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ABSTRACT

Drawings havebeen the primary means of communicationinarchitectural design for centuries.
Architectural drawings of a building are typically two dimensional orthogonal projections
except for perspective and axonometric views. Each drawing alone does not represent the
whole building; however, a collection of these drawings includes all the details necessary to
describe a building.

3-D object-oriented design systems have been gaining popularity in the last few years. A 3-D
object system requires features, geometry, relationships and attributes of 3-D objects. This
information must be accessed quickly and efficiently in order to fully take advantage of a 3-D
object system. However, there is no system today that is able to interpret multiple 2-D
architectural drawings and to automatically create a 3-D building model. Presently, designers
manually transform the drawings into a 3-D model which is a time-consuming and inefficient
exercise. This paper describes a methodology for developing such a system.

To study the issues involved in the interpretation process, we implemented a prototype
knowledge-based system called AutoMOD (Automatic 3-D Modeler). The prototype system
utilizes a number of existing tools, including Nexpert Object! (for object representation and
reasoning), AutoCAD? (for making input drawings and displaying the output 3-D model),
THINK C3 (for building the interface between Nexpert Objectand AutoCAD) and HyperCard4
(for controlling the overall interpretation process).

The AutoMOD system has been demonstrated successfully for interpreting simplified 2-D
architectural drawings and for building a 3-D object model based on interpretations of the 2-
D drawings.

Nexpert Object is a product of NEURON DATA
AutoCAD is a product of AUTODESK Inc.
THINK C is a product of SYMANTEC Corp.
HyperCard is a product of Apple Computer Inc.
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Section 1
Introduction

This section describes the background of this research work and introduces the objective
and the scope of this study.

1.1 Background

Drawings have been the primary means of communication in architectural design for
centuries. Architectural drawings of a building are typically two dimensional orthogonal
projections except for perspective and axonometric views. Each drawing alone does not
represent the whole building; however, a collection of these orthogonal projection
drawings includes all the details necessary to describe a building.

3-D object-oriented design systems are gaining popularity in the last few years. An object
design system requires a 3-D model that contains object information such as:

features (what the object is - e.g., columns, beams, etc.)
geometry (where the object is and its dimensions - e.g., (x,y,z) coordinates)
relationships (how the objects relate to each other - e.g., connects to, contained
by, etc.) and

e attributes (e.g., material, cost, etc.).

The 3-D model has to be constructed quickly and efficiently in order to take full advantage
of the 3-D object design systems. However, there is no system today thatis able to interpret
multiple 2-D architectural drawings and to automatically create a 3-D model. Presently,
designers manually transform the drawings into a 3-D model which is a time-consuming
and inefficient éxercise.

1. Introduction 1



One notable work on a knowledge-based approach toward drawing interpretation was
performed by Prof. Logcher and Dr. Jonathan Cherneff at MIT [4]. They implemented a
Knowledge-Based system for Interpretation of Architectural Drawings (KBIAD) using the
knowledge engineering environment, KEEl. The KBIAD system uses the geometric
information of a simplified 2-D plan drawing to produce information regarding spaces,
walls, doors, windows and millwork. However, the system was not intended to produce
a 3-D model from multiple 2-D drawings.

There are two basic ways to automate the transformation process from 2-D drawings to a
3-D model by machine:

(1) Staticinterpretation which obtains the object information from interpreting existing
drawings

Drawings may exist either on paper or in a drafting CAD system. In case where the
drawings are on paper, scanning systems such as Scorpion’s Raster to Vector Conversion
System?2 can be used to pre-process the drawings into machine-readable form. Typically,
a scanning system scans a drawing and records the drawing as raster data which are then
converted into vector format such as DXF3. Existing commercial scanning systems are
capable of normalizing a drawing and eliminating the “noises” to some extent; however,
they are not capable of identifying features and relationships of objects nor building a 3-D
model from multiple drawings. Consequently, the output DXF file contains only geometric
information such as (x, y) coordinates. Likewise, drawings in drafting CAD systems store
only geometric information.

(2) Dynamic interpretation which obtains object information while the drawings are
being drawn

CAD systems have become popular, and some unique approaches are being taken in
developing user friendly interfaces. The T-Board4system [8]is a free-hand drawing system
that enables the user to draw graphic elements such as lines and circles on a liquid crystal
display (LCD) with a stylus-pen, almost in the same way he/she draws pictures on paper
with pencil. The system reasons about the graphic elements drawn and replaces them with
precise vector information in real time. The T-Board system succeeded in removing
traditional “pick and click” menu-based operations to declare the user’s intention before
taking any drawing action. The dynamic interpretation of features and relationships of

KEE is a prooduct of IntelliCorp.

Scorpion System is a product of Scorpion Technology.

DXF is Drawing Interchange File Format developed by AUTODESK Inc.
T-Board is a product of Takenaka Corp.
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1. Introduction 2



2-D 2-D i 3-D 3-D
Drawings Interpretation " Construction Model

Figure 1-1: Research Objective

objects might be possible by embedding a knowledge-based interpretation system with a
drawing system such as T-Board.

1.2 Objective

While a methodology for automatically creating a 3-D model from multiple 2-D drawings
-would be useful for both static and dynamic interpretations of drawings, the dynamic
interpretation process is a difficult long-term problem. The static interpretation, taking
existing drawings as an input to the AutoMOD system, is the primary focus of this research.

The objective of this research is to explore the issues in creating a knowledge-based system
(AutoMOD) that:

e interprets existing multiple architectural drawings and
e constructs a 3-D model of a building using object-oriented data representation.

1.3 Scope of Study

The following describes the scope of study to facilitate our initial investigation in this
research area.

(1) Utilization of commercial expert system shell
Commercial expert system shells provide ready-to-use rules, objects to represent domain

knowledge, and a variety of inference mechanisms. TheNexpert Object system was chosen
as a knowledge engineering development tool in this work for rapid prototyping.

1. Introduction 3
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Figure 1-2: DXF Information (Input to AutoMOD). The figure on the left shows a single
line in a x-y coordinate system. The figure on the right shows the DXF format for this line.

(2) Assumptions of input drawing
* Kind of drawing:

The contents of architectural drawings vary somewhat, depending on the type of facility
and the phase of the project. This work focuses on architectural drawings of an office
building drawn at preliminary design stage. Since it is difficult at this initial stage of
investigation to deal directly with real drawings, we focus on the drawings that are
simplified. :

* Data format of drawing;

The AutoMOD system assumes that input drawings are in DXF files. Any drawing in DXF
format can be an input to the AutoMOD system. DXF files contain only geometric
information such as element type, layer name and (x,y) coordinates. Figure 1-2 shows an
example of how a single line is stored in a DXF file.

* Way of getting DXF information:

Given only a paper drawing, DXF file may be produced by a scanning system which does
automatic raster to vector conversion and then produces a DXF format output file. In

1. Introduction , 4



Plan Raster
Section Scanner Raster - {0
Elevation Data Vector

\__Utilization of Commercial Product (SRV) /

Drafting CAD System

Figure 1-3: Commercial Scanning and Drafting Systems. Both systems produce 2-D DXF
files which can be used as input to AutoMOD.

addition, most drafting CAD system can produce DXF file format outputs. In case where
the drawings are on paper, utilization of a commercial product such as Scorpion is
assumed. In case where the drawings are in a drafting CAD system, it is easy to obtain the
DXFfile directly from the CAD system since most CAD systems provide options to produce
output in DXF format (Figure 1-3). In this work, AutoCAD is used for making input
.drawings and generating DXF information.

* Accuracy and consistency of drawing:

As long as the drawings are manually drawn or a drafting system is manually operated,
inaccuracies and inconsistencies of the drawings are inevitable. Dealing with unpredictable
errors on the drawings made by humans would be a difficult problem to solve in
interpretation. Within the context of this work, input drawings to the AutoMOD system
are assumed to be accurate and logically consistent among them.

* Variation of drawing set:

Different users may have different drawing sets. For instance, a user may want the system
to createa3-D model from the plan, section and elevation drawings while another user may
have only plan and elevation drawings. Dealing with the infinite variations of drawing sets
would be a difficult problem. The drawing sets that the AutoMOD system can handle are
shown in Figure 1-4. :

1. Introduction 5
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Figure 1-4: Variation of Drawing Sets Supported by AutoMOD. AutoMOD uses built-in
assumptions when it detects ambiguities in a partial set of drawings.

The AutoMOD system employs either default values or existing values to derive missing
information. For example, thesystem uses default values for generating heightinformation
of the 3-D objects if the user has only a plan drawing. An example of utilizing existing
information is that the system retrieves the height information of east-side windows from
south-side windows if the east elevation drawing is missing while the south elevation
drawing exists.

(3) Representation of 3-D model

The AutoMOD system represents the resulting 3-D model by the descriptions of its objects.
Attributes, one of four object information mentioned in the very beginning in this paper,
greatly depend on words and descriptive information such as specifications (which is
beyond the scope of this initial investigation). Therefore, object information in AutoMOD
includes:

¢ features
* geometry
o relationships

Figure 1-5 schematically shows examples of 3-D objects. A column, for instance, includes
ID number, Label which indicates the two column lines (i.e., column lines “1” and “A”)
where the column exists and its (x,y,z) coordinates. A girder, for instance, includes also the
geometry and the relationships naming the two connecting columns (i.e., columns “1A”
and “2A").

In order to visually examine the resulting 3-D model, the AutoMOD system converts 3-D
object information to a 3-D DXF file. Again, AutoCAD displays the model.

1. Introduction 6



Feature COLUMN GIRDER ——— Feature

ID =101 ID =101
Relationship ——— Label = 1A COLUMN1 = 1A—]— Relationship
Geometry x1 =500 COLUMN2 = 2A4

x2 = 1200 x1 = 1200 Geometry

y1 =300 x2 = 5300

y2 = 1000 y1 =500

z1 =500 y2 = 800

22 = 4000 z1 = 3300

z2 = 4000

Figure 1-5: Examples of 3-D Objects

1.4 Summary of Results

The AutoMOD system successfully interpreted simplified multiple architectural drawings
and constructed a 3-D model based on 2-D interpretations of the drawings. The overall
schematic diagram of the system is shown in Figure 1-6.
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Figure 1-6: Overall Diagram of AutoMOD. 2-D drawings are interpreted to produce
a 3-D model. The 3-D model is displayed by AutoCAD.
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Section 2
Methodology

This section describes the methodology developed for 2-D interpretation and 3-D model
construction. In this present study, we examine three basic issues relevant to this research
problem.

(1) defining input drawings

(2) defining a human’s drawing recognition model and

(3) converting the drawing recognition model into a computational model and
defining the knowledge modules necessary to perform the (model-based)
reasoning.

These issues are discussed in the following sections.

2.1 Input drawings

The drawing manual of Takenaka Corp., for instance, defines approximately twenty
building components thata plan drawing should include ata preliminary design stage [21].
In this present work, however, we focus on identifying the following building components
from the respective drawings:

e Plan Drawing: COLUMN, WALL, DOOR, WINDOW
e Section Drawing: WALL, WINDOW, GIRDER, BEAM, SLAB
* Elevation Drawing: WALL, WINDOW

The term “building component” refers to object including information such as feature,
geometry and relationship.

2. Methodology 9



Type of Graphic Type of Building

Name of Layer Element Component

BODY Either LINE or ARC COLUMN, WALL
DOOR, WINDOW
GIRDER, BEAM, SLAB

COLLINE LINE COLUMN LINE

FLOOR LINE
Any name except  Any type Any type
above two

Figure2-1: Rules on Drawing Organization. Thisrulespecifies the AutoMOD assumptions
regarding CAD drawing layer, use of graphic elements, and allowed types of building
components.

In addition, there are a few rules that must be followed when making the input drawings;
they are summarized in Figure 2-1. The graphic elements of the building components are
assumed to be either lines or arcs. Furthermore, graphic elements that constitute building
components must be oriented in either the horizontal or vertical direction and stored in a
layer called “BODY” in the DXF file.

The drawings include some crucial information for making it possible to correctly match
different drawings such as plan and section drawings. For example, a column line is
supposed to be common and consistent among the different drawings. The column lines
in the AutoMOD system are straight lines stored in a layer called “COLLINE”. In other
words, the column lines need to be distinguished manually before the interpretation
process (although this restriction should be eliminated in future development).

Building components other than the ones shown in Figure 2-1 can be drawn with any type
of graphicelements and stored in any layer with name other than “BODY” and “COLLINE”;
this information is ignored in the interpretation process.

An example of a real drawing is shown in Figure 2-2. Simplified versions of plan, section
and elevation drawings are shown in Figure 2-3, 2-4 and 2-5 respectively. AutoMOD
successfully interprets these simplified drawings.

2. Methodology 10
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Figure 2-3: Simplified Plan Drawing. AutoMOD interpretes columns, walls, doors and
windows in a plan drawing. Light color lines are ignored in interpretation.
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Figure 2-4: Simplified Section Drawing. AutoMOD interpretes walls, windows, girders,
beams and slabs in a section drawing. Light color lines are ignored in interpretation.

Figure 2-5: Simplified Elevation Drawing. AutoMOD interpretes walls and windows in
an elevation drawing. Light color lines are ignored in interpretation.

2. Methodology 12



Recognition of §_ _{ Recognition of
Features Relationships

Figure 2-6: Drawing Recognition by Humans

2.2 Drawing Recognition Process

Architects/engineers construct 3-D images by examining 2-D drawings. The human
recognition involves a spiral-up process toward a 3-D representation. This recognition
process involves arbitrary interactions among three different activities:

* Recognition of Features - extracting features of building components based on
their geometry from each of multiple drawings;

® Recognition of Relationships - recognizing relationships among the building
components; and

* Synthesis - constructing a 3-D model by combining the features, geometry and
relationships.

Each activity is carried out using the domain knowledge that architects /engineers possess
(Figure 2-6).

2. Methodology 13



Recognition of N Recognition of

Activity Features Relationships Synthesis
Domain
Knowledge
Feature Feature
Geometry GZ%?:\lgﬁy Geometry Geometry
Relationship Relationship
2-D DXFs 2-D Objects 2-D Objects 3-D Objects

Figure 2-7: Drawing Recognition by AutoMOD -

2.3 Knowledge-Based System

Since it is quite difficult to implement the human'’s recognition process, the recognition
process needs to be transformed into a computational model.

Oneof thedifficultissues for themachine torealizeis thespiral-up process involving arbitrary
interactions among the three activities shown in Figure 2-6. However, as long as the
drawings are all accurate and logically consistent, the spiral-up process can bereplaced with
alinear process. In other words, all building components can be identified and a 3-D model
can bebuiltinadeterministicmanner (Deterministic Reasoning). Therefore, in thedrawing
recognition model in AutoMOD, the three activities are executed in a linear fashion and
each kind of domain knowledge is employed based on the result of the preceding activity

(Figure 2-7).
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Three knowledge modules corresponding to the three activities are implemented in the
AutoMOD system: '

e Geometric Pattern - describing how each component is drawn on a drawing in
terms of its geometric features

e Relationship of Components - describing how each component is related to each
other on a drawing

e Organization of Drawings - describing the relevant information contained in
each drawing.

The first two modules concern with 2-D interpretation while the third module is for 3-D
construction. In the next chapter, we will describe these three knowledge modules in
detail.

2. Methodology 15



Section 3
Implementation

This Chapter describes the implementation of the AutoMOD system. First, we provide an
overview of the system. Three issues of the system design are then described:

(1) interface between drawings and reasoning
(2) knowledge modules and
(3) interface between 3-D objects and 3-D graphics

3.1 System Overview

The AutoMOD system utilizes a number of existing tools, including Nexpert Object [18]
(for object representation and reasoning), AutoCAD [1] (for making input drawings and
displaying the resulting 3-D model), THINK C [20] (for building the interface between
NexpertObjectand AutoCAD) and HyperCard [9] (for controlling the overall interpretation
process).

Input2-Ddrawingsmadeby AutoCAD aretransformed into DXF filesby using AutoCAD’s
native command (DXFOUT). An interface program written in THINK C is then used to
transform the DXF files into Nexpert Object readable (NXP) files which contain only vector
information, (x, y) coordinates. The reasoning process interprets the vector information
and produces 3-D objects. The object information is converted back to a DXF file so that the
resulting 3-D model can be displayed with AutoCAD. Figure 3-1 shows a schematic view
of the AutoMOD system.

3. Implementation . 16



Figure 3-1: Overview of AutoMOD

o
s,
2-D 2-D File
Drawings —8= DX = rransfer —8-(DXF Info.)
Files
Aec?® THINK @ Reasoning
T
I,
3D L 3-D File .
Model DXF %1 Transfer T (3-D Objects
File
AutoCAD THINK G Nexpert Object
HyperCard

3.2 Interface between Drawings and Reasoning

The following is an example of converting the DXF file of the plan drawing shown in Figure
2-3. The drawing contains 9 grid points in the layer COLLINE (three column lines in both
vertical and horizontal directions), 128 lines in the layer BODY and 5 arcs in layer BODY
while 22 elements in the other layers are ignored (the light color lines in Figures 2-3,2-4 and

2-5).

Grids, lines and arcs are stored in three separate files in NXP file format as shownin Figure

3-2. The AutoMOD system reads in this information and transforms it into object
representation as shown in Figure 3-3 and 3-4. The section and elevation drawings are

transformed to the object representation in a similar manner.

3. Implementation
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Figure 3-2: NXP Format

3. Implementation 18



(+)Col6
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(+)Col8
(+)Col9

Label « Unknown

SeiColumn = Unknown

% = Unknown

¥ = Unknown

(+)Colt Label = 1C

(+)Col2 co = on

(+)Col3 '°°'“1m""" known
: (+)Col4 ¢ = 24000
OCoiLines A (+)ColS ye =

anps = Unknown
angs » Unknown
ID = Unknown
r = Unknown
SetDoor = Unknown '
xc = Unknown
xe = Unknown
xs = Unknown
yc = Unknown ange = 180
ye = Unknown angs = 80
ys = Unknown D=2
: r = 400
(+)Arct SetDoor = True
(«)Arc2 LIxc = 13125
OArcs L\ (+)Are3 xe = 12725
(+)Arc4 xs = 13125
{+)ArcS yc = 18475
' ye = 19475
ys = 19875
Q :Class
/\(+) : Object generated during the process
0 : Property
B : Method

Figure 3-3: Grid and Arc. NXP information is transformed into objects whose names
represent the type of graphic elements and whose properties contain 2-D graphicinformation
such as (x,y) coordinates.
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A (+)Line100
A (+)Line77
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A\ (+)Line127
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[1////A (+)Lines7
/\ (+)Line92
(+)Line®1
(+)Line55
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/\ (+)Line37
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O¥YLines

QO :Class

A\#): Object generated during the process
O : Property
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Figure 3-4: Lines. NXP information is transformed into objects whose names represent the
type of graphic elements and whose properties contain 2-D graphic information such as
(x,y) coordinates.
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3.3 Knowledge Modules
There are three knowledge modules in the AutoMOD system:

e Geometric Pattern - for extracting building components (e.g., columns and
walls) from each of multiple drawings

e Relationship of Components - for recognizing relationships among the building
components and

e Organization of Drawings - for constructing a 3-D model by combining the
building components and the relationships among them.

These three modules are described in the following subsections.

3.3.1 Geometric Pattern
The Geometric Pattern module consists of two components (Figure 3-5):

o Template: describing how each building component is drawn on a drawing in
terms of its geometric features.

e Controller: providing the processing order of components to be found in each
Template.

As soon as a building component is derived from the input information, the module
removes the graphicelements or parts of graphicelements corresponding to theinformation
which compose the building component (Figure 3-6).

The combination of the processing order provided by the Controller and the reduction of
input data enables the Template to extract building components in a deterministic way. As
an example, Figure 3-7 illustrates the interpretation of a door and walls on the plan
drawing.

The Controller includes a set of rules describing the building components which must be
preceded before a particular type of components so that the Template module can work
properly. The preceding components are the surroundings of the component to be
interpreted. The Controller allows the user to add a template for new building component
to the system because it allows the user to focus on the geometric features of the new
component to be interpreted. Figure 3-8 shows an example of the Controller for the plan
drawing.
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2-D DXF

Geometry \

Template
Feature
Geometry
Geometric Pattern
2-D Objects

Figure 3-5: Template and Controller

Figure 3-6: Reduction of Input Data. Graphic elements are recognized in the input,
removed from the input and added to the output.
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Template  Door: an arc and a line which connects to the arc
Wall: two parallel lines whose separation is likely to be the wall width

Controller  First Door and then Wall

Input Door Wall

+
|

Wrong Case:

Walls are interpreted before a door or
Graphic elements which compose a door
remain after the interpretation of the door

Figure 3-7: Deterministic Reasoning. Features are extracted in a fixed sequence set by the
controller. If features are extracted in an incorrect order, as shown in the bottom of the
figure, ambiguities may arise.

Column: If Walls have been processed Door
Then proceed to interpret Columns
Wall : If Windows have been processed Window
Then proceed to interpret Walls
.........»
Door : Proceed to interpret Doors "
a
Window: If Doors have been processed
Then proceed to interpret Windows Column

Figure 3-8: Example of Controller. The Controller specifies th eorder in which building
components are interpreted.
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Along with the actual processing order, the following summarizes the Template for
interpreting the building components on each drawing.

1. Plan Drawing

(1) Door

The system extracts a door by finding an arc and a line which connects to the arcat one end
and the other end is equal to the center point of the arc. The resulting object is represented

as arectangle to depict an opening in a wall and a line to represent the door itself. Theline
overlaps one of the longer sides of the rectangle and whose first point is at the hinge of the

door.
,t_‘_“; — @ —» [T
Interpretation
Figure 3-9: Door on Plan
(2) Window

Thesystemidentifiesa window by finding three parallel lines which have samelengths and
the separation among them is equally spaced within certain range (say <= 250mm). The
resulting object is represented as a rectangle to depict an opening in a wall and a line to
depict the glass of the window.

[T — > [T

f ‘ Interpretation ’ 4

Figure 3-10: Window on Plan

(3) Wall

The system extracts a wall by searching for two parallel lines whose lengths are not
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necessarily the same but whose separation is less than 250mm. The resulting object is
represented as a rectangle.

e
Interpretation

Figure 3-11: Wall on Plan

(4) Column

When the system reaches the interpretation of columns, building components which
possibly connect to the columns have been already identified and relevant graphic
elements have been removed from the input information.

Based on the assumption madein this work that each columnincludes an intersection point
of two column lines, the system searches for lines which are completely included in a certain
range around an intersection point of two column lines. Theresulting object is represented
as a rectangle.

Interpretation

Figure 3-12: Column on Plan
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2, Section Drawing

The Template for the section drawing is almost the same as the one for the plan drawing,
since the two drawings are similar in terms of geometric features of the building components.

(1) Window

The Template used for the windows on the plan drawing is utilized for the section drawing
except that the system only searches for vertical lines. The resulting object has a line which
represents the glass of the window.

(2) Wall and Slab

The Template used for the walls on the plan drawing is utilized for the section drawing. The
system searches for only vertical lines for the walls while horizontal lines are searched for
the slabs. The resulting object is represented as a rectangle.

(3) Girder

The girders can be regarded as the columns on the plan drawing in terms of their geometric
features. The only differenceis thata girder includes an intersection point of a column line
and a floor line instead of two column lines.

(4) Beam

When the system reaches the interpretation of beams, only relevant input information
remain. The system identifies the beams by searching the graphicelements within a certain
area. The resulting object is represented as a rectangle.

3 Elevation Drawing

The elevation drawing in this work has only two kinds of building components. To
facilitate the interpretation, the system first distinguishes the lines into long lines and short
lines.

(1) wall

The system identifies a wall by searching for a rectangle composed by the longer lines. The
resulting object is represented as a rectangle.

3. Implementation 26



(2) Window

The system identifies a window by searching for arectangle composed by shorterlines. The
resulting object is represented as a rectangle.

3.3.2 Relationship of Components!

Relationship of Components describes how each component is related to each otherin a
drawing. Two types of relationships, “Connect to” and “Contain (or Contained by)” are
defined in each drawing. The AutoMOD system extracts the relationships based on the 2-
D object information such as features and geometry obtained by the Geometric Pattern
module. The following shows the definition of relationships among the components per

each drawing.
(Drawing)

PLAN

SECTION

ELEVATION

(Object)
COLUMN

WALL

DOOR
WINDOW

GIRDER
BEAM
SLAB

WALL

WINDOW

WALL
WINDOW

(Relationship)
Connect to COLUMN LINEs(2)
Connect to WALLSs (0-4)
Connect to COLUMNs (0-2)
Connect to WALLs (0-2)
Contain DOORs (n)
Contain DOORs (n)
Contained by WALL (1)
Contained by WALL (1)
Connect to WALL (0-1)
Connect to SLAB (1)
Connect to WALL (0-1)
Connect to SLAB (1)
Connect to GIRDERSs (n)
Connect to BEAMs (n)
Connect to GIRDER (0-1)
Connect to BEAM (0-1)
Connect to SLAB (0-1)
Contain WINDOW (0-1)
Contained by WALL (1)
Contain WINDOW (n)
Contained by WALL (1)

1 This feature has only been partially implemented.
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3.3.3 Organization of Drawings

Organization of Drawings provides the knowledge about how to synthesize different
drawings in order to build 3-D objects. The following shows the drawings that each
componentneeds toreferinorder toobtain its 3-D information. The drawingin parentheses
is optional for the user to have.

(Object) (Drawing)
COLUMN PLAN, (SECTION)
WALL PLAN, (SECTION)
DOOR PLAN

WINDOW PLAN, (ELEVATION)
GIRDER (SECTION), PLAN
BEAM (SECTION), PLAN
SLAB (SECTION), PLAN

The key information to properly synthesize different drawings is Column Line which is
common and consistent across the drawings. Figure 3-13 illustrates the synthesis of plan,
section and elevation using column lines.

3.1 Interface between 3-D Objects and 3-D Graphics

In order to visually examine the resulting 3-D model with a CAD system, an interface
program written in THINK C has been developed to convert the 3-D object information to
a DXFfile. The program puts the feature information of the object into layer of the DXFfile.
A column object, for instance, is converted to 12 lines in DXF format and then displayed as
shown in Figure 3-14.
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Figure 3-13: Synthesis by Column Line's Information

0
LINE £lement Name
8
COLUMN101 Layer Name  £1]
10
COLUMN ID = 101
Label = 1A 500 x1
20
x1 = 500 300
X2 = 1200—=| yi
y1 =300 500
y2 = 1000 11 z1
z1 =500
22 = 4000 goo x2
300 y2 g
31
500 22
Object 3D DXF File ‘ Graphics

Figure 3-14: Object to Graphics
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Section 4
Example

This section shows how the AutoMOD system looks during the process of interpreting 2-
D drawings and constructing a 3-D model. In this example, the drawings shown in Figures
2-3 to 2-5 are used as input drawings.

AutoMOD has an user interface built in HyperCard. The interface allows the following

functions:

(1)
()
(3)
(4)
(5)

Showing 2-D Drawings

Transforming DXF Files into NXP Files
Reasoning

Transforming 3-D Objects into a 3-D DXF File and
Displaying a 3-D Model.

The AutoMOD takes about four minutes to convert the 2-D drawings of Figures 2-3 to 2-
5 to the 3-D model of Figure 4-13 on Macintosh Ilcx.
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2D DRAWINGS

Ij%n Section Elevation QAo

A 1

Figure 4-1: HyperCard for Bringing Up Input Drawings on Screen

(1) 2-D Drawings

When the AutoMOD system is activated, the screen shown in Figure 4-1 is displayed. The
user can bring up existing drawings by clicking any one of three buttons on the bottom of
the screen to look at the drawing and to generate the DXF file with AutoCAD’s native

command, DXFOUT (See Figure 4-2).

All building components are stored in the layer, “BODY” and all column lines are stored
in the layer, “COLLINE” while other building components are stored in other layers.
Figure 4-3 shows an example of layers for an input drawing.
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7783

layer COLLINE

2 :DIG:SECTION: Hy_sect

|.cnjar COLLINE 24076.5453,8192. 1944

il L u L
N
L
F 1 il F2 ) F3 | F4

Command: DXFOUT

R E

Figure 4-2: Input Drawings on AutoCAD (Plan and Section)
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F1 Y F2 F3 I Fé

]

Figure 4-2 (Cont'd): Input Drawings on AutoCAD (Elevation)

Modi fy Layer

Current Layer name On Frozen Color Linetype
TAG ® ? white CONT INUQUS

STR L) ? white CONT INUQUS

WIN . 3 green CONT INUQUS

» 3 green CONT | NUOUS

e COLLINE L) 1 _red CONTINUOUS

[New layer | |
[ Down |

Figure 4-3: Example of Layer of Input Drawing. Building components are all stored in the
BODY layer.
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P T ,,,,” e

* DXF
A

C Intertace

NEXPERT

Plan Section Elevation Qa0

A 4

Figure 4-4: HyperCard for Invoking the C Interface to Transforming DXF Files into
Nexpert NXP Files.

(2) Transforming DXF Files into NXP Files

As shown in Figure 4-4, the user can now select any one of the three interface programs for
transforming a DXF file into a NXP file. The results are displayed in Figure 4-5.
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press «returny to enit @

s
£

FILE CONUERSION e
AUTOCRD DXF FILE TO MEXPERT NXP FILE »
FOR PLAN DRAUWING *

e input DXF file

Input DXF file :? plan.dxf

m: GOTO HO:DATA:PLAN_DXF:plan.dxf

Ao
Wl

output NXP file (grid ) =:
output NXP file (lina > =:

GOTO HD:DATA:PLAN_NXP: table.nxp
GOTC HO:DARATA:PLAN_NXP: | ines.nxp

ok putput NXP file (arc > =: GOTO HD:DATA:PLAN.NXP:@arcs.nxp
%8 number of grid = @

wt number of jine
ot mumber of are =5
ok mupber of other = 22

press «return» to exit :

FILE CONVERSION b
ARUTOCAD DXF FILE TO NEXPERT NXP FILE *
FOR SECTION DRRWING *

%% ¥

input DXF file :? x.sect.dxf
Orientation :?

1 for x—=x

2 for y-y M|

GOTO HO:DATR: X SECT.DXF:x_sect.dxf
GOTO HD:DATA:X_SECT_NXP: table.nxp
GOTO HD:DATA: X_SECT_NXP: ! ines. nxp

Wik input DXF file
& oyutput NXP file (grid >
> putput NXP file Cline >

w¥ number of grid = 3
Ak pumber of {ine = 31
ok pumber of other = 10

press «return>» to exit

» FILE CONUVERSION b
* AUTOCAD DXF FILE TO NEXPERT NXP FILE *
* FOR ELEUAT!ON DRAUING *
Input OXF fila :? s_alev.dxf
Orientation :?
1 for south
2 for east
3 for north
4 for west o1

ek jinput DXF file =: GOTO HD:DATA:S.ELEVU.DXF:s_aleu.dxf
ok output NXP file (grid > =: G0TO HD:DATA:S.ELEV_NXP:table.nxp
*k output NXP file Cline > =: GOTQ HD:DATAR:S_ELEU_NXP: | ines. nxp

*kk number of grid = 3
Aok umber of line = 16
Wik number of other = 3

Figure 4-5: Interface Programs (DXF to NXP)
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AUtoMOD e EE

SNEXPERT
OBJECT

o

Figure 4-6: HyperCard to Invoke Reasoning

(3) Reasoning

Once the information is stored in Nexpert's readable NXP file format, the user can load all
the rules and objects for interpretation by clicking the central portion of the screen shown
in Figure 4-6. The reasoning process is carried out by AutoMOD as depicted in Figure 4-
7. Examples of interpretation results are shown in Figures 4-8 and 4-9.
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= SESSION CONTROL =

H-K Section?

= SESSION CONTROL

South Elevation?

3 TRANSCRIPT & e
# NEXPERT - Copyright {C) 1986 - 1990 by NEURON DATA. Copyright is claimed in both the
underiying computer program and the resuiting output in the form of an audiovisual work.

= Customer or User is not permitted to make any copies of this software (NEXPERT) for any
purpose. This software is a confidential trade secret of NEURON DATA Inc. Refer to the license
agreement.

#* Retrisving data from PLAN

* pre-processing LINEs and ARCs on PLAN
#* interpreting DOORs on PLAN

# Interpreting WINDOWs on PLAN

* Interpreting WALLs on PLAN

* Interpreting COLUMNs on PLAN

* Retrieving data from X-X SECTION

# prg-processing LINEs on X-X SECTION

# |nterpreting WINDOWs on X-X SECTION
# {nterpreting WALLs on X-X SECTION

#* Interpreting SLABs on X-X SECTION
E
-*

Interpreting GIRDERs on X-X SECTION
Interpreting BEAMs on X-X SECTION
#* Retrieving data from SOUTH ELEVATION
* pre-processing LINEs on SOUTH ELEVATION
* |nterpreting WALLs on SOUTH ELEVATION
* |nterpreting WINDOWs on SOUTH ELEVATION
# Building 3D GEOMETRY
* *x% Completed ***

Figure 4-7: Prompts of Reasoning
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(+)COLM1001
(+)COLM1002

(+)COLM1003
(+)COLM 1004

QOcolumns o\ (+)COLM1005
(+)COLM1006

(+)COLM1007

(+)COLM1008

(+)COLM1008

(+)WALL1101
(+)WALL1102

(+)WALL1103

(+)WALL1104

(+)WALL1105

(+)WALL1106

(+)WALL1107

OXWalls o\ (+)WALL1108
(+)WALL1108

(+)WALL1110

(+)WALL1111

(+)WALL1112

(+)WALL1113

(+)WALL1114

(+)WALL1115

(+)DOOR1301
(+)DOOR1302
(OXDoors /\ (+)DOOR1303
(+)DOOR1304
(+)DOOR1305

BulldXGirder = Unknown
BulidYGirder = Unknown
FindXColm = True
FindYColm = True

ID = 1003

Label = 1C

LabeiRank = 7

LebelX = C

x1 = 8800

x2 = 10700

y1 = 23300

y2 = 24100

21 = 500

22 = 4000

1D = 1105

Linel = 48
Line2 = 47
ModLines = True
x1 = 13125

x2 = 14075

yt = 18325

y2 = 19475

21 = 500

22 = 4000

ID = 1304
l1 = 13975
o 13275
ﬂy1 w 20875
y2 = 20875
21 =

Figure 4-8: Examples of 3-D Objects (Column, Wall and Doors)
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Contalned_by_Wall = Trus
Faces = Unimown

//_—__‘ ID = 1452
X1 = 23800
OYWlndovr' {+)WIND1451 X2 = 24000

(+)WlND1452 X3 = 24100
yi = 17700
y2 = 19100
z1 » 1200
22 = 2800
Colmi = Unknown
Coim2 = Unknown
x1 = Unknown
x2 = Unknown
y! = Unknown
y2 = Unknown
21 = Unknown Coimi = 1B
2 = Unknown Coim2 = 1C
(+)GIRDE501 :; - ?o?;o
(+)GIRDE502 y1 = 17400
(+)GIRDE503
QvYGirder (+)GIRDE504 ﬁ : 33230380
(+}GIRDE505 22 = 4000
(+)GIRDB506
ID = Unknown
x1 = Unknown
2 = Unknown
yl = Unknown
y2 = Unknown
21 = Unknown ID = 6205
2 = Unknown X1 = 9900
X2 =« 24100
Ostabe __\ (+)SLABE205 Oyt = 109800
C———— (+)SLABE206 y2 = 24100
21 = 4000
22 = 3850

Figure 4-9: Examples of 3-D Objects (Windows, Girders and Slabs)
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NEXPERT
—

C Interface

* DXF
=

Figure 4-10: HyperCard to Invoke Transforming 3-D Objects into a 3-D DXF File

(4) Transforming 3-D Objects into a 3-D DXF File

After the 2-D drawings are interpreted and the object information about each building
component is obtained, the user can run an interface program for transforming 3-D objects
into a 3-D DXEF file by clicking the central portion of the screen shown in Figure 4-10. As
showninFigure4-11, for thisexample, theinterface program retrieves the objectinformation
of 9 columns, 24 walls, 5 doors, 5 windows, 12 girders and 2 slabs and stores them in a 3-
D DXEF file.
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A e
ST,

press «return>» to edit

Aok
Ak

ek
Aok
Fopok
e
Aok
ek

¥ ¥ ¥ ¥

FILE CONVERSION
NEXPERT 3D NXP FILE TO RUTOCRD 3D DXF FILE

¥ % ¥ ¥

DXF file to output :? model3d.dxf

reading objects from MODEL_NXP folider..
writing objects to MODEL_DXF folder..

number
humber
number
number
number
number

of COLUMN =: 9
of WALL =: 24
of DOOR =: 5
of WINDOW =: 5
of GIRDER =: 12
of SLAB =: 2

Figure 4-11: Interface Program (3-D Objects to DXF)
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3D MQDEL

=

Figure 4-12: HyperCard for Displaying a 3-D Model

(5) Displaying a 3-D Model.

Finally, the user can display the resulting 3-D model via AutoCAD by clicking the central
portion of the screen shownin Figure4-12. The 3-D DXFfile canbeimported by AutoCAD’s
native command, DXFIN. The 3-D model is displayed as shown in Figure 4-13. Each
building component is stored in a layer by its name (e.g.,, COLUMN1009, WALL1101, etc.
See Figure 4-14).
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Figure 4-13: 3-D Model on AutoCAD
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Figure 4-14: Example of Layer of 3-D Model
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Section 5
Conclusions

This chapter presents the conclusions drawn from this seed research work. First, the
advantages and limitations of the AutoMOD system are summarized. Then, directions for
future work are discussed.

5.1 Advantages and Limitations of AutoMOD

The AutoMOD system has demonstrated successful interpretation of drawings with seven
types of building components: columns, walls, girders, beams, slabs, doors and windows,
drawn on multiple architectural drawings. The system is capable of dealing with four
different drawing sets such asa plan only, a plan and a section, a plan and an elevation, and
a plan, a section and an elevation.

Since the AutoMOD system takes DXF files as input, any drawing in DXF format derived
from either a 2-D drafting system or a scanning system can be input to the system.
However, the implementation is restricted to simplified rectilinear plan, section, and
elevation drawings. Moreover, the drawings must follow some rules such as preserving
accuracy and consistency, and classifying input information into appropriate layers of the
DXF file before the interpretation.

The resulting 3-D model includes object information such as features, geometry and
relationships. Any 3-D object system could use the results of AutoMOD for quantity take-
off or design simulation. Presently, the results are converted back to a 3-D DXF file so that
any CAD system can display the model.

HyperCard user interface controls a number of applications being used in the AutoMOD
system so that the user can examine entire process from making input drawings to
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displaying the resulting model. However, the AutoMOD system is not capable of
interacting with the user during the interpretation process.

5.2 Directions for Future Work

The subjects for future work can be classified into six categories based on the limitations of
the current AutoMOD system.

(1) Complexity of input drawings
Expanding interpretation capability of the AutoMOD system to include:

other building components
multiple-story buildings and
e other combinations of drawing sets

would be next steps toward the practical use of the system.
(2) Flexible recognition model and user interface

In order to deal with complexities or ambiguities of input drawings, the three activities in
the recognition process (i.e., Recognition of Features, Recognition of Relationships and
Synthesis) should interact each other during the process instead of working as a sequential
process. The user should be able to appropriately support this interaction through the
graphic interface to directly access the object information.

(3) Addition of new components

A flexible means to.add new building components for interpretation into the system,
including automaticlearning capability as a longer-term research issue. Individual project
users will not add procedures for interpreting new components, but a goal is to allow non-
programmers to add support for interpreting new building components.

(4) Extraction of attributes

To complete the object information that the current AutoMOD generates, attributes of
objects such as material and cost information need to be extracted from both drawings and
specifications.
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(5) Integration with other systems

To prove the effectiveness and usefulness of the AutoMOD system, the integration with
other 3-D object systems such as CIFE CAD! [10] [11] and OARPLAN?2 [16] would be useful
where the resulting 3-D model from AutoMOD is used as input to those object systems.

(6) Dynamic interpretation

As mentioned earlier, interpreting building components while they are being drawn
(dynamic interpretation) would be an interesting research subject. In addition to the
knowledge modules in static interpretation, the drawing sequence (e.g., column lines are
most likely the first elements to be drawn on a drawing) would also enable the system to
interpret the building components effectively.

1 CIFE CADis the system built on AutoCAD for creating architectural 3-D object model.
2 OARPLAN is the system for generating construction planning using a 3-D object
model. '
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