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Abstract

This paper describes a product modeling technique that can be used in development of
computer-aided decision making tool for the building industry. The paper starts with an
introduction to modeling and a brief description of the differences between relational database
management system and object-oriented database system, and follows with an extensive
presentation and discussion of the object-oriented modeling techniques.

Introduction

The global demand for more sustainable development has resulted in an increasing number of
new technologies and design strategies aimed at improving buildings with respect to a variety
of performance considerations, such as energy, comfort, cost, aesthetics, environmental
impact, etc. As the number of design and technological options increases, so does the
complexity and the cost of deciding which combination that is most useful for a given design.
Informed decisions require the management of huge amounts of information about the
combinations and their performance. Manual management methods are almost impossible to
use. As a result, most design decisions are only partially informed, resulting in missed
opportunities and often unaccounted, undesired effects [1].

The rapid advances in information technologies give opportunities for the development of
computer-based tools that may significantly improve decision-making and facilitate the
design process. Successful implementation, however, requires comprehensive understanding
of the design process and efficient data flow between existing design and simulation program
solutions. This development is driven by the increasing demand for fast, convenient and fault-
tolerant data exchange and data sharing among usually isolated program systems within the
planning processes.

The planning process of modern buildings is characterized by the cooperation of many
involved specialists, very often not affiliated to the same company. The required information
has to be exchanged in a standardized and generally accepted way to reduce the costs and
efforts spent to coordinate the project partners and to transfer data amongst them.

Currently, this exchange is normally performed by using print-out documents and two-
dimensional drawings. The loss of information due to data exchange using drawings can
result in misinterpretations and inconsistencies, influencing the quality of the whole planning
and construction process. Other considerations are the requirements for authenticity,
identification, safety of access and legacy aspects of the cooperation.

Electronic data exchange and data sharing are two orthogonal methods to address the
requirements of the information technology based integration to the concurrent and distributed
nature of the design process of buildings. Data exchange addresses the need for delivery of
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approved revisions of final design results. Data sharing supports for all involved parties, the
permanent access even to intermediate iterations within the design process. The design
process demands support for both technical approaches.

Requirements for integrated approach

Usually, a number of application programs are utilized to support the engineering tasks during
different design stages. Different aspects of detailing and different in-depth support for highly
specialized subtasks have led to highly diversified and sophisticated CAD and simulation data
models. These data models are developed independently by specialist software vendors.
Therefore, the external representation of this data is not straightforward map able among
different applications and is not necessarily compatible.

Nevertheless, in order to improve the quality of the design of buildings, to reduce the cycle
time for the planning process, to meet the requirements of demanding customers, and to
reduce the costs of planning significantly, information of different involved partners in the
planning process has to be integrated. The internationalization of the market has led to the
internationalization of the planning process itself. Support for data exchange scenarios and
concurrent engineering approaches will be essential for the economic success of the planning
organizations.

Data exchange or sharing requires additional interpretation and partial re-entry of data.
Particularly, non-geometric data are frequently loosed and cause unnecessary project
coordination efforts. The common product model itself does not necessarily exist explicitly in
its own. Proprietary solutions rely on the availability of the software and are usually not open
for user driven extensions. Although, the file format itself defines standard ways for extending
the data model, this approach is not seamlessly inter-operable and the vendor is in the position
to re-define the standard on his solely decision.

Standards for product modeling

To overcome the dependency on proprietary solutions standardization offers significant
advantages. Already in 1984 the International Standard Organization (ISO) started to establish
the Standard for the Exchange of Product Model Data ISO 10303 commonly known as STEP
[2]. The standard itself comprises a formal modeling language (EXPRESS), application
programmer’s interface for STEP database access and application protocols [3]. The API
methods define bindings of database access functions to standard programming languages,
e.g. C, C++, Java, and CORBA IDL. The application protocols are developed utilizing
integrated application independent resources. The relevant underlying generic resources like
Part 42 (geometric and topological representation), provide profound support for modeling of
complex building geometries.

Other standard boards, like the Object Management Group (OMG) which is dedicated to
develop the inter-operability middle-ware standard CORBA for standardized client-server
applications, are just about to develop accompanying specifications, for instance the CAD-
Enabler [4]. The approach to define business and engineering object interfaces reflects the
need for harmonized interface models for inter-operable and distributed program solutions.
The nature of the OMG specifications is focused on the operational aspects rather than the
data model centric approach followed by STEP. Therefore, both standard developments fit
neatly together. They cover different aspects, and have complementary focus on the data
exchange and data sharing problems described above.

Alternatively, solutions to the integration problem are offered by the industry alliance for
inter-operability (IAI) [5]. The organization is a non-profit association of software vendors
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mainly influenced by Autodesk Inc. and developments committed to AutoCAD applications.
The member board is specifying so-called industry foundation classes (IFC) for commonly
used construction industry objects, their geometry and attributes, including non-graphical
information. IFC addresses both the data modeling requirements by specifying an EXPRESS
model and the computational aspects by defining an IDL interface and an object-oriented API.
The approach borrows from the results of the previously described STEP development. The
implementation of the specified models is the responsibility of the software vendors.

Integration by common data model

It is clear from the investigation of the different steps and phases in the building design
process that not one single model is powerful enough to reflect all the necessary facets and
possibilities for the design of a building. The complexity of the modeling approach may be
reduced by use of several sub-models. By splitting the complete task into appropriate subtasks
a system of complementary models can be defined. Based on inter-operable interfaces the
sub-models can be combined to fulfill the requirements of an integrated approach supporting
seamless data exchange and sharing.

The sub-models can be stored in a relational database management system or an object-
oriented database system. The whole design process is characterized by many steps of
iterations between the sub-models. It is important to store all iteration steps so that all the
history of the design process can be reproduced. The database system may be extended by
middle-ware technology to serve as a data warehouse.

Use of Object-Oriented Databases versus Relational Databases

Since the sub-models can use either a relational database management system or an object-
oriented database system, it is necessary to look at both systems to find out which system is
favorable to use. In the following text, the underlying information model differences between
RDBMSs and ODBMSs will be examined in order to understand their differences [4, 6, 7].

Relationships

In a relational system, to represent a relationship between two pieces information (tuples,
rows), the user must first create a secondary data structure (foreign key), and store the same
value of that foreign key in each structure. Then, at runtime, to determine which item is
connected to which, the RDBMS must search through all items in the table, comparing
foreign keys, until it discovers two that match. This search-and compare, called join, is slow,
and gets slower as tables grow in size. Although the join is quite flexible, it is slow and is the
weak point of relational systems.

To create a relationship in an ODBMS the user simply declares it. The ODBMS then
automatically generates the relationship and all that it requires, including operations to
dynamically add and remove instances of many-to-many relationships. Referential integrity,
such a difficult proposition in RDBMSs, usually requiring users to write their own stored
procedures, falls out transparently and automatically. Importantly, the traversal of the
relationship from one object to the other is direct, without any need for join or search-and-
compare. This can literally be orders of magnitude faster, and, unlike the RDBMS approach,
scales with size. The more relationships, the more benefit is gained from an ODBMS.

Varying-sized structures

Another typical problem area in RDBMS is varying-sized structures (e.g. time-series data or
history data). Since the RDBMS supports only fixed-size tables, extra structures need to be
added, resulting in extra complexity and lower performance. In order to represent such
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varying sized structures the user must break them into some combination of fixed size
structures, and manually manage the links between them. This requires extra work, creates
extra opportunity for error or consistency loss, and makes access to these structures much
slower. Instead, in an ODBMS, there is a primitive to support varying-sized structures. This
provides an easy, direct interface for the user, who no longer needs to break such structures
down. Also, it is understood all the way to the storage manager level, for efficient access,
allocation, recovery, concurrency, etc.

User-extensible structures

A similar situation arises when a user wishes to alter a few rows in a table. Suppose, for
example, that two new fields are to be added to 3 rows. The RDBMS user is left with two
choices. He can enlarge all rows, wasting space. Or, he can create a separate structure for
those new columns; add foreign keys to all rows to indicate which have these extra columns.
This still adds some (though less) overhead to all rows of the table, but also now adds a new
table, and slow joins between the two. The ODBMS user has no such problem. Instead, the
ODBMS manages the changes directly and efficiently. The user simply declares the changes
as a subtype (certain instances of the original type are different), and the ODBMS manages
the storage directly from that, allocating extra space just for those instances that need it, with
no extra foreign key or join overhead.

Flexibility and efficiency of structures

Flexibility can be critical to many applications, in order to vary structures for one use or
another, or vary them over time as the system is extended. The RDBMS structures are static,
fixed, with hard rectangular boundaries, providing little flexibility. Changes to structures or
additions typically are quite difficult and require major changes. With an ODBMS, the user
may freely define any data structure, any shape. Moreover, at any time, such structures may
be modified into any other shape, including automatic migration of preexisting instances of
the old shape. Any new structures can always be added. Such structures in the ODBMS may
be very simple, with just a few fields, or may be very complex. Using the varray (varying-
sized array) primitive, an object can have dynamically changing shape. In fact, by combining
multiple such varrays into a single object, very complex objects can be created.

ODBMS structures can also include composite objects, or objects that are composed of
multiple other (component) objects. Any network of objects, connected together by
relationships, can be treated as a single (composite) object. Not only may it be addressed
structurally as a unit, but operations may propagate along the relationships to all components
of the composite. In this way, object may be created out of objects, and so on, to any number
of levels of depth. Since the relationships are typed, a single component object may also
participate in a different composite, allowing any number of dimensions of breadth. Thus,
arbitrary complexity may be modeled. More importantly, additional capability may always be
added. Users may always add new composites that perhaps thread through some of the old
composites' objects as well as adding some new ones, without limit. There is no complexity
barrier or relational wall in complexity. In an attempt to allow storage of complex structures,
RDBMSs have begun to add BLOBs, or Binary Large Objects. Unfortunately, to the DBMS,
the BLOB is a black box; i.e., the DBMS does not know or understand what is inside the
BLOB, as the ODBMSs do for objects. In fact, storing information in a BLOB is really no
different than storing them in a flat file, and linking that to the DBMS. Flat files can be useful,
but with a BLOB the DBMS cannot support any of its functionality internally to the BLOB,
including concurrencies, recovering, versioning, etc. It's all left to the application. Similarly,
in an attempt to support user-defined operations, some RDBMSs now support stored
procedures. On certain DBMS events (e.g., update, delete), such procedures will be invoked
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and executed on the server. This is much like executing methods in an ODBMS, except that
ODBMS methods may apply to any events (not just certain ones, as in RDBMS); may execute
anywhere (not just on server); and may be associated with any structures or abstractions.
Also, many RDBMS features may not work with them, because they're not tables. Certainly,
any robustness, limited scalability, etc., would not apply since they're newly added outside the
RDBMS table-based engine.

Very similar to stored procedures are Data Blades or Data Cartridges. These are pre-built
procedures to go with BLOBs. They add the ability to do something useful with the BLOBs.
In this way, they're similar to class libraries in an ODBMS, except that the ODBMS class
libraries may be written by users (data blades typically require writing code that inserts into
the RDBMS engine); and may have any associated structures and operations. All these efforts
(BLOBs, stored procedures, and data blades) stem from a recognition by RDBMS vendors
that they lack what users need; viz., arbitrary structure, arbitrary operations, and arbitrary
abstractions. Unfortunately, they take only a small step in this direction, providing only
limited structures, predefined operations and classes. If the RDBMS were modified enough to
generalize BLOBs to any object structure, and stored procedures to any object method, and
data blades to any object class, it would require rebuilding the core DBMS engine to support
all these, instead of just tables, and the result would be an ODBMS.

Data often changes over time, and tracking those changes can be an important role of the
DBMS. The RDBMS user must create secondary structures and manually copy data, label it,
and track it. The ODBMS user may simply turn on versioning, and the system will
automatically keep history. This is possible for two reasons. First, the ODBMS understands
the application-level objects, so it can version at the level of those objects, as desired. In the
RDBMS, the data for an application entity is scattered through different tables and rows so
there is no natural unit for versioning. Second, the ODBMS includes the concept of identity,
which allows it to track the state of an object even as its values change. The history of the
state of an object, of the value of all its attributes, is linear versioning. Branching versioning,
in addition, allows users to create alternative states of objects, with the ODBMS automatically
tracking the genealogy. In addition to supporting arbitrary structures and relationships, objects
also support operations. While the RDBMS is limited to predefined operations (select, project,
join), the ODBMS allows the user to define any operations he wishes at any and all levels of
objects. This allows users to work at various levels. Some can work at the primitive level, as
in an RDBMS, building the foundation objects, which others can then use without having to
worry about how they're implemented internally. Progressively higher levels address different
users, all the way to end users, who might deal with objects such as manufacturing processes,
satellites, customers, products, and operations such as measure reject rate, adjust satellite
orbit, profile customer's buying history, generate bill of materials, etc. As new primitives are
added, the high level users immediately can access them without changing their interface.

Encapsulation of operations for integrity, quality, and cost reduction

Encapsulating objects with such operations provides several benefits, including integrity,
ability to manage complexity, dramatically lower maintenance cost, and higher quality.
Integrity results from embedding desired rules into these operations at each level, so that all
users automatically benefit from them. As we saw in the section above, RDBMSs allow
(indeed, force) users to work at the primitive level, so they might violate or break higher level
structures, or change primitive values without making corresponding changes to other, related
primitives. The encapsulated operations prevent such integrity violations. The same remains
true with GUI tools, because they, too, get the benefit of the higher-level objects with built-in
operations.



DIF 8901 6

Operations allow managing greater complexity by burying it inside lower structures, and
presenting unified more abstract, user-level interfaces. Encapsulation can dramatically reduce
maintenance cost by hiding the internals of an object from the rest of the system. Typically,
large systems become complexity-limited because any change to one part of the system
affects all others. This spaghetti-code tangle grows until it becomes impossible, in practice, to
make more changes without breaking something else somewhere. Instead, with an ODBMS,
changing the internals of the object is guaranteed not to affect any users of the object, because
they can only access the object through its well-defined external interface, its operations. In
addition, new sub-types of objects can be added, extending functionality, without affecting
higher level objects, applications, or users. For example, a graphical drawing program might
include a high-level function (and user interface menu or button) to redraw all objects. It
would implement this by invoking the draw operation of all objects. Different objects might
have very different implementations (e.g., circles vs. rectangles), but the high-level routine
doesn't know or care, it just invokes draw. If a new sub-type of drawing object is added (e.g.,
trapezoid), the high-level redraw function simply continues to work, and the user gets the
benefit of the new objects. Similarly, if a new, improved algorithm is implemented for one of
the drawing object subtypes (e.g., a better circle drawing routine for certain display types), the
high level redraw code continues to work as-is, unchanged.

Finally, objects encapsulated with their operations can improve quality. The old approach to
structuring software, as embodied in an RDBMS, creates a set of shared data structures (the
RDBMS) which are operated upon by multiple algorithms (code, programs). If one algorithm
desires a change to some data structure, all other algorithms must be examined and changed
for the new structure. Similarly, if an algorithm from last year's project turns out to be the one
you wish to use this year, you must still copy it over and go through and edit it for the new
project's data structures. Code reuse requires changing it, creating a new piece of software
with new bugs that must be eradicated, and creating a new maintenance problem. Instead of
building on past work, software developers are continually restarting from scratch. With
ODBMS objects, however, the code and the data it uses are combined, so changes can be
made to them together, without breaking or affecting the other objects. If an object from last
year's project does what we need for this year's project, we can simply use it as-is, without
copying and changing. It's already tested and debugged and working, so we gain higher
quality by building on the work of the past. Even if the old object isn't exactly what we want,
we can define a new subtype for that object (inheritance), specifying only the difference
(delta) between the new and old. This gives the flexibility to allow reuse in practice, reduces
the required new programming (and debugging and potential quality problems) to the much
smaller delta, and reduces the maintenance by keeping the same, main object for both the new
and the old system.

Complex queries

Last, we'll address complexity. Some might look at all this information modeling capability,
including versioned objects, composites, subtypes, etc., and ask what price is paid for this
increased complexity. In general, no price is paid. In fact, there is a reduction in complexity as
seen by the user. The question is really backwards. The complexity lies not in the DBMS, but
in the application, in the problem it's trying to solve. If it is simple, then the data structures
and operations in the ODBMS will be simple. If the application's problem is inherently
complex, the more sophisticated modeling capabilities of the ODBMS allow that complexity
to be captured by the ODBMS itself, so it can help. Instead of forcing the application
programmer himself to break that complexity down to primitives, the ODBMS allows him to
use higher level modeling structures to directly capture the complexity, and then manages it
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for the user based on the structure and operations the user has defined. In short, the
complexity is in the application, not the DBMS.

The same is true for queries. The RDBMS query system might look simpler, closed, easier to
predict, and it itself is. However, the application's desired query is not. It must be translated
from the natural, high-level application structures and operations down to the primitive
RDBMS structures and operations, and the complexity is all in that translation. Instead, in an
ODBMS, the high level structures and operations can be used directly in the query, and the
ODBMS query engine executes the query itself, with no need for the user to translate to
lower-level primitives. True, the resulting ODBMS query and query system is more complex,
but that is because of the nature of the query. It was still true for the RDBMS-based complex
application query. The only difference is who handles the complexity, the user or the DBMS.

Conclusion

As mention in the text above, ODBMS give more flexibility and efficiency when dealing with
complex, varying-sized and user-extensible structures. Complex relationships can easy be
declared and managed. The complexity of a building model and its underlying product
models implies that ODBMs would be the best choice when designing product models.

Product models

In this paper the term “product” is used to refer to building components and systems. While
the primary focus of this paper is related to the building industry, I believe that these theories
and techniques also will be of value to other industries as well.

Modeling theory

In general we understand product modeling as the representation of a product in terms of
parameters that reflect it’s descriptive and performance characteristics [8]. Descriptive
parameters, such as geometry, color, etc., are defined herein as those controlled by the
designer (decision-maker). Performance parameters, such as comfort levels, energy
requirements, etc., are defined as those that the designer uses to judge the appropriateness of
the product. Context parameters are those used to describe the environment within which the
product is assumed and evaluated. The values of performance parameters may depend not
only on the values of descriptive parameters, but context ones as well. Modeling based on
these parameters facilitates communication and supports testing applications of new and
existing products [1].

Based on the above definitions, most activities in building design are forms of modeling.
Currently, the most common models used in the building industry are drawings, such as plans,
sections, elevations, isometrics, perspectives, etc., as well as physical scale models. These
models adequately support the evaluation of spatial layout and aesthetic appeal and are
usually complimented by mathematical models that address other aspects, such as structural,
energy and economic performance.

Computer-based models

Advances in computer applications over the last few decades have resulted in the gradual
replacement of manual modeling with computer-simulation models. While computer-based
models have been developed for a large variety of building performance considerations,
computer-aided drafting models have been the most widely used in the building industry.
Most others tend to be used mainly for research purposes, modeling performance aspects such
as comfort, energy, and economics. Some of these models are able to address not only the
building design needs, but construction and operational requirements as well [9].
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Computer-aided drafting was originally developed to serve the needs of electronic circuitry
design and typically generated very complex two-dimensional drawings. The same types of
algorithms were later adapted for general drafting applications, including architectural and
engineering drawings of buildings, their components and systems. The main limitation of the
widely used drawing-based models is the distance between the very abstract, two-dimensional
representations and the actual products the drawings suggest for construction. The major
advancement in computer-graphics that facilitates the representation of three dimensional
solids and the tools to create and visualize these objects brings us one step closer to
representing the actual components of construction. Parallel to the developments in computer
graphics, a large number of computer-based models, or simulations, are being developed by
building researchers that address various aspects of building performance, such as comfort,
energy, economics, etc. The development of such models over the past twenty years has been
broad, with various levels of success in modeling capabilities and prediction accuracy. While
most models were originally implemented on mainframe and mini computers, those that are
still under development have shifted their development onto powerful workstations and
personal computers. Developed primarily for research purposes only, most of these
applications tend to be difficult to use. They require an extensive description of the building
and its context and they provide output in the form of alphanumeric tables that are
cumbersome to review and interpret. Research efforts in computer applications in the building
industry during the last decade have focused on developing new models that will combine the
capabilities of a large variety of existing models. These new models will provide for more
cost-effective performance prediction of multiple design alternatives.

Object-Oriented Modeling Techniques (OOMT)

Depending on the performance aspects being addressed (e.g., energy, esthetics, cost, etc.)
design and simulation tools use different building modeling representations [10]. A thermal
simulation program, such as EnergyPlus, uses a building description in terms of thermal
barriers with properties such as U-value, solar transmittance, etc., required for heat transfer
computations [11]. A lighting and rendering simulation program, such as RADIANCE, uses a
building description in terms of geometric solids, such as cones, spheres, etc., with properties
such as texture, visible reflectance, etc., required for illuminance and luminance computations
[12]. Even if simulation programs such as EnergyPlus and RADIANCE were easy to use,
building designers would have to describe each alternative design multiple times, in terms of
thermal barriers, geometric solids, etc.

To address this problem, the use of a single, object-oriented building representation, which
allows building designers to describe the building in terms of real world objects such as
spaces, walls, windows, etc. would be necessary [13]. The program system should
automatically “translates” these objects into thermal barriers, geometric solids, etc., as
required by the simulation tools linked to the system, thus relieving building designers from
the modeling complexities associated with each simulation tool. The system should use a
generic object-oriented representation of the building. It should be generic in that it is not
focused towards any specific domain or application, but instead models the actual physical
components of the building. An object-oriented representation is based on the notion of
objects (e.g., windows) that have parameters (e.g., U-value, visible transmittance), relations
(e.g., composed of) to other objects (e.g., frame, glazing), and methods (e.g., display) which
describe their behavior. The advantage of an object-oriented approach is that each object has
not only a description of itself, but also an explicit behavior built into it which enables it to
manage its own actions. For example, a Wall object contains a Construction object (which
defines its materials), and two Surface objects (one for each side) describing the
characteristics of the final finish (Figure 1). If the room on one side of an interior wall is
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deleted, the Wall object can automatically change its Construction and exterior Surface
objects to match the requirements for an exterior wall. This kind of interaction is possible
because each object has knowledge about itself and its actions.

Belongs to Boundary A Boundary B Belongs to

Pl o\

Composed of Contained by Contained by Composed of

4—

Boundary
Segment

Contains

Contains —Jpmw

st

Facing Composed of  Composed of  Composed of Composed of Facing

*./

Figure 1. A small window into the object-oriented building model showing the network resulting from the
relations among objects [14].
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The object-oriented representation should be designed to allow flexible creation of objects, so
that it can be extended to address the modeling needs of simulation tools to be linked in the
future. It is based on a so-called “meta-schema,” which considers relations and attributes, as
well as the attribute values, as objects themselves [15]. By modeling each attribute as an
object, an attribute becomes more than a simple value holder. As an object, the attribute
knows its name, its units, its display options (e.g., as a numeric value, as a 2-D graph, etc.)
and its dependencies on other objects (e.g., simulation programs that may use it as input or
output). All of this information is used to facilitate the effective communication between the
system and the various simulation and visualization tools linked to it, through the API.

A model that meets the demands as described earlier could for instances consist of tree
databases and various applications that operate on them.

ol DChema Graphic T
Developer Editor Editor User
Computer
Schema Value Project
Database Selector Database
T PTOtOtYRES Prototypes Building ;.
e Editor Database Browser Ly

Figure 2. Schematic diagram showing the three main databases and the main processes that operates on them
[14].

The Schema Database is a data dictionary where definitions for Building Object Types (e.g.
space, wall), Properties (e.g., height, U-value), Units (e.g., ft., cm., degrees), Relations (e.g.,
has, faces) and Simulation Tools (e.g. EnergyPlus, RADIANCE, etc.) are stored. Parameters
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of building components and systems are then defined as links between Object Types and
Properties (e.g., space height, wall U-value). Each parameter is also linked to the simulation
tools that use it as input or output along with the associated type of units (Figure 3).

Simulation tool

Unit convarzion

M From M M To 1l
Input Unit Cutput
M M
Proparty
Parameter

Building cbject
Frimary Inverse

Relation

Figure 3. Schematic diagram of the meta-schema showing the main objects and their relationships [14].

The Prototypes Database is used to store Libraries of Building Object Type Instances (or
Prototypes). Each Prototype is created with its own list of parameters as defined in the
Schema Database, and each parameter is assigned a Value from some Source or Data
Reference. The Prototypes Database is the main source of building components and systems
available to the user for the description of the building.

The Project Database is used to store the Building Object Type Instances that is created at
run-time by the system. Staying with our “generic” approach, classes for different building
objects are not defined. We rather defined classes for Run-time Building Object Type
Instances, Run-time Parameter Instances, and Run-time Value Instances along with five
derived classes to handle integer, real, string, real array, image, and multi-media data types.

The building model is a network schema with five types of relations used to link the various
building components and systems among themselves as well as with the objects used to define
the building context (Figure 4 and 5). All relations are defined as pairs of primary and inverse
expressions as follows:

Building
Composed Of  Part Of Composed Of Part Of

HVAC Zone Storey

Centains Contained In - Composed Of Part Of
Space
Composed Of Part Of Faces Facad By

Boundary Finish

Contains  Contained In  Compesed Of Part Of

Boundary Segment

Figure 4. Partial view of the building model focusing on the schema that relates the building to the spaces its
boundaries [14].
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Hourly Schedule
Has owned By
Building
Composed O Part Of
HVAC Zone
Composed Of Part of Uses Used By Composed Of Part or
Distribution System
Uses Used By Usas Used By
Heating Plant Cooling Plant

Has awned By Has cwned By

Monthly Schedule

Figure 5. Partial view of the building model focusing on the schema that relates the building to the HVAC
system [14].

Composed Of/Part Of: An object may be an assembly that is composed of one or more parts.
When an assembly is deleted, then all of its parts are also deleted. Each part is part of one and
only one assembly. Deletion of a part has no effect on the existence of its assembly.

Contains/Contained In: An object may be a container, which means it may contain one or
more contents. The deletion of a content has no effect on the existence of its container. Each
content may be contained in one or more containers. When a container is deleted, only those
contents are deleted that do not have either a part of or a contained in relationship to any other
container.

Has/Owned By: An object may be an owner, which means it may have one and only one
feature of a particular object type. Deletion of a feature has no effect on the existence of its
owner. Each feature is owned by one and only one owner. When an owner is deleted, then all
of its features are also deleted.

Uses/Used By: An object may be a client, using one or more servers. Client deletion has no
effect on the existence of a server. Each server is used by one or more clients. Server deletion
has no effect on the existence of a client but it does eliminate the service that was provided.

Faces/Faced By: This is a special relation that is used to address spaces and their boundaries.
A boundary’s finish faces one and only one space. Boundary deletion has no effect on the
existence of the space that it faces. Each space is faced by one or more boundary finishes.
When a space is deleted, then boundaries whose finishes do not face other spaces are deleted,
while the ones whose finishes face other spaces may switch to a different instance (e.g., from
interior to exterior wall).

The data exchange between the different databases and applications has to be controlled by an
object-oriented database management system (OODBMS) [6], which is also required for
consistency of all databases. On the one hand it is possible to control the access and the
manipulation of data and on the other hand changes of one model are exposed to other
planning partners. This storage method prevents a loss of information because the complete
object model is represented within the database without any modifications.

The OODBMS also offers a version management, so that all steps of the planning process can
be reproduced at any time. Thus, it is possible to obtain information on the responsibility of
one of the partners if problems occur during the construction or the utilization of the building.

Current status and future directions

This paper has presented a research prototype for the complete integration of several object-
oriented product models into an object-oriented building model using the persistent storage
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management system of an Object-Oriented Database Management System. The system
presented has been used in to prototype system and are still under developing [14, 16].

Distributed computing and multi-user collaborative design over the Internet is a major part of
the long-term vision. Both data and computational processes can be distributed over local and
wide area networks, while specialized additions such as multi-video conferencing and
white/transparent board capabilities can be used for effective communication among multiple
building design, construction and operation participants.
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