, it
normally needs 4-5 man';months to take off the quantities of steel reinforcement. This

amount of time increases exponentially with the size of project.

Some semi-automatic systems are developed to solve the problem (for example:
http://www.sjms.com.cn/sims-cpjs.htm, http://www tangent.com.cn). These systems
provide some models of structural elements and require the users to input the
parameters of the predefined models. Quantities of steel reinforcements may then be
generated based on the input parameters. But there are several limitations of these
systems. Firstly, these systems can hardly generate accurate results because the

predefined models are an approximation of actual building objects. So these results are
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barely useful for cost estimation and could not be used in the production. Secondly, the
number of parameters of a model varies with the increase the model’s complexity.

Thirdly, these systems still require a lot of manual interactions.

Dym et al. (1988) and Han (1997) addressed the necessary of drawing interpretation in
the construction industry. Specifically, they wrote “a computer system which could
automatically recognize the individual elements by interpreting patterns of lines, arcs and
strings would be an interesting and challenging task.” However, reséarch in the area of
engineering drawing in the construction industry is a new subject. Therefore, pertinent
literature is lhﬁitcd. Only a few systems for the recognition and interpretation of
constructional engineering drawings have been reported (Ah-Soon and Tombre. 1997) in
which most of tﬁem are concentrated on recognition and understanding of architectural
engineering drawings (Koutamanis e al. 1989, Ryall and Shieber, 1995, Aoki, Shio, 1996,
Ah-Soon 1997, Huang and Pridomore(1997). Koutamanis (1989, 1992, 1993) is perhaps
the first researcher focusing on drawing understanding and interpretation in the
construction industry. Other examples include the OGAR (Querying Graphics through
Analysis and Recognition) team of LORIA at France who developed an engineering
interpretation model named CELESSTIN and applied it in architecture drawings to

reconstruct 3D models of a building (http://www loria.fr/equipes/isa/index_anglais.htiml).

A team at the University of Carnegie developed a system called SEED (Software
Environment to Support Early Phases in Building Design}. This system is to provide
support, in principle, for the preliminary design of buildings. Drawing interpretation
technologies are also applied in a system for room searching and spatial analysis -

(Flemming, Woodbury, and Coyne 1993). Lewis and Sequin at the University of
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California at Berkeley have developed the Building Model Generator (BMG) to generate
3D building models from 2D architectural plans for a smoke-spread prediction model, or

CFAST, which is developed by NIST (Lewis and Sequin 1998).

Huang (1997) firstly presented the concept for using drawing interpretation for
automatic taking off, and an experimental system was developed. However, the system
is also based on approximate models of architectural plans, thus its results are only

useful for preliminary cost estimation.

In order to reduce the time and to improve the efficiency in steel reinforcement
measurement, a knowledge-based system is developed to recognize drawing elements
from structural drawings, and then measure the quantities of steel reinforcement
automatically. Specifically, this chapter describes the rule-based graphics recognition
approaches used in developing the system, together with illustrations of how structural
reinforcement elements are automatically recognized and measured. The system
consists of three modules: VHFraming, VHDetails, and VHQuantity. VHFraming is
designed to recogni-ze the framing plan of a structure. VHDetails is designed to
recognize the steel reinforcement in the drawing of a particular structural elements such
s column, beam, wall, slab, staircase, etc. Finally, VHQuantity combines the results of
the two programs and generates the bending schedule of steel reinforcement. VHStation
adopts the technologies on graphic recognition and rule-based approaches. It
assimilates quantity surveyor's professional knowledge and experience into rules to
formulate rule-based systems, which significantly improves the efficiency and accuracy

of the quantity surveying process.
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7.2 Knowledge Representation in VHStation

For drawing understanding and interpretation a-priori knowledge must be embedded into
the interpretation systems. Interpretation can be taken as the process of applying
knowledge to given data in order to obtain a meaningful description of the data. Domain-
dependant knowledge can be separated into disjunctive parts. Main kinds of knowledge
are: knowledge about objects and their properties, knowledge about structural relations

and knowledge about geometrical constraints.

According to the knowledge applied to them, the process of understanding and
interpretation of drawings can be divided into three phases: lexical phase, syntactic phase
and semantic phase (Tombre 1997). Lexical phase is mainly the primitive recognition
phase. In the syntactic phase rules and standards are used to check the correctness of a
drawing. In the semantic phase knowledge about structural relations are used to combine
objects understood in the first two phases to high-level objects. This phase also checks

whether a drawing represents a feasible object or not.

Knowledge is the basis of recognition. How to apply knowledge for recognition can be
broadly categorized into following classes, based on the type of knowledge description:
(1) Algorithim: The knowledge of recognition is embedded into algorithms of the
system (Lwata et al. 1988, Suzuki et al. 1990, Boatto et al. 1992, Ablameyko et al.
1993, Ogier et al. 1993).
(2) Structural description: The recognition system defines the recognition procedure in
several modules. The system controls the sequence and relationships between
different modules. But the kernel model about reasoning is still described in

algorithm (Joseph 1992, Pasternak 1995).
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(3) Syntactic/Semantic description: Knowledge is described in-standard language or
data structure. An independent algorithm performs the recognition task by
searching for targets that match the description. Some reasoning is also required in
the searching procedure (Dori 1989, Pasternak 1993).

In VHStation all the knowledge of structural drawing interpretation is represented as rules
and saved in- the rule database. Rules were obtained from two approaches: Manually

crafted, and automatic acquisition with a rule generation mechanism.

7.3 Characteristic of Structural Drawings

Structural engineering drawings in construction can be divided into two classes: framing
drawings and details drawings. Framing drawings provide the top view of each floor of a
building while details drawings show the structural detai! of each construction element
such as beams, columns, slabs, walls, staircases and water tanks. In many aspects,
structural drawings are similar to mechanical engineering drawings, as they typically
represent orthogonal projections of the solid elements. But there are also many
differences. The first is that some information in structural drawings may not be explicitly
indicated in the drawings, but can be interpreted according to the relative rules and
engineer’s experience. For example, engineers usually draw only one polyline of steel
reinforcement bar to represent a group of them having the same attributes but different
focations. Secondly, structural representations in the structural drawings are very
heterogeneous. For example, the drawing of a wall can be given by its top view, or its
front view, or its side view, or using onty textual descriptions. fhirdly, some typical
drawings are usually provided and referred by many elements having the same structures

but different sizes. In addition, frequently there are errors in framing and details drawings;
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and these errors can only be found and corrected by combining information from both

framing and details drawings.

7.4  Design Considerations
In order to make VHStation popular in the Q.S. field, it is necessary to include correct
development strategies, appropriate functions and friendly user interface in the system

design.

7.4.1 Development Strategies
The system adopts its development strategies in the following three aspects: data source,
data content, and application concepts:
a. Data Source
Although nowadays quantity surveyors perform their tasks using paper-based
drawings, VHStation uses electronic drawings as input. Since drawings are
prepared by some kind of CAD software such as AutoCAD, it is important for
VHStation to adopt the commonly used data format particularly the DXF and
DWG formats. This does not only save a lot of time in plotting and copying mass
amount of drawings but also guarantees data integrity. As for those construction
projects that do not have electronic drawings, a Vectorization software can help to
convert paper drawings into DXF/DWG format file before applying VHStation
for the taking off process.
b. Data Content
Most of the source data for the taking off comes from both framing plan and
details drawings. Framing plan drawings show the overall layout of a building

usually in a floor-by-floor basis, while details drawings show the detailed steel
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reinforcements design of each structural element. As such, VHStation chooses
framing plan drawings and details drawings as the two object sources to be
processed. There are also small amounts of information scattered around in
different drawings such as the typical drawings or some general notes within the
detail drawings that are essential in the calculation but relatively difficult to be
located automatically. The user usually inputs this information manually, thus
system process efficiency and information integrity is guaranteed.
¢. Application Concepts

The application concept is to design a system as close to a human Quantity
Surveyor as possible and try to integrate the current practice into the system. All
the calculation and method of measurement is based on British Standard which is
commonly adopted in Hong Kong. Also, the drawing format may be different for
different designers, the wording may varies from draftsman to draftsman. In order
to make the software widely acceptable by the industry, efforts have been made to
incorporate these variations as much as possible. This is an endless task, as the
drawing format has not been standardized. Nevertheless, the present system
possesses great deal amount of structural engineers and quantity surveyors expert
knowledge and is able to produce very accurate results of bending schedule with

current used format.

7.4.2 Appropriate System Functions
Based on the characteristics of structural engineering drawings being processed, the

following points are addressed in the design of system functions:
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Due to the fact that the steel reinforcement information is presented by the
combination of geometric figures and descriptive tex’; in the drawings, there are
certain physical connections among the text and the drawing. Therefore, in order
to extract the steel reinforcement information wholly, the system must bear the
functions of powerful graphics recognition, high level of text understanding, and
interrelation ability.

There are a variety of way's in representing basic graphical primitives in
structural drawings and various methods of combining those basic primitives into
meaningful knowledge.  Consequently, analyzing techniques based upon
artificial intelligence must be introduced to analyze and recognize the drawing
elementé in different hierarchy, particularly in their relationship, as to understand
the drawings.

In most cases, the structure of steel reinforcement is represented in two different
projection views, namely the front view and the section view. For example, a
R.C. beam is usualty shown by a front view with one or more section views with
all the reinforcement bars represented by a line or dot respectively. Hence the
system must have the certain ability of 3D—recon:struction in order to recognize
the spatial shape and dimension information of each of the steel reinforcements
being used.

The system must also be able to affirm the reliability level of the calculated
results and provide hierarchical post-processing functions because the number of
steel reinforcements is so large that it is too difficult to check them one by one.

This reliability check is displayed in various means to the user to express the
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level of accuracy of the data so that in case of uncertainty, the user may choose
to double check the data manually.

Along with the progress of a project, some drawings may have version updating.
Accordingly, the system must provide the function of version management,
comparing the difference of drawings of different versions and find the
difference of quantity surveying results. This is particularly useful in the
construction industry since variation of design is unavailable in large-scale
project and quick updating may save numerous time and money.

The system must be able to find and display abnormal data to help users to
identify and correct them because most drawings contain certain errors. A
human can easily deal with these errors but for a software .system, this must be
identified and confirmed by the user in a very user-friendly manner so as to

increase system efficiency.

7.4.3 Friendly User Interface

The friendliness of user interface is mostly about the easiness of learning and using the

system. The correctness and efficiency of the system is particularly important and

depending on the user interface. In order to provide a friendly user interface, VHStation

makes great effort in the following aspects:

The operation mode provided is close to the language use of a quantity surveyor.
The interaction ought to be intuitionist, convenient, and an instant observation of

the result is provided for easy checking.
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b. The system displays the calculated result in tabular form, which is clear at a
glance. The correspondence between each item in the table and the primitives in
drawing can be consulted and revised easily.

¢. Due to the complex nature of the structural drawings, the following three cases
on drawing recognition may arise: (1) None standard drawing manner that is
unknown to the program. (2) Data distribution exceeds the processing range. (3)
Incompleteness of data due to the drafting error. These will either require the
user to check and affirm the result or the user will be unable to obtain a
meaningful result. Once these situations are detected, the system will highlight
them and let the users add command inputs to the system. This will minimize the

users' effort in checking and verification.
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Fig. 7.1 Architecture of VHSTATION

7.5  The Overall Architecture of VHSTATION

The overall architecture of the VHSTATION is illustrated in Figure 7.1. The task of
drawing interpretation starts after paper-based drawings are scanned and vectorised.
During the pre-processing phase, a series of operations are applied to the vectorised

drawings to analyze the graphical primitives and the layout of the drawings. The
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interpretation phase is the core of the system. During this phase, string, symbol, steel

reinforcement line and other elements are interpreted based on a set of generic rutes.

In VHSTAT[ON feature-based generic rules are used to represent the knowledge for
interpretation. The feature based generic rules enable the system to. have more
flexibility in handling the variations of drawing elements, and the rules can be easily
modified to match new conditions. This chapter focuses on the interpretation phase of
VHSTATION to demonstrate how to use feature based genei;ic rules to anélyze framing
and details drawings. The detail algorithm of Check In System and Rule generation

could be found in cha;.)ter 3 and chapter 6.

7.6 Interpretation of Drawings Using Feature-Based Rules

Recognition and interpretation of engineering drawings requires identifying of
graphical features of drawings. Tikerpuu and Ullman (Tikerpuu and Ullman 1988)
define that features of graphics are geometric shapes that can be expressed in general
parameters and can be ratiocinated in applications. Cunnigham and Dixon (Cunnigham
and Dixon 1999) point out that features can be described using three components:

feature syntax, feature semantics, relationship between syntax and semantics.

In developing VHSTATION, the features in construction engineering drawings are

classified into the following levels.

. Pixel level: the most primitive representation
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2. Graphics primitives level: the representation of graphics primitives such as line, arc
circle and so on

3. Symbol level: representation of a group of graphics primitives

4. Element level: representation of a structure element

5. Frame level: Representation of the whole structure of a building

In this chapter the research focuses on the symbol and element levels, as the other levels
of features are either irrelevant, or can be further divided into symbol and element

levels.

7.6.1 Framing Drawing Interpretation
To calculate the quantity of steel reinforcement of a building, the framing and details

drawings of a building must be analyzed and understood together. Normally, the
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Fig. 7.2 Framing Drawing
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topological information of the construction elements can be extracted from the framing
drawings while the quantity of steel reinforcement of each element can be calculated from

relevant details drawings. A typical framing drawing is shown in Fig. 7.2

In Fig. 7.2, the construcﬁon elements are expressed directly by graphical primitives. The
name of an element is marked as a text string and the element shape is represented by its
boundary, which may be a rectangle, a circle, or a close-chain of lines and arcs. Although
the text strings and associated graphic elements are normally explicitly indicated,
sometimes this part of information may be omitted, thus making the process of
automatically recognizing drawing elements a more difficult task. The interpretation

procedure of Framing Drawing is shown in Fig. 7.3.

Framing Drawings

[

\

Grid System Recognition

Beam Recognition

Column Recognition J L

, Wall Recognition
- — 5
Slab Recognition
\ R

Staircase Recognition

Elements Relationship Analysis

Fig. 7.3 Framing Drawing Interpretation Procedure

 Recognition of Coordinate System of the Framing Drawing
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Each framing plan drawing has one or more coordinate systems, which are used
throughout the project. Through them, the distribution and dimension of each structural
element are described and identified. Coordinate systems are the basis of recognition of

framing plan drawings.

Coordinate system is generally an orthogonal system, and occasionaily a polar system.
Sometimes both of them appear in the same framing drawing. VHFraming obtains
coordinate lines through two groups of coordinate symbols, {*A’, ‘B’, ‘C’,  }and {*1,
2,3, }. These symbols are embedded in circles and each circle is connecting one

dot-dashed line. They make grid-lines and establish the coordinate system.

. Seqﬁcnce of Element Recognition

Primary types of structural elements in framing drawings are BEAM, WALL, SLAB,
STAIRCASE and COLUMN. Each element is shown in an outline format in a framing
plan drawing. The visible part of the outline is drawn in solid lines while the invisible part
is drawn in dashed lines. Each element outline has certain relation with coordinate lines.
For example, the center of a column is commonly located at the grid point of the
coordinate system. Beams include two classes: “beam on column™ and "beam on beam";
the former is normally located between two adjacent grid points while the later is
normally parallel to a grid line. Outlines of a slab lie on beams or walls, etc. Based upon
those geometric relations, VHFraming recognizes elements in a sequence of “column -

”

beam - wall - slab -

s Methods of Element Recognition
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Considering the characteristics of graphical expressions, difficulties in recognizing with
framing drawings can be summarized as follows:

e Farraginous Geometric Elements: Quite many graphical primitives that are
useless for recognition mix with those useful ones and outlines of different
elements are also mixed up.

e Individual Vagueness: Outline of a single element always has no strict
geometric representation, but only needs to have correct shape visually.

o Group Vagueness: Qutlines of diffc;'ent elements and also different types of
elements interweave with each other. Their dubieties are full of high-level
construction semantic implications that are very important for recognition.

In other words, the difficulty lies in how to extract precise and integrated information of
the construction element from those vague, imprecise and incomplete geometric
information (geometric element and the relations among themselves) under the support

of domain knowledge in construction quantity survey field.

¢ Recognition of Each Element

Each element is represented by its outline, its characteristics of position and name. The
name is expressed as a string. It denotes the semantic meaning of its related outline
which is expressed as some kinds of basic geometric elements such as lines and
indicates the geometric characteristics of the element. This shows that understanding
the relation among these aspects is important. Consequently, the recognition begins

with recognizing the above primitives and then makes decisions after synthesizing them.

For instance, the condition of determining a column can be expressed as below:

96



Rule I: A column expressed in framing drawings contains three parts: Column Mark, the
relativity between Column Mark and Column Boundary.

Rule 2: A Column Mark is a string, its length is no more than 5 and each character of the
Column Mark belongs to the set of normal 26 christcross-row or number.

Rule 3: The relativity between Column Mark and Column Boundary is the distance
between them. The distancé should be within a possible range.

Rule 4: The Column Boundary has three elements: the position of the boundary, the size
of the boundary and the shape of the boundary.

Rule 5: The position of the column should be at the Grid-Intersection or any other special
position.

Rule 6: The shape of column can be rectangle, circle, ellipse or any head-tail connected

lines or arcs.

B Beam 2= Wall " Slab
Fig. 7.4 Framing Drawing Recoguition Result

Rule 7: The Grid Intersection can be defined as the intersection of the Grid Line.

Rule 8: The Grid Line is the line that connects the Grid Circle.
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Rule 9¢: The Grid Circle is the circle that has a Grid Mark inside.

According to the above rules, recognizing a column is started from the extraction of
graphical primitives, which can be a rectangle, circle, ellipse etc. If some primitives
match the relevant rules then these primitives form a set. If the set matches the
definition of column, then a column is recognized. An example of the recognition result

is shown in Fig. 7.4

7.6.2 Details Drawing Interpretation

It shows all the details that are needed to construct the part. Each part in the framing
drawing will have a corresponding detail drawing with all the information necessary for
its construct. Therefore, a detail drawing must describe the shape and the size of the
part, as well as provide all the specifications that are necessary for its production. For

example, a typical beam details drawing of a beam is shown in Fig.7.5.
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Fig.7.5 Example of Beam Details Drawing

In order to automatically recognize and interpret the information contained in the details

drawings, VHSTATION has to recognize two types of information: architectural symbols,
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and reinforcement steel. Techniques used in recognizing these two types of information

are described as follows. And the interpretation procedure is shown in Fig. 7.6.

Details Drawings

N

Symbol Recognition

Steel Recognition

Information Exchange with Framing
Drawing

Calculation Length and Weight of

. Reinforcement Steel .
\. — i A

Fi.g. 7.6 [nterﬁrertz;éiht;ﬁ i;roc.:edﬁft; 6[ Detail .Iirawing

7.6.3 Symbol Recegnition

There are many kinds of symbols used in details drawings such as model matching,
decision tree, neural network, graph, matching, syntactic/structural matching and
statistical method (Lladés and Marti. 1999, Ah-Soon, Tombre 1998, Okazaki et al. 1988).
And the recognition of symbols is conducted on three levels: image level, graphical level,
and syntactical level (Tikerpuu and Ullman 1988). Syntactic/structural approach is the
most widely used approach in symbol recognition. However, syntactic/structural
approach cannot represent certain geometric properties, such as the size of the primitive,
relative orientation, edge concavity, and the like, that are important for distinguishing
among features (Qiang et al., 1997). These limitations will prevent it to be used widely in
the field of structurai drawings interpretations.

In this chapter, symbol recognition is only discussed on the syntactical level. This is
because the unique characteristics of symbols used in civil engineering design. The
major difference between symbols used in civil engineering (engineering symbols) and
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other symbols is that engineering symbols have multiple forms. This means that one
symbol can have several different outlooks. Therefore, interpretation techniques based
on the image or graphical level will not be able to accommodate the task of recognizing

engineering symbols. The syntactical approach, however, can solve this problem.

Generally there are five types of symbols presented in details drawings: section symbols,
height symbols, truncation symbols, begin-end symbols, and middie symbols. The
recognitidn of a section symbol is used as an example to explain the mechanism used in
recognizing symbols by the syntactical approach. Figure 7.7 shows some typical section

symbols used in structural drawings.

1Bj Al :

Fig.7.7 Section Symbol

The rules for interpreting section symbols are described as the following:

Rule 10: A standard section symbol contains five elements: Cut Direction Line,
Auxiliary Cut Direction Line, View Direction Line, Auxiliary View Direction
Line and Section Text. The length of the line in section symbol is less than
one text height.

Rule 11: Cut Direction Line is the line whose length is less than two text heights and
greater than one text height, and the line is at the cut direction.

Rule 12: Auxiliary Cut Direction Line is the line that is in parallel with the Cut

Direction Line and its length is less than one text height.
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Rule 13: View Direction Line is the line whose function is to show the viewdirection. It
is perpendicular to the Cut Direction Line and its length is not greater than the
length of the Cut Direction Line.

Rule 14: Auxiliary View Direction Line is the line whose function is to show the
direction of the View Direction. Its length is less than the length of
ViewDirection Line.

Rule 15: Section Text is a string. Each character of the string is in the set of normal 26
christcross-row or number.

Figure 7.8 to Figure 7.11 illustrate how a section symbol is extracted.
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Fig. 7.8 Original Drawing Fig. 7.9 Drawing processed after Rule 15
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Fig. 7.10 Drawing processed after Rule 10 Fig. 7.11 Drawing processed after Rule 11 tol4
The procedure of extracting a section symbol can be described as follows,

« Firstly, VHSTATION removes the strings that are not section text based on Rule 15.
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¢ Secondly, VHSTATION searches for the arc near the left string and removes the long
lines that could not be the lines of section symbol, based on Rule 10.
e Thirdly, VHSTATION checks the lines that near the left string and decides whether

the lines contain Cut Direction Line and View Direction Line based on Rule 11 to 14.

As the result of completing the above proceduré, the section symbol is identified and

illustrated in Fig. 7.8.

7.6.4 Reinforcement Steel Recognition

Rules are also use;d in interpreting reinforcement steel. The reinforcement steel usually
has the following three components: annotation string, polyline and connection line. An
annotation string indicates the steel type, diameter, amount, serial number, and location
of reinforcement steel. A polyline represents the shape of steel reinforcement. The
connection line is used to connect the annotation string with the polyline. For example,
the annotation string “3Y10-200 T&B” represents five steel bars, which are located at
every 200-millimeter gap between each other at both the top and bottom of the
construction element. Rule 16 is used to express the main elements of reinforcement

steel.

Rule 16: Reinforcement steel contains five elements: Steel-Annotation-String, Mark-
Line-Relativity, Annotation-Line, Line-Bar-Relativity and Steel Bar.

(Note: ‘mark-line-relativity” is used to measure the closeness between an annotation
string and an annotation line, ana the ‘line-bar-relativity’ is used to measure the

closeness between an annotation line and a steel reinforcement bar. Although



the format of an ‘annotation-string’ is well defined, there exist a number of

variations that are acceptable to the profession.}

1T12—85 U—-BAR

a b

Fig. 7.12 Reinforcement Steel

Fig. 7.12 gives two examples of reinforcement steel: “1T12-85 U-Bar” and “4T32-1 .

The line that is near “1T12-85 U-Bar” _and is linked with a dot is an Annotation-Line.

And the polyline intersected with the Annotation-Line at the center of dot is the Steel Bar.

In order to automatically interpret the information of reinforcement steel, the system

needs to firstly extract the Steel-Annotation-String from the details drawing. The

interpretation rules are shown as the following.

Rule 17:

Rule 18:

Rule 29:

Rule 20:

Rule 21:

A Steel-Annotation-String has five main etements: ST-Amount, ST-Type, ST-
Diameter, ST-Number, ST-Location-Attribute and Other-Notation.

ST-Amount indicates the amount of reinforcement steel.

ST-Type shows the type of reinforcement steel. It can be “T” or *Y” or ‘R’ or
‘ET.

ST-Diameter gives the diameter of reinforcement steel bars. ST-Diameter should
be an integer. The value ranges from 10 to 40.

ST-Number is the serial number of reinforcement steel. ST-Number should be
an integer or integer plus a character.
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Rule 22: ST-Location-Atiribute: ST-Location-Attribute gives the location of

reinforcement steel. It can be a sting or sentence. There are several typical ST-

Location-Attributes like “T1& BI , “E.F”, “T2 , “B2 . T means top of the slab

and B means bottom of the slab. “E.F” means each side of the elements.

Rule 23: Other-Notation can be a symbol or a sentence. The function of Other-Notation is

to describe extra information of reinforcement steel.

The procedure for interpreting the Steel-Annotation-String is shown in Fig. 7.13.

String

Characters
Group

Character
Segment

Legend

Object

<—‘ Process

——p Effect Link

Sequence and
meaning test based on
Rulel18 to Rule 24.

A

Steel-Annotation-String

Fig. 7.13 Subsystem for Understanding Stegl-Annotation-String

Let us use examples to explain how the interpretation process is conducted. Firstly, for

interpreting Steel-Annotation-String, the string is separated into individual symbols. For

example, “5Y10-200 T&B” can be separated into “5,Y,1,0,-,2,0,0, ,T,&,B”. This string of

symbols are checked and interpreted based on Rule 18 to Rule 24.

Determining the correct

Annotation-String and the

relationship (Mark-Line-Relativity) between the Steel-

Annotation-Line is an important yet difficult task. Because

the complexity of engineering drawings, the Mark-Line-Relativity is very difficult to

identify. There are normally 4~8 similar lines around the Steel-Annotation-String,

among which one is the Annotation-Line. The Nearest-Distance method is the
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traditional method used to judge the relationship between a line and a string. But this
method only considers the distance between line and string, and does not take account

of the impact of symbols on the line and the collocation of string and line.

In this study a novel method has been developed to solve the problem, called enhanced
gravity field relationship method (EGFRM). In the method each line is assumed to have
a gravity. field. The relationship between the Steel-Annotation-String and Annotation-
Line can then be simplified as the nearest gravity relationship. However, the gravity
field of line in VHSTATION is not exactly the same as a normal gravity field, as under
most circumstances a normal gravity field cannot represent the correct relationship
between drawing objects. So two additional féctors are used: symbols on the line and
collocation of string and line, to modify the gravity field of a line. Symbols that affect
the gravity field of a line include short line, dot and arrow on the line. These two factors
can change the size, shape area and orientation of the gravity ficld. Some sample points
are selected in a gravity field to shape the gravity of a line. The positions of the sample
points are shown in Fig. 7.14. The number and positions of sample points can be

changed to suit different conditions.

—¢|ew
| ]

¢ Valid Sample point  x Invalid Sample point

Fig. 7.14 Gravity Field Impacted by Symbel
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Fig.7.14 gives examples of the gravity field on a line and how arrows and dimension
symbols change the gravity filed of a line. Fig. 7.14(a) is the normal gravity ficld of a line.
All the 8 points are taken into account in determining the relationship between a line and
a string. If the line has an arrow at one end, then the text that connects this line is usually
near the other end. So the gravity field of the arrow end is minimized. As Fig. 7.14(b)
shows that points 4, 5,6 are not used in relationship decision. Based on the same reason, if
the line has dimensional symbols at the two ends, then only points 3, 7 are used in

relationship decision.

Collocation of a string and a line also changes the gravity field of a line. Fig. 7.15 gives
an example of how the collocation changes the gravity field of line. In Fig. 7.15 three
lines and Steel-Annotation-String are arranged in layers. If using the normal gravity field

of a line, it is difficult to decide which line is connected with the string *“3Y10-91-300

B2 .
e 3Y10-90,300 T2 .
x'-,‘ : - ‘x
X X x
3Y10-91,300 B2 -
X" i "x
X x x
- 3Y10-92,300 B -
x - x
x X x

Fig. 7.15 Gravity Field Impacted by Collocation of Strings and Lines
[n VHSTATION, if a group of lines and texts are grouped, then the gravity fields of lines
in the group will be changed according to the arrangement. For example if the
arrangement is that lines are on the top of each other as shown in Fig. 7.14, then only

sample points 2, 3, 4 will be used in deciding the relationship between lines and strings.
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After forming the enhanced gravity field of a line, Mark-Line-Relativity can be
identified between the Steel-Annotation-String and Annotation-Line. Before identifying
the relationship function D(P,Q) is defined to represent the distance between two points

P and Q.
The procedure of identifying the Mark-Line-Relativity can be described as follows,

e Firstly, VHSTATION recogﬁizes the énclosed rectangle of Steel-Annotation-String,.
Then VHSTATION obtains six points from the enclosed rectangle. The six points
include the four corner points and two middle points of the long edges of the
rectangle.

» Secondly, VHSTATION calculates the distance between the Steel-Annotation-
String and each Annotation-Line by using function D(P;,Q) (11 <6 & 1<j <8). P;
is the set of points on the enclosed rectangle of the Steel-Annotation String. And Q;
represents the set of points in the gravity field of the Annotation-Line.

o Lastly, select the lowest value of the function, then the corresponding Annotation-

Line can be regarded as associating with the Steel-Annotation-String.

After selecting the correct relationship between the Steel-Annotation-String and the
Annotation-Line, the next task is to identify Steel Bars. There are two types of Steel
Bars: Intersectional Steel Bars and arrow-point Steel Bars. Fig. 7.12 (1) is an example
of the Intersectional Steel Bar and Fig. 7.12 (2) is an example of the arrow-point Steel

Bar. Rules 24 to 26 explain how VHSTATION identify Steel Bars.
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Rule 24: Steel Bar has two types: Intersectional Steel Bar and arrow-point Steel Bar.

Rule 25: Intersectional Steel Bar is a polyline intersected with Annotation-Line, and the
intersection point is marked by a dot symbol.

Rule 26: Arrow-Point Steel Bar is a polyline intersected with Annotation-Line, and the
intersection point is pointed by an arrow.

Rule 27: Steel Bar and Annotation-Line must be perpendicular at the intersection point.

Rule 28: If the Steel Bar is an Arrow-Point Steel Bar, then the distance between
intersection point and arrow head is less than the distance between intersection

point and arrow tail.

Find line intersect
with Annotation-
Line
perpendicularty
(Rule 27)

Find line intersect
with symbol at
Annotation-Line

Annotation-Line

Detect the symbol
on
Annotation-Line

Steel Bar

Circle

Fig. 7.16 Subsystem for Detecting Steel Bars

Rule 29: If the Steel Bar is Intersectional Steel, then the distance between the
intersection point and center of the circle is less than half of the diameter of
the circle.

The procedure for interpreting the Steel Bar can also be shown in Fig. 7.16. Afier

recognition of steel reinforcement, the structure is of each steel reinforcement is

analyzed based on the BS4466 standard and attached with a shape code. The length

calculation of the reinforcement is based on the attached shape code.
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7.6.5 Rales for combining Framing Drawings and Details Drawings

After interpreting framing drawings and detaiis drawings, the most important work is to
combine the information together to get the correct dimensions and quantities of
reinforcement steel. Because there may be various discrepancies and errors of
dimensions in construction drawings, the interpreted dimensions cannot be used directly.
VHSTATION uses a verification mechanism to compare and produce correct
dimensions. These correct dimensions are subsequently used to calculate the quantities

of reinforcement steel. The rules used for verification and calculation are given below:

Rule 30: If dimensions of a drawing element in framing and details drawings are the
same, then either dimension can be used in calculation; else refer to Rule 25 to
Rule 27.

Rute 31: Gird dimensions should be derived from framing drawings.

Rule 32: Top view dimensions should be derived from framing drawings.

Rule 33: Front view or section view dimensions should be derived from details

drawings.

Rule 34. If there exists a string to describe the size or length of an element, then

corresponding dimensions should be derived from the string.

Rule 35: Correct dimensions of reinforcement steel can be derived from the
combination of following: dimensions in framing drawings, dimensions in
details drawings and relevant formula.

Rule 36: The height of an element can be derived from its height symbols.

Rule 37: Combination methods include: +, -.
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Rule 38: Combination is based on the Grid line of the drawing and the name of each
element.

Rule 39: All the dimensions in framing drawings and details drawings are combined
together to form a 3D dimension grid. If the line of reinforcement steel can be
projected to a dimension, then the length of the line is the value of the
dimension.

Rule 40: The concrete cover should be considered in the calculation.

Rule 41: If the léngth of reinforcement steel is less than the minimum requirement, then
the minimum requirement should be used.

Rule 42: If the length of reinforcement steel cannot be obtained from above rules, it is

calculated on scale.

The above rules enable the system to combine the information recognized in framing

and details drawings in order to derive the dimensions and quantities of reinforcement

steel.

7.7 Conclusions
In this chapter, the following issues are addressed in the development of VHSTATION:
e Due to the fact that the steel reinforcement information is presented by
combination of geometric symbols and descriptive texts in drawings, there are
certain physical connections among texts and symbols. Therefore, in order to
extract steel reinforcement information, the system must be able to recognize

symbols, as well as related texts.

110



» There are a variety of ways in representing basic graphical primitives in structural
drawings and various methods for combining those basic primitives to represent
engincering elements. Consequently, analyzing techniques based upon artificial
intelligence must be introduced to analyze and recognize the drawing elements in
different hierarchy, particularly in their relationship, in order to understand the
drawings.

» In most cases, the structure of steel reinforcement is represented in two different
views of projection, namely the front view and the section view. For example, a
R.C. beam is usually shown by a front view with one or more section views with
all the reinforcement bars represented by a line or dot respectively. Hence the
system must have the ability of parti.al 3D-reconstruction in order to recognize the
spatial shape and dimension information of each of the steel reinforcements being
used.

o The System must also be able to affirm the reliability level of the calculated
results and provide hierarchical post-processing functions because the number of
steel reinforcements is so large that it is too difficult to check them one by one.
This reliability check is displayed in various means to the user to express the lével
of accuracy of the data so that in case of uncertainty, the user may choose to
double check the data manuaily.

« Along with the progress of a project, some drawings may have version updating.
Accordingly, the system must provide the function of version management,
comparing the difference of drawings of different versions and finding the

difference of quantity surveying results. This is particularly useful in the

111



construction industry since variation of design is unavoidable in large-scale
projects and quick updating may save enormous time and cost.

e The system must be able to find and display abnormal data to help users to
identify and correct them because most drawings contain certain errors. A human
user can casily deal with these errors but for a software system, this must be
identified and confirmed by the user in a very user-friendly manner so as to

increase system efficiency.

Existing drawing interpretation systems mainly tackle single type of drawings (Ah-
Soon et al. 1997; Joseph 1992; Larry 1999; Fahn 1988). This study presents a rule-
based drawing interpretation system which can process different types of drawiné,s:
fréming and details drawings which have differences in cartography and display
formats. The rules used in interpretation are based on features identified in the

construction engineering drawings.

The implementation of VHSTATION is completed, and the system is commercially
available. Interesting parties may contact the author for further information about this

system.



Chapter 8§

MINIMIZATION OF DESIGN ERRORS USING 3D
RECONSTRUCTION AND COLLISION DETECTION

TECHNIQUES

8.1 Introduction

Rework is the unnecessary effort of re-doing a Vproaess or activity. It occurs when a
process or product does not meet the requirements of the customer (Love, Li and Mandal,
1998). Consequently the product is required to be altered in accordance with customers’
requirements. Research (Li and Love 1998, Love, Li and Mandal 1998) has found that the
additional cost to construction caused by rework can be as high as 12.4% of total project
costs in the Hong Kong construction industry. Among the major causes of rework,
design errors are identified as a major source (cause) of rework in construction,
contributing to 51% of the total failure costs of rework (Li and Love 1998, Hammarlund
and Josephson 1991). Among the design errors, most of them are attributable to
dimensional inconsistencies presented in different sets or sections of engineering

drawings (Mondal et al. 2000).

2D representation of engineering drawings are unintuitive, difficult to manipulate and
modify, and do not facilitate identifying dimensional errors (Liu, et al. 2001). It is
therefore important to posses the capability in reconstructing 3D models from 2D

drawings. This chapter presents a hybrid use of 3D reconstruction and collision detection
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techniques to assist designers and construction professionals in detecting dimensional

inconsistencies in drawings before the execution of construction activities.

Over the past two decades, many algorithms for reconstructing 3D models from
orthographic 2D views have been developed. These algorithms can be classified into two
major approaches: the CSG (Constructive Solid Geometry) oriented approach and the B-
rep approach. The CSG approach adopts a top-down reconstruction strategy which
assumes that each 3D object can be built from certain primitives in a hierarchical manner.
It starts with selecting a 2D loop as a base and uses translational sweep operations to
construct 3D primitives; the constructed primitives are then assembled to form the final
object (Meeran and Pratt 1993, Shum et al. 1997). A major drawback of the CSG
approach is its inability to recognize special patterns in the primitives generated from
complicated drawings. Thus this approach is only suitable for constructing parts of
uniform thickness or rotational objects (Liu et al. 2001). The B-rep approach bases itself
on the concept of ‘fleshing out projections (Wesley and Markowsky 1980). This approach
firstly generates 3D candidate vertices, 3D edges and 3D faces from 2D vertices and
edges. The 3D objects are then constructed from combining candidate faces. Several
researchers have implemented variants of this approach (Idesawa 1973, Wesley and
Markowsky 1981). Current research efforts have been focusing on extending the range of

objects to be constructed.

The task of collision detection can be formally defined as: ‘Given two objects and their
relative positions, decide whether the objects have interpenetration in the given space”.

Solutions of this problem will be useful to determine inter-object dimensional
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inconsistencies in drawings. Many techniques have been developed for collision
detection (Kitamura et al. 2000). One class of the techniques is based on the method of
performing intersection/interference tests of the objects. This method is simple but it
does not work well if objects are only in contact. Another class of techniques is to
compute the volume swept out by the objects when they are positioned in the required
locations. A collision is declared if these swept volumes intersect. This method is
reliable and effective in handling cases in which two objects are just‘ in contact with

each other.

For the techniques based on the swept volume test, most of them concentrate on
polyhedral objects. Moore and Wilhelms (1988) presented a method for detecting
collision among convex polyhedra based on a clipping algorithm and among flexible
surfaces modeled by triangles. Hahn (1988) introduces an algorithm suitable for
detecting collisions among objects modeled by polygonal surfaces. Other algorithms for
detecting collisions include those develope_d by Bouma and Vanecek (1991) and Lin
and Canny (1998). These algorithms form a basis to determine the most suitable

solution to the problem of determining dimensional inconsistencies in building designs.

This chapter presents a study on using 3D reconstruction and collision detection
techniques to identify design errors in construction engineering drawings. Specifically,
Section 2 describes the characteristics of construction drawings and a 3D reconstruction
technique which can automatically recognize and reconstruct 3D models from 2D
orthographic views to reveal dimensional inconsistencies within design models. Section 3

presents the collision detection technique developed to identify dimensional
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inconsistencies between design objects. Discussions and conclusions are given in the fast

section.

8.2 Identifying Design Errors within an Object Using 31D Reconstruction

Before a 3D model of a construction component can be built, it is important that 2D
orthographic views are automatically recognized. A construction drawing comprises
structural information of building components by the boundary projections of the
components in three orthogonal 2D views including the components’ top view F(t),
front view F(f), and section view F(s). In each of the 2D view, in addition to the
boundary projection, information such as special symbols, descriptive texts are also
attached. Thus, the task of recognizing a construction drawing must include

understanding both graphical and textual descriptions.

In a construction drawing, a construction component can be decomposed into many
graphical primitives (GPs). The recognition process needs to identify all the graphical
primitives and their relationships in the component (Dori et al. 1990). Speciﬁcally, the
recognition process in the research starts with recognizing the projection boundaries of
the component by removing the interior graphical primitives representing the steel bars or
other auxiliary lines, the symbols, and descriptive texts. For example, Fig 8.1 presents the
projection boundaries of a beam from its top view, front view and section view which are

obtained by removing the GPs in the boundaries.

Frequently, the projection of a component includes parts of other components’
projections in order to show their interconnections. This results in unclosed polygons at

the joints, as indicated in Fig 8.1. It is therefore necessary to enclose the polygons. For
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example, after removing the redundant GPs from the projection boundaries in Fig. 8.1,

the projection boundaries of the beam are as shown in Fig. 8.2.

f'/i", . f ae
. e 44 54 %
— i! r ' [ores ' r f# ) ]
(RH‘ Ir } . - - - ! AT
| 1B144 (550,800 2 600/450) ,a' I | it ||'_"':— 5 g
[ ' L]
A saop ' 1C0 | L
(RE) ,
| 1B144 (sq0/200 - 600/420) SEC. 4A SEC. 5A
£1B343] 1a149)

Figure 8.1: Projection Boundaries ¢f a Beam from Top, Front and Section Views
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Figure 8.2: Projection Boundaries After Removing Redundant CPs

A construction drawing contains many important symbols and texts. For example, the
grid symbols are the reference for view matching; texts describing the sizes of
components are indispensable. Thus, after the recognition of projection boundaries the
associated information are extracted by analyzing the symbols, texts and boundaries of

adjacent components in the drawings.

The extracted data for the projection boundaries, as well as the associated information,

are stored in a database structure indicated below.

Component name;

Size;

Top view height (if it exists);
Project view;

Group of vertex G (v);
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Group of edge G (e);
Group of Grid symbol G (g);

Group of adjacent components G (E);

The recoghized projection boundaries of the 2D orthographic views can be used to
reconstruct a 3D object. Among all the reconstruction methods, the method for
reconstructiné stretch objects, which belongs to the category of CSD approach, is
considered -the most suitable and selected, because almost all the building
components/objects are designed as stretch objects or a composition of several stretchable
objects. A stretchable object is defined as follows. Given the three orthographic viev;fs of
an object, if there are at least two of the three views have rectangular projection
boundaries, then the object is a stretch object, or 2.5 object. A stretchable object can be
created by stretching a plane along an appointed track. The piane to be stretched is called

the stretch plane (Nezis and Vosniakos 1997).

The stretch method requires breaking down a composite object into a group of simple
‘strétchable objects, or sub-objects, that can be reconstructed individually. The
composition of the simple stretchable objects results in a complicated object. The flow
chart of the reconstruction method is shown in Fig. 8.3. In addition to the ‘simple’
stretchable objects, some 3D objects can be considered as special stretchable objects. For
example, prism and truncated cones can be reconstructed using the stretch method. One
noted limitation of the stretch method is that it cannot be used to reconstruct objects with

spherical surfaces. However, spherical objects are not encountered in the structural
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components in the building drawings; only the upholstering of the building contains such
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Figure 8.3 3D Reconstruction Method Based on Stretch of Objects

8.2.1 Automatic Regeneration of the Absent Projection

In building drawings, some standard parts are often represented by their code names,
with the graphical details omitted from the drawings. In order to obtain the complete 3D
components, the absent parts have to be automatically regenerated after analyzing the
existing projection boundaries and the code names (symbols and texts etc.). The

regeneration process is controlled by the following two rules:

(1) If the missing part is a column or slab, and only the top projection exists, then draw

the circumscribed rectangle R{out) of the top projection. The front projection is
119



regenerated as a rectangle and its length is the length of the R(out), and the width of
it is the height of the column (the data is obtained from the text information). The
section projection is regenerated as another rectangle and the length of it is the
width of the R(out), and the width is the height of the column.

(2) If the missing part is a beam or wall, and there exist two projections, then project the
two projection boundaries to the third view, and the projections are two lines. The
third projection is regenerated as a rectangle and the length of it is the length of one

of the lines; the width is the length of the other line.

8.2.2 Decomposition of Complex P-rojections

If there are holes/voids in an object, the holes are shown as closed boundaries in the

projections. The holes can be separated from the projections. For example, let us

assume that there is a hole O(f) in object F(f), then the following procedure can separate
the hole from the object.

(1) Project the O(f) into F(t), and the projection is a line L. From each end point draw a
line that is orthogonal with F(f), then the two lines divide F(1) into three regions.
The region that includes the line L is called the projection region (PR) of O(f) in F(t).
The part of the boundary that in the PR is O(f)’s projection in F(t), called O(1).

(2) The O(f)’s projection in F(s) that called O(s) is obtained as in (1).

(3) {O), O(f), O(s)} is the projection group of the hole O. A hole flag is added to the
projection group.

{(4) Remove the O(f) from the F(t}.
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After identifying all holes’ projection group from the main projection group, the
projection group for the holes is removed from the object which can be reconstructed

using the stretch method.

8.2.3 Actual Construction Component Reconstruction
Afier the decomposition and reconstruction of individual stretchable objects, these objects
have to be recomposed to form the actual construction component. This is achieved in a

two-step process: (1) aggregation of simple objects and (2) removal of false objects.

For example, if a construction component is composed of three objects, i.e. two true
objects and one false object as shown in Fig 8. 4. A false object is a void that needs to

be deducted from a true object.

) &

True object | True object 2 False object

Fig. 8.4: Decomposed and Reconstructed 3D Objects of a Coustruction
Because all the objects are reconstructed using the stretch method in the same

coordinate system, the objects are simply aggregated and 3D operations can be applied
directly to obtain the actual construction component. Specifically, all the true objects
are integrated by the 3D plus operation to obtain a temporary object. Then, using the 3D
minus operation, the temporary object is reduced by the volumes of the false objects.

The actual construction component obtained is shown in Fig. 8.5.

The reconstructed 3D objects of adjacent components based on the stretch method often
have inter-penetrations at thé joints. As a result, excrescent parts occur which shouid be

removed.
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Fig 8.5: Actual Construction Component Resulted from Recomposition

[n order to remove the excrescent parts, collision detection technique is employed. The
collision detection technique used in this study is a simplified version of the Null Set
Detection method reported in Cameron (1990), which searches for evidence of non-
nullity, indicating the extrusions overlap and so that the collision of objects. As in the
presented study, motions of objects are not considered. The simplified Null Set

Detection operates in two stages:

e A divide-and-conquer stage, whereby the problem is dynamically split into a
number of simpler problems to reduce the computational complexity;
o A generate-and-test stage, at which the exact geometry of the problem is

considered.

The divide-and-conquer stage firstly mathematically formulates the collision detection
problem as follows. Object M has center at (x1,yl,z1) and is shaped by a set of points
Pi, {i=1, ,k}; Object ¥ has center at (x2,y2,22) and is shaped by a set of points Pj

{j=1, .1}. The task is to identify any non-nullity between objects Af and V.

In order to maximize the processing efficiency, the divide-and-conquer stage classify

the points of the objects into three categories. The first category includes the points on
122



the surfaces facing the adjacent object. The second category includes the points on the
surfaces facing the opposite direction of the adjacent object. The third category include

the rest of the points.

In the generate-and-test stage, each point of Object M in the first calegory is tested to
see if there is intersection set with Object N. If there is no intersection, then points in
the third category are also tested one by one until all the points in the third category are

tested. As this process is an exhaustive search, the complexity is not worse than o).

If no evidence of non-nullity is discovered, then the two objects are not collided.
Otherwise, collisions are detected, and necessary revisions and adjustments are needed

to modify the dimensions of the objects.

8.3 Identifying Dimensional Inconsistencies Through Collision Detection

8.3.1 Identifying Dimensional Errors Between Different Projections

The 3D boundary information of a building components are construction from projections
of the components in three orthogonal 2D views including the components’ top view F(t),
front view F(f), and section view F(s). So the dimension of each boundary can be
achieved from two component’s view. It is obvious that discrepancy exist if the

dimensional information of same boundary from different views has collisions.

8.3.2 Grid System Construction
In order to determine whether there are any conflicts between building components the
grid reference network of each floor should be recognized. Thus the accuracy of

relationship of building elements can be maintained. The grid system is a rectangular
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excavation or sampling units lay over a site by grid elements. The recognition of grid

element is controlled by the following rules:

(1) A grid element contains three parts: Grid Mark, Grid Line and Grid Circle.

(2) A Grid Mark is a string, its length is no more than 3 and each character of the
Grid Mark belongs to the set of normal 26 christcross-row numbers.

(3) The Grid Line is the line that connects the Grid Circle

(4) The Grid Circle is the circle that has a Grid Mark inside.

8.3.3 Checking Completeness and Correctness of Dimension Sets

A perfect dimension check system should both completeness and correctness of
dimensions. Completeness means that any geometric edge of an object should have
correspond dimension in the projection direction and correctness can be called none-
conflict. It means that for any edge if have several dimensions in the projection

direction, these dimension do not conflict with each other.

In order to check the completeness and correctness of dimensions, a graph is
constructed based on the information of dimensions. The dimension points and
dimension lines are the nodes and edges of the graph. Then depth first search (DFS) on

the graph is performed, and all the loops in the graph are achieved.



8.3.4 Identifying Dimensional Inconsistencies through Examining Reconstructed
3D Models

The results of the reconstruction process are a set of simple stretchable objects as shown

in Fig. 8.6. Inconsistent dimensions between 2D orthographic views will result in

irregular 3D objects which are non-existent in building and construction engineering.

: (3
l}- ----- - 4

Object | Qbject 2 Object 3

Fig 8.6 Reconstructing 3D Objects by Stretch Method

A visual examination of the reconstructed 3D models by an experienced engineer
conveniently leads to the identification of the irregular objects. This in turn assists in
spotting the dimensional inconsistencies that have caused the irregularities or
abnormalities in the objects. For example, the irregular shape of Object 2 in Fig. 4 is
suspicious and hence alerts the engineer. A request is then raised to the designer who
eventually confirms the object being cubic following acknowledging a dimensional

inconsistency in the drawings.

84 Conclusions

Dimensional inconsistencies are a major source of design errors which often lead to
rework. In this chapter, the use of 3D reconstruction and collision detection techniques
is presented to detect dimensional inconsistencies within a design objects as well as
between objects. The 3D reconstruction technique can detect the dimensional

‘nconsistencies within the same object, as inconsistent dimensions presented in three
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orthographic views result in an irregular/incomplete 3D model which can be easily
spotted and corrected by designers. The collision detection technigue allows the
dimensional inconsistencies between objects to be detected and identified. It may be
expected that by using these techniques, a substantial amount of design errors can be

eliminated and the failure costs of rework minimized.



Chapter 9

CONCLUSIONS

9,1  Contributions of the Study

The research described within this thesis has achieved two main aims: (1) the
incorporation of several techniques from the domain of engineering drawing
understanding and interpretation into the construction industry, (2) the implementation
of a system for automatic calculation quantities of steel reinforcement. The use of
EDUI techniques provides a new solution for quantity surveying in the construction

industry.

This research contributes to existing methods for EDUI in forms of new algorithms and
their integrative implementation in a system. The algorithms overcome some bottleneck
problems in EDUI such as symbol recognition, wall extraction and automatic recognition
rules acquisition. Specifically, this study has made the following contributions:
e This study has developed a system to understand and interpret engineering
drawings in construction and partially automated the quantity survey process.
The developed system assimilates the quantity surveyors’ professional
knowledge and experience, in order to improve the efficiency and accuracy of
the taking off process. The system is based on a set of redesigned, modified or
new algorithms created specifically for the task described in this study, in order
to achieve improved performance in the EDUI system.
» The algorithm developed for extracting the information relating to drawing

version is the basis for automatic engineering drawing management. It
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provides a flexible approach to controlling the development of different
versions of engineering drawings.

e The symbol recognition order-adjusting algorithm developed in this research is
to avoid the related errors in symbol recognition. The algorithm prioritizes the
symbols to be recognized by using the similarity measurement of instances in a
drawing under two recognition thresholds. Based on the error probability
sequence, a suitable recognition sequence is performed and some of the related
errors can be avoided without changing the recognition algorithm itself, so that
both the accuracy and efficiency of the symbol recognition system can be
improved.

o The wall extraction algorithm developed in this researcl; is to detect wall
information in architectural drawings. The results could be used for calculating
the quantity of none structural wall and to provide spatial and dimensional
information for further understanding of structure drawings. For structural walls
the information of reinforcement steel will be shown in details drawing while
reinforcement steel of none structural wall will not be drawn. Only some typical
details are shown for the calculation of the quantity. So it requires combining
the information of wall shape recognized in architectural plans and the typical
details information. The algorithm uses the door within a room as the seed
segment to guide the recognition of wall. Compared with traditional approaches
which only use parallel feature for wall recognition, the proposed method
shows a considerable improvement both in accuracy and efficiency over

existing methods.
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e The automatic rule-acquisition algorithm developed in this research is to extract
geometric features of architectural objects and convert the features into
recognition rules. By adopting the function of automatic object feature
extraction and rule acquisition presented in this study, rules in the recognition
systems are continuously refined along with new objects introduced. The
recognition ability is therefore improved without modifying the recognition
algorithm. This mechanism will improve the self-adaptability, stability and
applicability of application systc-ms.

e Another contribution of this research is the development of a collision detection
technique for construction elements in engineering drawings. The technique can
reconstruct 3D models from three 2D orthographic views and automatically
identify and minimize design errors. The collision detection technique allows
the dimensional inconsistencies between objects to be detected and identified.
By using these techniques, a substantial amount of design errors can be

eliminated and the failure costs of rework minimized.

9.2 Evaluation of the Research (Limitations)
Although this research project has been accomplished with satisfied results, there are
some limitations of the research which can be summarized as follows:
« The EDUI system cannot identify human errors and design errors in engineering
drawings.
o Though the system has the ability of self-learning by automatic rule acquisition,

it still needs a large number of rules to cover every possible condition. But as
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the number of rules rises, the reasoning speed of the system tends to become
slow.

e There is a lack of performance measures and experimental protocols. In other
words, the population size of engineering drawings on which the developed

algorithm “works’ is not well defined.

2.3 Recommendations for Further Research

Despite that many aspects of the construction management- process have been
computerized, quantity surveying is still largely a manual process. This situation needs
to be improved so that human efforts can be released to focus on performing more
creative jobs. This study presents a useful step towards automating the taking off

process. To accomplish this entire task, the following research issues are to be tackled:

(1) Incorporation of more intelligent user interfaces (IUIs) into the EDUI algorithms to
further increase the accuracy and speed.
Though a lot of EDUI algorithms have been presented, these algorithms can only deal
with certain special cases very well. None of them can guarantee achieving perfect
results due to data noise, lack of recognition ability or unique drawing errors. To
solve these problems, IUIs are required which can be integrated with domain-specific
drafting knowledge and inferring ability in the developed algorithms. IUIs are human-
machine interfaces that aim to improve the efficiency, effectiveness, and naturalness
of human-machine interaction by representing, reasoning, and acting on models of the
user, domain, task, discourse, and media (e.8., graphics, natural language, gesture).
Intelligent user interfaces are multifaceted, in purpose and nature, and they include

capabilities for multimedia input analysis, multimedia presentation generation, and
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discourse and task models to personalize and enhance interaction. Two [Uls are
potentially useful for the EDUI algorithms: Model-based Interfaces and Agent-based
Interfaces. Mode! based interfaces separate applications into four layers: application
actions, dialog control, style rules (specifications of presentation and behavior), and
style program layer (primitive toolkit objects composed by style rules). In addition to
supporting more declarative development, model based interfaces can draw upon the
automated input analysis and output generation techniques. So model-based interface
development environments promise automated design critique, refinement and
implementation. Agents have increased prominence in applications recently.
Examples of agents include search agents, ‘desktop agents, collaborative filtering, and
agents for intelligent distributed computing. Agents may assist in decreasing task
complexity, bringing expertise to the user or simply providing a more natural
environment with which to interact. Research in this area includes the use of agents to
express system and discourse status via facial displays, multi-modal communication
between animated computer agents, and developing standards and open architectures

for building agent based multi-modal interfaces.

(2) Better text recognition algorithms
Textual information is the most important information in engineering drawings.
Though there are some standards for presenting textual information in engineering
drawings, there are still a lot of textual information not presented in standard formats
in engineering drawings. To understand these textual information could help
understanding the drawings cnormously. This falls into the domain of natural

language processing (NLP). To incorporate this capacity into the developed system
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will be another future research subject. Cross Language Retrieval, Data Mining and
Entity Extraction are among the main NLP techniques that can be applied in EDUI
systems. An increasingly polyglot world needs to have access 1o information on a
subject no matter in what language it is written. So EDUI systems should have the
ability to process texts in drawings no matter what language was used originally. Data
Mining and Entity Extraction is a promising area of research in NLP. Good entity
extraction is entirely an NLP-dependent process. It extracts names of people, places,
and things from text and stores them, sometimes with other related information. NLP

systems can go further and store the names together with indicators of what they are.

(3) Self-adaptive feature-based symbol recognition algorithms
Since there are significant differences in symbols used in different application
domains, self-adaptive feature-based symbol recognition algorithms that are
independent of application domains are desirable. These algorithms should be data-
driven under the support of a symbol library which is dynamically formulated during
the use of these algorithms. Decision tree, one of the techniques in machine learning,
can be used. A decision tree is a tree whose internal nodes are input patterns and
whose leaf nodes are categories of patterns. A decision tree assigns a class number Lo
an input pattern by filtering the pattern down through the nodes in the tree. By
adjusting the tree structure and attaching dynamic features to the nodes, a decision

tree can have the self-adaptive ability used in different application domains.

(4) Powerful semantic analysis methods for 3D reconstruction and information

extraction
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Much attention has been paid to syntactic analysis and less to the semantic
understanding of drawings in current studies. Since much data are lost or distorted in
the process of converting 2D drawings to a 3D model, information obtained by
analyzing the drawings may be not completed. There are numerous 3D reconstruction
methods which are purely based on syntactic operations. The basic idea of these
methods is to look for sets of consistent matching hypotheses between features
extracted from three orthogonal projection views of an object. All these methods have
in common two limitations (Tombre 1995): (1) the processed data have to be perfect.
The methods assume that a clean idealized set of projection is provided. (2) These
methods can only be applied to geometric part of the drawing. However as a technical
document is not only set ;:>f geometric patterns but also a “linguistic” dimension, i.e.
information represented by different symbolic means. Further study is needed to
develop 3D reconstruction techniques which can be combined with other techniques

such as symbol recognition, text understanding and spatial analysis at semantic level.

In summary, this study has developed a system for the understanding and interpretation
of reinforcement drawings for the quantity surveyor in construction. The algorithms and
components applied in the system have provided a good starting point for the practice

of EDUI in construction as well as for further research in this area.
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