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GLOSSARY

ATTRIBUTE.

A formal property of the object class. The attribute definition in the object class specifies a
static property true for all instances of that class, while the aztribute value of a particular
instance describes a dynamic property in the current state of that instance. The attribute value
can be of a simple data type (e.g., integer, real, character, string) or a more complex data type.

DATUM.

A unit of information that describes a real life phenomenon or an abstract idea that people
formulate and record [TSIC82].

DATA.

Specific instances of recorded information. Data include much detail, change rapidly over time,
and are voluminous and stored permanently in database systems [WIEDS6].

DATABASE.

A formal collection of related data organized according to a priori defined schema [TSCI82].
Databases often serve the needs and cooperative uses of a large community of users. This
function imposes a number of requirements in the development of the database: (1) an external
view (or subschema) level that supports distinct classes of users or processes sharing the data,
(2) a logical schema level that integrates these different view models, and (3) an internal
physical level for the persistent data storage [BRODS84].

DATABASE SCHEMA.

A logical set of data structures, their properties, constraints, and relationships that is well
defined for a certain application using a particular data model [TSCI82]. It should be
distinguished from a data model, which is the set of conceptual modelling tools used to define
the database schema for a particular application.

DATABASE MANAGEMENT SYSTEM.

A system that provides facilities and tools for defining, manipulating, and controlling
information in the database, including a protection mechanism for data and users [CARD90].
Aspects of the database control include semantic integrity maintenance, security in terms of
user authorization, concurrency for multiple users, and recovery in the event of failure of some

type.
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DATA MODEL.

Collection of conceptual modelling tools for describing data, data relationships, data semantics
and constraints among data items [TSCI82]. A data model consists of three major parts: static
properties (data structures, constraints, and relationships), integrity rules (defined over both
data and operations in order to maintain data accuracy), and dynamic properties (operations on
data) [BRODS84].

DATA STRUCTURE.
Basic building block of a data model used to organize data. A data structure can be a record in
the network or hierarchical data models, a relation and its tuples in the relational data model, or
an object in an object-oriented data model.

DATA TYPE.
A definition of data items in a particular domain, together with a well-defined structure, specific
constraints, and operations defined on them. A data type can be of simple type (e.g., integer,
real, character, string, etc.) or of more complex user-defined type.

ENTITY.

Representation of a distinguishable real-world object (whether it is concrete or abstract).

instance RELATIONSHIP.

Relationship that creates a particular occurrence of a generic entity with specific attribute
values. The inverse relationship is the instance-of relationship.

is-a RELATIONSHIP.

Relationship to relate an entity to its parent entity. Object-oriented programming languages use
this relationship to relate a subclass to its superclass. It enables the subclass to inherit all the
properties and behavior from the superclass. The inverse relationship is the subclass
relationship.

KNOWLEDGE.

Generalized statements that are used to process data and to support decision making.
Knowledge is formalized from education and experience. Knowledge tends to be less time-
variant and more complex, compared to data that correspond to specific instances of recorded
information [WIEDS86].

OBJECT CLASS (or CLASS).

A set of similar objects that exhibit some common properties and behavior. The formal
definition of a class specifies the descriptive features that are shared by the members (or
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instances) of the class. Properties of a class are defined in terms of arzributes, while its
behavior is defined in terms of methods.

part-of RELATIONSHIP.
Relationship that relates an entity of a lower abstraction level to another entity of a higher

abstraction level. This relationship is based on the abstraction method of aggregation. The
inverse relationship is the subpart relationship.

RELATIONSHIP.

An association among entities in the data model; or formally a tuple of entities [e1, €2,..., €n]
from a mathematical relation R; among n entities, each of which belongs to an entity set Ej
[CHEN76].

REASONING.

Deliberation on representational structures in a system in order to answer question or to deduce
new information in problem solving [LEVES5].

REPRESENTATION.

Selection of appropriate structures to represent data or knowledge and appropriate reasoning
mechanisms to answer questions and to deduce new information, in accordance to the truth
theory of some underlying representation language [LEVES5].
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ABSTRACT

As CIFE researchers are rapidly developing intelligent systems to help
integrating the facility engineering process, the potential for sharing and
reusing data among these systems naturally instigates a need to study these
data. This led to the CIFE data inventory task in the Fall of 1990. Its
primary objective is two-fold: (1) to better understand the data modelling
needs and requirements from the CIFE system developers' perspective and
(2) to provide feedback to our ongoing data modelling effort.

Eight CIFE research projects were selected for this inventory task on the
basis of their intensive data representation effort or of the large amounts of
data used in the project. Data in these projects relate to the architecture,
structural engineering, and construction aspects of facility engineering and
show a strong potential to be shared and reused among the projects. The
inventory of data in each project includes three steps. First, the data
collection began with interviewing the primary investigator of the project
and followed by collecting documentation of the project. Second, the data
analysis involves studying the interview protocol and the collected
documentation. Last, the data summary identifies the input data, output
data, and potential integration points of the system with other systems
studied in the inventory. This final step results in a written summary table of
the data used in the project. Both the data analysis and the data summary
follow a three-tier framework that reveals increasing levels of information
about the project. The first level presents the general information about the
research project such as research objectives, software and hardware
implementation tools, etc. The second level describes the representation and
reasoning aspects of the system developed in the project. The third level
includes a detailed inventory of the data and knowledge used in that system.

As aresult of this inventory task, data summary tables of the eight research
projects are created using the three-tier framework mentioned above. In
addition, other task results are also presented. First, common problem areas
in representing facility engineering data in these projects are identified and
discussed. Second, as a short-term solution to the data integration problem,
key data integration points among the systems are defined and
recommended for future CIFE research projects. These integration points
are defined along the dimensions of the principal views of facility
engineering data (i.e., architectural, structural and construction views) and
along the key aspects of form, function, and behavior of structural
engineering objects. Form, function, and behavior are emphasized here as
the essential building blocks in representing facility engineering data. Third,
the issue of software system documentation is brought to attention from
observing the system documentation in these projects. For a more effective
documentation of system and system data in future work, the same
framework used in this inventory task to analyze and summarize data is
recommended to system developers.
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1. Introduction

Data are basic units of information that describe real life phenomena or abstract ideas that people
formulate and record. Since data relate to specific instances of recorded information, they include
much detail, change rapidly over time, and are voluminous in quantity [WIED&6]. Data are stored
in database systems, generated in computer applications, or used in problem-solving tasks of
knowledge base systems. As the principal substance for information processing and problem
solving, data play a significant role in all these computer systems. More importantly, suitable data
representation and organization in order to serve the needs and uses of data in these systems are
also of upmost importance.

Compared to data in traditional business applications (e.g., payroll, accounting, inventory
control), data in facility engineering are more complicated and thus are more difficult to model. In
addition, facility engineering data are used by and shared among several project participants,
design phases, and computer applications. In a cooperative engineering environment of this nature,
data must be closely “integrated” to support different data needs and uses. In a broader sense,
integration in facility engineering means coordination of the planning, design, and construction
phases of a single project through the cooperative use of information (including data) from
computer database and knowledge base systems [TATU90]. Since the design and construction of a
facility (e.g., building, bridge, transmission pole, space station) involve a complex engineering
process, advanced computer tools and means of computer-based automation have been studied in
order to achieve higher degree of integration [HOWA89a, COLL90]. At the Center for Integrated
Facility Engineering (CIFE), many research projects are exploring new frontiers of facility
engineering integration.

As CIFE researchers are rapidly developing intelligent systems to help integrating the facility
engineering process, the potential for sharing and reusing data among these systems within CIFE
naturally instigates a need to study these data. This led to the CIFE data inventory task that took
place in the Fall of 1990.

This report describes the CIFE data inventory task. Section 2 presents the background
information, the objective of the task, the research projects included in the inventory, and the
framework within which the task was carried out. Section 3 summarizes the task results and
discusses a number of lessons learned from this data inventory experience. Section 4 concludes the
report by presenting some potential solutions to the data integration problem. Section 5
acknowledges the support that we received from CIFE researchers in carrying out this task.
Section 6 lists the reference materials used in this report.

2. CIFE Data Inventory Task

2.1 Background

The CIFE data inventory task was part of the data modelling effort that supports the CIFE
Flagship project on “Linking Design Data with Knowledge-Based Construction System”
[HOWAR9b]. The goal of this project is to develop and to demonstrate a prototype environment
that supports flexible and dynamic linkage of facility design data with knowledge-based
construction systems. The CIFE data modelling effort supports one of the key objectives of the
Flagship project: "define a unified view of data spanning both design and construction”
[HOWARO9b]. Itis an integral component of the Flagship project.
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The early data modelling effort included the development of an initial model for the domain of
structural steel framing, namely the Structural Steel Framing Data Model (SSFDM) [LAVA89].
This model was later evaluated using a real life structure as the modelling prototype [PHAN90].
These initial activities provided an insight into the area of data modelling, a better understanding of
the PDES/STEP data exchange standard, and valuable experience in developing and testing a data
model. The long-term goal aims at developing a data model for structural engineering that
supports data integration in facility engineering and at applying this data model to different
structure types.

2.2 Objective
The objective of the CIFE data inventory task is two-fold:

e To better understand the data modelling needs and requirements from the CIFE
system developers’ perspective. First, this task enables us to gain a more in-depth
understanding of different CIFE research projects in terms of their data representation and use.
By "use,” we mean the manipulation and reasoning of data in the application to perform
problem-solving tasks. As a result, we can identify the common data among different CIFE
applications and also can better understand the overall needs and requirements for data
modelling from the developers' viewpoint.

» To provide feedback to our ongoing data modelling effort in terms of the data
use in different CIFE research projects. Second, the user perspective gained from this
experience will help us to develop an integrated data model that can support the consortium of
CIFE applications. This objective fits into our long-term goal to define a unified view of design
and construction data for the Flagship project .

Indirectly, we viewed this task as an opportunity to study the issues as well as the potential of
data integration among the different CIFE research projects.

2.3 Task Description
2.3.1 Selection of CIFE Research Projects

SELECTION CRITERIA This task involves the data inventory of a number of selected CIFE
research projects that suit the above task objective and that conform to the following criteria:

¢ research projects in the three CIFE thrust areas (i.e., Artificial Intelligence/Knowledge Base
Systems, Data Base, and Field Automation/Robotics), with strong relevance to the design and
construction aspects of facility engineering

» projects that are further advanced in their development time table

+ projects that involve a large quantity of data® or an intensive data representation effort in a
framework that we can follow and comprehend.

T Although we use the term "data" more often in this report, some of the selected research projects involve the
development of a knowledge base system where it is more appropriate to mention both knowledge and data.
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SELECTED RESEARCH PROJECTS The research projects selected for this data inventory
task include:

1.

2

Knowledge-Based Layout Generation System, Paul Chinowsky with Professor P. Teicholz

. Logic-based Integrated Structural Design of Steel Office Buildings, Deepak Jain with Professor

H. Krawinkler

Constructibility Improvement for the Preliminary Design of Reinforced Concrete Buildings,
Martin Fisher with Professor C. B. Tatum

Development of CIFECAD System (Version 2.0), M. N. Kolountzakis and Martin Fischer

An Object Model for Integrated Project Management, Thomas Froese with Professor B.
Paulson

Data Base Schema for Building Design, Lixin Chen with Professor K. H. Law (Part of the
PENGUIN project [LAW89])

Applying Design-Dependent Knowledge in Structural Engineering Design, Jenmu Wang with
Professor H. C. Howard

. OARPLAN, an Object-Action-Resource PLANning system, Adnan Darwich and Richard

McGrath with Professor R. Levitt.

2.3.2 Steps in Data Inventory

The inventory of data in each of the above projects consists of the following three steps:

. Data Collection: We first conducted an interview with the primary investigator of the

project using the questionnaire form shown in Appendix A. Before the interview session, the
interviewee had a chance to review the questionnaire. After the interview, we collected relevant
documentation about the research project, about the system¥ in development, and about the
detailed data description for later examination.

. Data Analysis: 1In this step, we examined the interview protocol as well as the

documentation collected from the previous step. We carefully studied the data representation
and data use in the project using a methodical framework that will be described in the next
section. For every project, we then conducted a follow-up interview in order to fully
comprehend the details and fine points of the research. In some projects, we managed to see a
demonstration of the system given by the system developer.

Data Summary: For every system, we identified the input data, output data, and potential
integration points of the system with other systems (studied in the inventory) and prepare a

¥ We use the word "system" here in a general sense; however, some of the projects involve the development of a

model or a data base schema.
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written “data summary” of the research project. After the data summary was done, we also
spent much time and effort with the researcher to confirm the accuracy of its content.

2.3.3 Framework for Data Analysis and Summary

The data summary from Step 3 above follows a three-tier framework that is intended to provide
the reader with increasing levels of information about the research project. The same framework
was used to analyze data in Step 2. The three levels of the framework are:

1. About the Research: This level captures the general information about the research project:
project title, name of primary investigators (students, visiting fellows, sponsoring faculty
members), research objectives, salient aspects of the research (or contributions), reference
literature, name of the system in development, and software and hardware implementation
tools.

2. About the System/Model: This level includes more specific information about the system
(or model) developed in the research project. In the data analysis step (Step 2 above), we .
studied both the representational and reasoning aspects of the system. In particular, we
distinguished the knowledge level from the symbol level of the system. On one hand, the
knowledge level focuses on the identification of the types of knowledge included in the system
to solve the problem at hand (namely what is said about the real world in the system), rather
than the symbolic structures used to represent those knowledge types. On the other hand, the
symbol level deals specifically with the symbol structures and the representation of the
embedded concepts as well as the reasoning and search methods used in the system [STEF90].

3. About the Data/Knowledge: This level is much more detailed than the previous two
levels because it includes a detailed inventory of the data and knowledge used in the system.
The analysis done at this level requires us to examine the detailed project documentation (even
the program code in some cases) and to closely interact with the system developer.

Appendix B shows the tabular forms that reflect the above analytical levels. These tables are
used both in the data analysis and data summary steps.

3. Task Results

Appendix C contains the data summaries of the projects studied in our inventory. This
appendix is organized according to the three-tier framework discussed in the previous section. In
addition, there are a number of lessons learned that provide valuable feedback to our ongoing data
modelling research. These lessons relate to the following areas:

1. Facility Engineering Data Representation: Compared to data in traditional business
applications (e.g., payroll, accounting, inventory control), structural engineering data are more
complicated and thus are more difficult to model. First, structural engineering design artifacts
are complex and involve many levels of details. Second, the associated data have highly nested
data structures and intricate relationships among themselves. Third, like other engineering data,
structural engineering data involves more types than instances, thus requiring larger and more

~ involved database schemata. Last, they describe physical, functional, and behavioral properties
of the design artifact. In fact, they can be classified into three categories: form, function, and
behavior [LUTH90]. Form data describe the physical properties of the design object such as
coordinates, square footage area, member span length, shape, material, etc. Function data
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relates to the description of the intended role or purpose of the design object in its constructed
environment. They include a variety of data that describe architectural and structural
engineering functions and design requirements such as daylighting requirements, privacy level,
acoustic level, structural load resisting, load transferring, member supporting, etc. Behavior
data manifests how the function of the object is carried out under the influence of the
environment. In structural engineering, the behavior of a structural component under the
influence of loading is measured in terms of internal forces and stresses, deflection,
deformation, vibration, etc. Form, function, and behavior should be distinct, yet cohesive,
elements in representing facility engineering data.

. Data Integration within CIFE: In facility engineering, a computer application that
supports a particular design phase needs the data generated from applications of the preceding
design phases. For example, the structural floor generation application uses the data
(describing the location and dimensions of the architectural spaces) from an architectural space
layout application. The needs for data sharing and reuse among applications in a cooperative
design environment such as facility engineering require that data be readily exchanged among
these systems. However, the difficulty in integrating these applications is that they might differ
in terms of programming paradigm, representation language, and system model. This is
referred to as the "impedance mismatch" problem. Moreover, data used in these applications
might be different in terms of their syntax and semantics. Data integration provides a bottom-up
approach to handle the integration problem from the grass-roots level of data and data models.
It ensures compatibility of data and database schemata through standards and facilitates data
exchange among computer applications. As a result, it reduces the degrees of impedance
mismatch among applications and increases the potential for sharing and using data among
them. In short, data integration should be an important and integral part of the overall facility

“engineering integration effort.

In particular, although the actual data representation may differ from one application to the
others, there is a strong potential for sharing and reusing data and database schemata among
applications developed at CIFE. The short-term need is to identify key data integration points
along which applications can share data. The long-term goal is to develop a data model that
directly supports the data integration goal and that provides a unified representation base for
both design and construction data. The requirements for a data model of this nature are that (1)
it should be flexible to allow users to customize their own views about the data, (2) it should be
extensible to allow adding new data types to the database schema, (3) it should facilitate the
data exchange among different applications, and (4) it should incorporate the aforementioned
elements of form, function, and behavior in the data representation.

3. Data and System Documentation: As the number of CIFE software systems proliferates,

the amount of information about these systems quickly accumulates. The success of data
integration depends not only on how well the data were represented or how well the system
was developed, but also on how well the data and the system were documented for later reuse.
Although it may seem trivial, this is an important pragmatic aspect of data reusability and
therefore of data integration.

In the subsequent sections, we discuss the above areas in greater detail.

3.1 Problem Areas in Facility Engineering Data Representation

In this section, we will present the problem areas in facility engineering data representation that

were observed from this inventory task. Generally speaking, system developers are dedicated to
developing the end product for certain applications. The preoccupation with developing a working
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system and with reaching the end goal might unfavorably compromise the benefits of good system
representation or model design. While there might many possible instances of poor representation,
the following problem areas are frequently encountered in the data inventory:

1. Semantic Overloading of Object Attributes: This refers to the situation where the same
attribute represents different things in various object classes. This might occur in two cases: (1)
when an attribute is inherited in different subclasses from a common superclass, and (2) when
the same attribute is used in several disjoint object classes. For example, an attribute SIZE is
used in four different object classes: "Beams," "Columns," "Slabs," and "Doors." Clearly, it
can take upon different meanings in these object classes: beam depth in "Beams," diameter in
(round) "Columns," wall thickness in "Walls," and door width in "Doors." This plethora of
meanings from the same attribute in different object classes is a potential source of confusion
for both the code reader and the developer.

2. Misuse of Is-A Relationship: Tools to
build generalization class hierarchies are
common to commercial object-oriented
software (i.e., programming languages,
expert system shells, database management Structural Members
systems). The ubiquitous is-a relationship
relates a subclass to its superclass and is used

Buildings
A

to construct these class hierarchies. The Beams Columns  Slabs  Doors Windows
convenience of using this abstraction tool

leads to a common trap in which the semantic denotes the is-a relationship

accuracy of the representation is completely ﬁ from a subclass to its

ill-suited. As illustrated in Figure 1, a single superclass

class hierarchy consists of the "Buildings"

class as the root node and a subclass
"Structural Members," which in turn has . . .
subclasses "Beams," "Columns,” "Slabs," FIGURE 1: Improper js-a Class Hierarchy
"Doors," and "Windows." This class hierarchy is ill-defined and semantically inaccurate
(because the "Structural Members" class should be related to the "Buildings" class by the part-
of relationship). As strongly suggested by research studies on database schema integration
[DAYAR84, NAVARG6], there is a need to define the semantics and proper use of the is-a
relationship. Zdonik and Maier, for instance, suggested three different kinds of is-a class
hierarchies for cleaner semantics: classification hierarchy for collecting and categorizing object
classes, specification hierarchy that honors substitutability of subclasses in their superclasses,
and implementation hierarchy for code sharing with less emphasis on the semantic validity
[ZDON90].

3. Non-homogeneous Class Hierarchy: This phenomenon occurs when many different
criteria are used to define subclasses at different levels of the class hierarchy, as shown in
Figure 2. This is an undesirable feature for two reasons. First, since different views and
semantics are mixed in an indiscriminate manner in the construction of the class hierarchy, this
leads to a poor representation with minimal separation between the different aspects (i.e., form,
function, and behavior) of the object class description. Second, the use of such non-
homogeneous hierarchies requires the modeler to anticipate all possible combinations of
subclasses. This can lead to what is called the "cross product phenomenon": when the number
of criteria used in a single hierarchy increases, the resulting model grows exponentially larger,
and the modeler must supply the expertise to eliminate subclasses that represent invalid
combinations (and possibly some valid combinations as well) [HOWA91].
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4. Large

Object Clusters: The
convenience of hustling many attributes
into one object class presents a common
trap. The end results are “large object
clusters." By "large", we mean that
multiple aspects of description are
combined into one object class definition,
resulting in a large number of attributes
and relationships and a highly nested data
structure. For instance, consider an object
class "Columns" as shown in Figure 3.
These large object clusters create a
number of problems:

First, it becomes increasingly awkward to
create or modify instances of these large
object classes, and to manage their
versions. From the designer’s point of
view, instantiating such an object class
demands attribute values that are not all
defined at the same time. Update and
version management of such instantiated
objects are difficult since each instance
involves a large cluster of attributes that
are not all modified.

Second, in terms of problem solving, as
Minsky put it:

. in such a complex problem, one can

never cope with many details at once. At
each moment one must work within a
reasonably simple framework... any
problem that a person can solve at all is
worked out at each moment in a small
context and that the key operations in
problem-solving are concerned with
finding or constructing these working
environments.” [MINS75]

Third, a schema with only a few large
objects is too rigid and cannot
accommodate future evolution of the
schema in the design process. It is also
difficult to reuse such a schema in other
applications.

Fourth, exchanging large objects among
applications requires parsing out the
needed data, which can be highly
inefficient and computationally costly.

T,
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e Last, the semantic composition of such large objects becomes incoherent and, as a
consequence, poorly defined. In some cases, it remains unclear whether certain attributes truly
belong to the object, or instead describe some properties that are beyond the abstract
boundaries of the intended object definition.

5. The part-of Fallacy: Aggregation is a common abstraction method for constructing
complex design objects from their components. The inverse decomposition method breaks
down complex design objects into their component objects. The part-of relationship and its
inverse subpart relationship are used for these abstraction methods respectively. Aggregation is
commonly used in engineering data modelling since engineering data tends to be hierarchical in
nature [KETAB86]. First, although the importance of aggregation/decomposition cannot be
overlooked, their misuse can be counterproductive. For example, part-of relates two objects
"structural-member-23" and "structural-element-23" whose relationship is not aggregational
nor hierarchical; in actuality, these two objects represent different aspects (i.e., functional and
analytical) of the same object "beam?23." Instead, their relationship should be an association.
Second, the semantics of aggregational relationships such as part-of were not fully addressed.
[KUCZ90] pointed out the semantic subtleties of the part-of relationship in statements like "the
piston is part of the engine," "the ship is part of the fleet," "steel is part of the car," "paying is
part of shopping", etc.

The above key points underline the importance of good representation in developing a computer
system (e.g., computer program, design application, knowledge base system, or a database
schema) for facility engineering. Although the representational aspect of the system is traditionally
motivated by its reasoning mechanisms—this is well understood and even strongly promoted in
Model-Based Reasoning [KUNZ88]—representation should also be done in such a way that the
chosen representational structures can be reused in other systems, and their data content can be
easily exchanged among different applications. The bottom line is that shareability and reusability
of the system model can enhance the prospect of integrating that system with other systems in the
computing environment.

3.2 Issue of Facility Engineering Data Integration

Although there were dissimilarities in data representation among the research projects studied in
this inventory, we also observed a strong potential for integrating these projects at the data level.
Due to the large amounts and heterogeneity of data in these projects, it is difficult within the limits
of this report to define integration points at the detailed level of object attributes. Instead, a more
sensible approach here is to identify "macro" (or high level) integration points along the
dimensions of the principal views of facility engineering data (i.e., architectural, structural and
construction) and along the key aspects of form, function, and behavior of structural engineering
design objects. This approach is consistent with the way facility engineers reason about their
design artifacts and with the framework within which computer applications can be developed to
simulate this type of design behavior.

ARCHITECTURAL VIEW In the architectural view, we define the following macro integration
points:

* Architectural Space Form: Physical data that describe the geometric properties of a three-
dimensional architectural space in a floor layout plan (e.g., square footage area, dimensions,
dimension ratios).
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Architectural Space Layour: Data about the location, orientation, and arrangement of
architectural spaces in a floor layout plan. This also includes the interactive relationships among
architectural spaces in the layout as well as any hierarchical organization of those spaces.

Architectural Space Utilization Function: Designated utilization function of an architectural
space such as core, lobby, corridor, elevator-bank, staircase, and office.

Architectural Space Design Artributes: Design attributes of architectural spaces such as
daylighting, privacy, security, acoustic, view requirements, which are used as requirements or
guidelines in the floor layout process. These attributes are also part of the functional description
of the architectural space.

STRUCTURAL VIEW In the structural engineering view, we distinguish form, function, and
behavior. In addition, we further subdivide “form” into different types of form that are commonly
used in the systems we examined in the inventory. These types of form include:

L4

Spatial Form: This form describes where and how a physical object is located, oriented, and
realized in three-dimensional space. Such a description includes the spatial envelope of the
object and its location and orientation with respect to certain global reference datum or relative
to other objects in its environment. The spatial envelope of a physical object can be defined in
terms of a local coordinate system and the dimensions (length, width, and height) of its spatial
enclosure.

Geometric Form: This form defines the geometric shape (and dimensioning) of the object in
terms of geometric elements such as points, lines, curves, surfaces, etc. Physical objects are
three-dimensional, but their shapes can be represented in many ways by different geometric
forms.

Cross-sectional Properties Form: This form includes the cross-sectional properties of the
object such as gross cross-sectional area, effective load resting area, moments of inertia Ix and
Iy, torsional rigidity, etc. These properties are derived from the above geometric forms of the
object.

Topological Form: This form defines the connectivity of the object in the constructed
environment in terms of topological elements such as vertices, edges, faces, volumes, etc. In
structural engineering, a wire frame model of the structure is commonly constructed in order to
define the topology of the structure. Such a wire frame model is analogous to a finite element
model used for structural analysis purpose.

Material Form: This form describes the material type and material properties of the object.

Hierarchical Aggregation Form: This form is used to describe the hierarchical framework of
structural design systems and their component objects. Structural members such as beam,
column, girder, etc. are not designed independently of one another, but are designed from
some preconceived load resisting systems to which they belong. Common entities of this form
include "Systems," "Assemblies,” " Arrangements,” "Members," "Parts," and "Segments."

(Part) Fabrication Form: This form includes fabrication features of an engineering part
prescribed by the designer. There is a large set of standard fabrication features such as taper,
bend, thread, cut out hole, edge clipping, edge preparation, NC mark, etc.
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In addition, we also consider structural loading as another integration point. Structural loading
data are considered and used in both the analysis and the design of the structure. Two important
aspects of structural loading are the loads and the loading conditions. While the former directly
determine the functions and design requirements of the structural members, the latter influence the
designer's criteria concerning the external loading effects for which the entire structure was
analyzed and designed.

CONSTRUCTION VIEW In the construction view, we identified the following two broad
integration points:

o Activity-Related Objects: These objects describe activities in the construction project. They
include attributes describing the activity, the resources utilized, and project scheduling
parameters (e.g., activity duration, start and end dates, and precedences) for the execution and
completion of the activity.

o Cost-Related Objects: These objects are used to estimate and to control the cost of the
construction project in terms of material, labor, equipments, etc.

Table Ishows the key integration points among the research projects studied in this inventory.

TABLE I: IDENTIFIED MACRO |INTEGRATION POINTS AMONG
RESEARCH PROJECTS IN THE DATA INVENTORY. These
integration points are defined along the dimensions of the principal views of facility
engineering data (i.e., architectural, structural and construction) and along the key
aspects of form, function, and behavior of structural engineering design objects.
The systems developed in these research projects are:

(1) CAADIE — Knowledge-Based Layout Generation System -

(2) FFG — Logic-based Integrated Structural Design of Steel Office Buildings

(3) COKE — Constructibility Improvement for the Preliminary Design of
Reinforced Concrete Buildings

(4) CIFECAD (Version 2.0) — Development of CIFECAD System -

(5) An Object Model for Integrated Project Management

(6) Data Base Schema for Building Design

(7) DDIS — Applying Design-Dependent Knowledge in Structural Engineering
Design

(8) OARPLAN — an Object-Action-Resource PLANning system.

Note: The functions of structural engineering design objects in these systems,

except for FFG, were designated implicitly by the class type and class
name of the object such as beams, columns, slabs, etc.

Notations: +: Strong integration points (A lot of data are shared, object
definitions can be directly reused.)

V: Weaker integration points (Some data are reused.)
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RESEARCH PROJECTS /
INTEGRATION POINTS 5 o |u g 58 [B< |w |2
2 |% |8 |E |2E|EE |8 |5

ARCHITECTURAL VIEW
Architectural Space Form + v
Architectural Space Layout + V v
Architectural Space Utilization + J v
Function :
Architectural Space Design Attributes || 4

STRUCTURAL VIEW
Spatial Form + + + + + \
Geometric Form + + + V + + v
Topological Form + + + v + + +
Cross-Sectional Properties + + +
Material Form + + \/ + + + v
Hierarchical Aggregation Form + V \/ + +
(Part) Fabrication Form
Functions + | V \/ V \/ V
Behaviors + +
Structural Loading l + +

CONSTRUCTION VIEW

Activity-Related Objects + +

Cost-Related Objects V +
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Figure 4 shows how the four different  Applications Data
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participants and other outside users, 0 Slect @  Shared Data
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concept or the system implementation of a
particular reasoning task) or software
modules of the system in order to reuse them
in other projects. We also feel that the FIGURE 4: Example of Data Sharing
software system documentation should be Among Applications.

done early in the project and preferably

during and throughout the design and

implementation of the system.

The complete system documentation should describe in detail the user interface, all required
input data, the architecture and functionalities of all software modules, all representational
structures, all reasoning tasks and their implementation, all output data, and any testing and
validation of the system that has been performed. In addition, data used in the system should also
be documented for the purpose of data exchange and reuse.

The complete documentation of individual data elements should include the data name, the data
unit, the data type (e.g., character, integer, string, real, abstract, pointer, etc.), the domain (i.€.,
the set of permissible data values as in the case of enumerated data type), the data source (i.e., the
abstract data type or object class where the data element is defined), the data characteristics (i.e.,
input, optional, derived, output), the data use (i.e., reasoning tasks in which the data element is
used), and any data integration points (i.e., any other systems or domain tasks that potentially need
and reuse the data elements) that have been identified.

For future reference, the system developer may use the framework for data analysis/summary as
shown in the appendices to document the system and system data.
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4. Conclusions

In this report, we described the data inventory of a selected number of data-intensive research
projects within CIFE. These projects involve large amounts of data that relate to the various aspects
of facility engineering (i.e., architecture, structural engineering, and construction) and that also
show a strong potential to be shared and reused among the projects. We pointed out the common
problem areas encountered in facility engineering data representation. We also emphasized that
form, function, and behavior should be the important building blocks in representing facility
engineering data. As a short-term solution to the data integration problem, we identified some key
data integration points among the systems studied in the data inventory and suggest that these
integration points will be considered and followed in future research projects.

As a long-term solution to the data modelling and data integration problems, we identified a
need for an integrated data model that can provide the conceptual modelling tools to represent
facility engineering data, that can support multiple user views and design schema evolution, and
that can facilitate data exchange among applications that make use of the data model. We are
currently working in this direction, with the development of the Primitive-Composite data model
[ABDAO91]. This data modelling work will offer many benefits to future research development at
CIFE. First, the Primitive-Composite data model will be applied to different types of structures in
order to develop their database schemata of object classes. These object classes can be reused in
future CIFE research projects and therefore can expedite their data representation effort. Second,
the database schemata in turn will be used to create integrated databases of prototype structures that
will provide real life sample data to different CIFE applications. The use of a unified database
schemata and a common data sample will greatly enhance the potential to integrate these
applications. Third, this development effort will establish a formal framework for standardizing
facility engineering data. Finally, it will also provide a data integration approach that can be
dynamically implemented using KADBASE [HOWA86, HOWAS89b] to support real-time data
queries between heterogeneous application systems.
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APPENDIX A:

CIFE Data Inventory Questionnaire Form
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CIFE DATA INVENTORY - QUESTIONNAIRE

RESEARCH / SYSTEM:

INVESTIGATORS & SPONSORS:
CIFE TRUST AREA:

I. General Research/System Description

What is the specific purposes of the research being conducted or of the system being built ?
Who are the users ?(area of specialization, degree of technical expertise, level of computing skills)

What stages of the project does the research/system support? (preliminary design, conceptual

)

List any other CIFE system or application that interacts with this system (e.g., CAD, data base).

Does it exchange data with these systems/applications? How?

ll. Data, Knowledge and Data Model
ILA Data

[ Data: A unit of information that has a factual basis and records about a phenomenon |

What is the domain of the data/knowledge used ? (architectural design, structural steel design...)
What are the input data (before any computation)? Are they distinctive ? atomic ? measurable ?
What are the data sources (origin and owner) ?

What stages of the project do they pertain to? (preliminary design, conceptual design ...)
What are their types ? (numeﬁc, characters, graphical, symbolic)

What are the derived or output data (that are calculated and/or used) ?

Where is the data stored (e.g. application files, spreadsheet, relational data base ...)
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II.B Knowledge
[ Knowledge: Informational resources that are used in processing and using the above data |

Is there any general knowledge ? (physics, chemistry, social sciences, computing sciences ...)
Is there any domain knowledge ? (definition, domain constraint, heuristic, first principle )

Is there any design requirement on the purpose, function, performance of the design object ?
Is the function of physical things described in the system ? How is it represented ?

Is the behavior of physical things described in the system ? How is it represented ?

I.C Use of Data / Knowledge

What is the methodology used in the system ?

What are the general functions, control, and heuristics used in solving the problem ?

[I.D The Model

What is the type of model ? (theory model, device model, model for implementing the system)

Does your model fit into one of these categories: hierarchical, network, relational, object-oriented?
Or is there any data modelling methodology used in building the model ?

What are the objects or entities of the model ?
What are the primary object/entity relationships used in the model ?

What are the evidences that the model work well to support the reasoning in the application ?

lll. Inputs to the CIFE Data Inventory
Do you agree that there is a need and utility in developing an integrated CIFE data model ?

‘What input do you have to the format and content of this questionnaire ?
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APPENDIX B:

Data Analysis/Summary Forms

(With Documentation)
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CIFE Data Inventory: A Report on CIFE Data-Intensive Research Projects

APPENDIX C:

Data Summaries of Selected CIFE Data-Intensive Reseach
Projects

About the Research ...

Suggesrion.' Before reviewing the information in this Appendix, please consult Appendix B
which explains what is included in each column of the enclosed summary tables.

Disclaimer:  The information presented in this Appendix was verified and is correct up to the
time when we complete this report (January 1991). Some of these systems reported
herein will continue to evolve in the later development or enhancement stages.
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CIFE Data Inventory: A Report on CIFE Data-Intensive Research Projects

APPENDIX C:

Data Summaries of Selected CIFE Data-Intensive Reseach
Projects

About the System / Model: Representation

Suggestion:  Before reviewing the information in this Appendix, please consult Appendix B
which explains what is included in each column of the enclosed summary tables.

Disclaimer:  The information presented in this Appendix was verified and is correct up to the
time when we complete this report (January 1991). Some of these systems reported
herein will continue to evolve in the later development or enhancement stages.
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CIFE Data Inventory: A Report on CIFE Data-Intensive Research Projects

APPENDIX C:

Data Summaries of Selected CIFE Data-Intensive Reseach
Projects

About the System / Model: Reasoning

Suggestion:  Before reviewing the information in this Appendix, please consult Appendix B
Which explains what is included in each column of the enclosed summary tables.

Disclaimer:  The information presented in this Appendix was verified and is correct up to the
time when we complete this report (January 1991). Some of these systems reported
herein will continue to evolve in the later development or enhancement stages.
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CIFE Data Inventory: A Report on CIFE Data-Intensive Research Projects

APPENDIX C:

Data Summaries of Selected CIFE Data-Intensive Reseach
Projects

About Data / Knowledge ...

Suggestion:  Before reviewing the information in this Appendix, please consult Appendix B
which explains what is included in each column of the enclosed summary tables.

Disclaimer:  The information presented in this Appendix was verified and is correct up to the
time when we complete this report (January 1991). Some of these systems reported
herein will continue to evolve in the later development or enhancement stages.
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