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Abstract:

We address information modeling and exchange in asynchronous,
distributed collaboration between software applications or design agents
that are heterogeneous, that is, developed independently based on
application-specific data models. We identify the requirements an
integration environment must satisfy if it is to support the semantically
correct exchange of selected, locally generated information between the
agents. These requirements are distilled from both the literature and our
own experiments with the Object Modeling Language OML. The
resulting requirements were then formalized into an information
modeling and exchange environment constructed around the modeling
language called SPROUT (supported by a compiler) and an associated
software architecture that can be targeted toward many different
hardware and software platforms. A unique capability supported in this
environment is formal support for integrating existing applications:
Given a schematic description in SPROUT, a formal specification can be
used to generate computer programs that provably map data to and from
the applications.

1.

INTRODUCTION

In the present paper, we address conceptual and technical issues that arise in a
specific type of collaborative design scenario. We assume that the firms or design
teams collaborating on a building project use local software to the degree that is
appropriate to them. We assume furthermore that the local software uses algorithms
and internal representations/data models tailored to the particular design task it
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supports. Each of these local models captures a particular universe of discourse that
differs - to some degree at least - from those of the other teams. Each team uses local
persistent data storage facilities, i. e. a local database, and it does this again to the
degree it deems necessary and appropriate. It is likely that the individual pieces of
software were developed independently of each other. It is furthermore to be
expected that different teams enter the project at different times, which are, in
addition, unpredictable at the outset.
On the other hand, many of the decisions made by one team must be
communicated to some of the other teams because they have ramifications for the
work done by those teams. Each team intends to take advantage of the fact that it has
a computable design representation and to use that representation to automate
information exchange to the largest possible degree.
Clearly, our scenario does not deal with synchronous collaboration in which
teams work on the same data model or 'document' over some network connection;
that is, we do not address situations handled by networked 'groupware' or shared
'electronic whiteboards'. It has been observed that the approaches suggested for a
more asynchronous information exchange typically fall into two categories [Rolland
and Cauvet 1992] pages 39 and 40: (1) The fully integrated approach, which relies
on a unique, shared representational schema to which all subsystems have to
conform; and (2) the federated approach, in which each local system has its own
schema and is responsible for controlling its interactions with other systems by
deciding which information should be imported and exported. With respect to
building design, the integrated approach has been described as follows [Augenbroe
and Winkelmann 1990]:
A building project requires generating, updating, and communicating an
enormous amount of data... Traditionally this description is stored and displayed
in analog, causing numerous problems due to ambiguity, incompleteness and
inconsistency of information. There is a strong consensus in the computer
industry that the key to integration will be the definition of complete data models
for each product type that will satisfy all... information needs. This complete data
model is generally called a product model.
Attempts to develop such an approach are too numerous to be listed here. To the
best of our knowledge, the federated approach has been tried in the context of
building design only in the Agent Communication Language (ACL) project, in
which both authors participated [Khedro et al. 1995].
We argue below that neither approach is appropriate in the context of the
scenario sketched above, and we introduce subsequently work that attempts to
overcome the shortcoming of each approach in this scenario. That is to say, our
paper should not be misunderstood as a general critique of fully integrated or strictly
federated architectures. Each may well work in different scenarios.
To start with the fully integrated approach in the present scenario: It is
unrealistic to expect that the ever-changing cast of teams with their heterogeneous
software support can be made to subscribe to a single, comprehensive data model
that is able to satisfy the information needs of every participant. In fact, it may not
even be desirable to have such a model because individual teams may use data that
are of no interest to other teams or even proprietary. The following example, taken
from a different industry, illustrates this and shows - at the same time - that this
situation is not unique to the building industry.
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Figure 1 shows a high-level, simplified decomposition for an airliner that
identifies five major subcomponents, each of which is designed by a different
team/firm specializing in a specific domain/discipline using internal software, which
we call an application below. Information exchange occurs in this situation within
and between domain specializations. An example of the former is wing design,
which is proprietary, and proprietary data are exchanged freely within the team. An
example of the latter is the design of the wing connection to the fuselage, which is
contracted out, and information must be exchanged selectively between the different
teams responsible for these respective tasks.

Figure 1. Information Exchange in Airplane Design

We cannot expect that the internal models used by the different applications are
conceptually equivalent. An example that arose in the context of the ACL project
described in greater detail below should make this clear. Two teams, one
representing architectural design, located at Carnegie Mellon University (CMU), and
one representing structural design, located at the Massachusetts Institute of
Technology (MIT), had to exchange information about spatial configurations and
structural systems aimed at supporting these configurations. The MIT team, after
receiving an initial spatial configuration from CMU, had to develop a preliminary
structural design. It used a very efficient and fully recursive internal representation
that made use of the fact that structural members in different locations often are
based on the same design that satisfies some maximum load condition [Chiou and
Logcher 1996]; Figure 2 shows a portion of this representation. The representation
therefore recorded the shared design only once and associated it with the different
locations where it occurred. The architects at CMU, on the other hand, were not
interested in structural details; they were only interested in the geometry of the
structural members, which needed to be completely enumerated because they had to
be displayed graphically and checked visually. The CMU application therefore
represented structural members in a flat list, from where it exported data to a CAD
package used only for purposes of 3D display. But it had to remain possible to resynthesize from this enumerated list particular locations and designs, for example, if
the architects did not like the shape or location of a specific element. Note that this
type of communication goes beyond the kind of type conversion called transduction
in [Eastman 1994]. It requires mappings between the different conceptual schemas
involved and may include synthesis and re-synthesis of concepts.
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Figure 2. Parsimonious Representation of a Structural System [Chiou and Logcher 1996]

Semantical correctness must be maintained in both directions. More generally,
the exchange of (partial) information must satisfy the following criteria under the
present scenario:
1. Robustness of information exchange: Since applications do not export every
piece of information they generate. Information loss will occur during the
exchange.
2. Semantically correct concept mapping. It must be possible to map bidirectionally information defined in terms of one conceptual schema to
information defined in terms of another conceptual schema, and the mapping
may require synthesis and re-synthesis of concepts.
3. Variable rate of information changes. Some information is only relevant if it is
delivered in a timely manner, while other information is relatively static. The
information exchange has to be able to take such varying rates into account.
We use the term communication fidelity to refer to the three requirements in
combination. Note that the example under point 2 above illustrates why a federation
architecture as used in the ACL project is inadequate to guarantee communication fidelity as defined here. The facilitator used in this project had no internal memory: it
'flushed out' all information it received immediately to the interested applications; it
was thus unable to support the type of synthesis and re-synthesis suggested by the
example, which in turn requires that the exchange agent have some form of intermediate representation and internal memory. Indeed, the approach that suggests
itself for the present scenario is one that relies on some form of mediated architecture as described in [Wiederhold 1995] in the context of client/server architectures.
We can now state more succinctly the issues addressed in the present paper. We
deal with information exchange that maintains communication fidelity for the
information exchange in asynchronous, distributed, computer-supported design
collaboration as captured in our scenario. Especially, we explore the potential of a
mediated architecture that provides not only communication fidelity, but also a large
degree of openness and flexibility: agents can enter or leave the collaboration at any
time; they are not restricted to a specific universe of discourse or data model, nor to
a specific programming paradigm. This scenario raises a host of complex issues that
we cannot fully present, even mention, here. We must restrict ourselves to a highly
selective presentation; a full account can be found in [Snyder 1998].
The remainder of this paper is structured as follows: We review briefly in the
next section research or industrial efforts that influenced our own approach or
address similar issues in contrasting manners. The ACL project mentioned above
has been especially significant because it provided us with a first test ground for
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experiments with a schema specification language, OML. In section 3, we briefly
describe the OML experiments and the lessons we learned from them. Both the ACL
project and our literature survey convinced us that communication fidelity can best
be achieved in an integration environment constructed around a schema
specification language; we outline in Section 4 general requirements for such an
environment. In section 5, we introduce the schema specification language
SPROUT, the successor to OML. In section 6 we outline briefly the kind of
integration architecture that can be built with a language like SPROUT and outline a
first prototype implementation.

2.

BACKGROUND

Computer-Aided Design (CAD) software aimed initially at replacing manual
drafting - to some degree - with computer-based tools and was not integrated with
any other computer-based design tool. Since then, at least two generations of
systems and projects have explored integration issues at increasing levels of
generality and sophistication.

2.1

First Generation Integration

A first generation of more integrated systems emerged during the mid-1980's
and early 90's. This work concentrated on research prototypes or software-based
laboratories and pursued the explicit goal to discover and investigate the issues
involved in systems integration in building design. Development on these prototypes
has been completed. The following projects were of particular importance to us
because of our active participation (see [Snyder 1998] for a more detailed account):
- The Intelligent Computer Aided Design System (ICADS), a project in the
Computer Aided Design (CAD) Research Unit, Cal Poly, San Luis Obispo
[Pohl et al. 1992] [Myers et al. 1992]
- The Integrated Building Design Environment (IBDE) project in the former
Engineering Design Research Center (EDRC) at Carnegie Mellon University
[Fenves et al. 1994]

2.2

Second Generation Integration

Second generation integration systems make use of results from first generation
systems and benefit generally from a significantly larger suite of commercial or
research tools that could be used as subsystems of the large whole (e.g.
objectoriented databases). The projects presented below represent solutions to the
information exchange problem that are - within their own premises - persuasive and
successful.
2.2.1

STEP and STEP-based Extensions

The Standard for Exchange of Product Model Data (STEP) (ISO 10303) is an
ISO committee with the purpose of developing an infrastructure for product data
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exchange across disciplines. The Product Data Exchange Using STEP (PDES)
project is a U.S. project that provides industrial input to the ISO committee [Nell
1996]. In order to facilitate the definition of product data models, the EXPRESS
language continues to evolve [ISO 10303 Part 11]. Both STEP and EXPRESS are
quite large, and we cannot provide a comprehensive review in the context of this
paper.
EXPRESS was initially designed to facilitate file-based data exchange using a
neutral file format and provides several syntactic mechanisms to support this type of
exchange [Eastman and Fereshetian 1994]. EXPRESS's usefulness has been
demonstrated in several application areas. It is at its core an instantiation
specification language, not a schema specification language (see [Snyder 1998]).
Among the STEP-based extensions, the COMBINE project is of particular
interest to us because it reinforces insights from the ACL project, which revealed
severe problems associated with schema mappings and translations that must be
coded manually [Dubois et al. 1995].
2.2.2

DICE

The Distributed and Integrated Environment for Computer Aided Engineering
(DICE) project is a broad research effort of the Intelligent Engineering Systems
Laboratory at MIT [Sriram and Logcher 1993]. DICE is a network of collaborating
design agents, where communication and coordination are achieved through a global
database and control mechanism. The product and processing modeling component
of DICE is SHARED [Wong and Sriram 1994a]. Again, DICE is too extensive to be
reviewed here in full; we must restrict ourselves to a few comments about shared,
the most interesting component of DICE in the present context.
SHARED can be described as a rich object-oriented modeling environment. It
also provides database capabilities such as version, alternative and transaction
management. [Sriram et al. 1994] view the SHARED approach "... as a first cut in
developing a semantic vocabulary for design, where the constraints (through
behavior) implicitly define the grammar for checking valid designs." In its current
form, SHARED should be viewed an as implementation framework for shared
workspaces and not a conceptual modeling environment because concepts are
defined in the implementation language, not in a programming languageindependent way.
2.2.3

EDM

The Engineering Data Model (EDM) is a modeling environment [Eastman and
Siabiris 1995]. EDM-2 [Eastman et al. 1995] added object structuring techniques in
terms of a specialization lattice and composition hierarchy. Both constructs are
general and have direct analogies to other object paradigms, in particular
object/relational database systems, that support schema evolution. EDM-2 can be
viewed as a database schema definition language with the added capability of
constraint definition and management of the objects. Among 2nd generation
integration projects, EDM is in spirit closest to our own work because it explicitly
addresses the scenario outlined in Section 1.

CAAD futures 1999 Digital Proceedings

2.3

171

Context

Starting in 1992, groups at the School of Architecture and Department of Civil
and Environmental Engineering at Carnegie Mellon University (CMU) have been
developing the Software Environment to Support Early Phases in Building Design
(SEED) with participation of a group at the University of Adelaide, Australia
[Flemming and Woodbury 1995]. SEED builds upon the experience gained with the
IBDE project and several projects dealing with 'generative' design systems in the
EDRC.
The SEED project intends to develop the prototype of a software environment to
support the early phases in building design. The goal is to provide support, in
principle, for the preliminary design of buildings in all aspects that can gain from
computer support. This includes using the computer not only for visualization,
analysis and evaluation (i.e. design tools), but also more actively for the generation
of designs, or more accurately, for the rapid generation of computable design
representations describing conceptual design alternatives and variants of such
alternatives at an appropriate level of abstraction, but with sufficient detail that
enables sophisticated evaluation tools to receive all of the needed input data from the
representation.
The SEED team specifically develops generative software components, called
modules, each as it relates to a specific discipline or application domain. Design
tools are to be provided to the largest possible degree by third-party packages. SEED
is to be used is exactly as described in Section l's senario, except that the individual
modules rely on a shared object server for persistent data storage and version
management and share basic design concepts and are not required to use a specific
programming language. The environment has to remain heterogeneous and open
simply because the SEED developers cannot predict which software has to be
integrated in the future and when.

3.

OML EXPERIMENTS

We describe in this section experiments with a high-level specification language,
called the Object Modeling Language (OML), that were conducted in the context of
the ACL project mentioned in Section 1

3.1

ACL Project

The multi-institutional ACL project aimed at investigating concurrent
engineering (CE) technologies to support collaboration between participants in the
facility design and delivery process [Khedro et al. 1995]. Teams of researchers
representing four major universities participated along with a team at the U. S. Army
Construction Engineering Research Lab (USACERL), the project sponsor: MIT,
Stanford University, the University of Illinois at Urbana-Champaign, and CMU. The
collaboration between the teams was to make use of technologies and applications
developed independently by the four universities and USACERL. The CMU team
was to use SEED-Layout, a module of SEED, to deal with the architectural aspects
of early building design [Flemming and Chien 1995].
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The sponsor of the ACL project had established at the outset that the cooperation of
the cooperating systems was to be based on the agent-based Federation Architecture
developed by Stanford, which intends to allow independent software agents to
exchange information by communicating with facilitators through appropriately
designed APIs [Khedro et al. 1995]. The ACL project it is the only project known to
us that addresses the type of asynchronous, distributed collaboration in building
design underlying our scenario through a strictly federated architecture that had to
be implemented in order to give researchers the opportunity to investigate the more
general problems posed by this scenario through realistic experiments, that is,
experiments using applications that were truly distributed as implied by the scenario.
More specifically, this project lead to the OML experiments that proved so crucial
for the present work.

3.2

Object Modeling Language

During the course of the project, the team members realized that because each
team had its own internal agent architecture, some kind of unifying syntax and
semantics of object descriptions was needed to allow message exchanges to occur.
The CMU team developed OML as one of its contributions to the ACL project.
OML provides an object description schema with execution semantics, a messaging
protocol, and an associated language binding complier that generates data structure
mapping code from an OML schema, that is, formal specification [Snyder and
Flemming 1994a], [Snyder and Flemming 1994b]. Based on an agent's internal
representation, an OML schema builds an OML model external to the agent, which
describes the agent's model to the outside world in terms of four basic language
constructs: domains, relationship types, and classes (a complete description of OML
is given in [Snyder 1993]). OML was designed to provide semantic consistency for
inter-agent information exchange.
Given an OML schema, each agent developer must provide a (concise) language
binding specification that can be used to map the local representation to and from
the OML schema. The mapping between different local representations involves a
large amount of monotonous binding assignments, which, in addition, must be
verified. This verification is error-prone and time-consuming, which is especially
true when the mapping routines need several programming language linkages (e.g.
C, C++, Fortran). [Dubois et al. 1995] make the same observation (see also
{Lockley et al. 1995]); IDM stands for Integrated Data Model and DT stands for
Design Tool:
For the time being, too much is still dependent on individual skills and
inspiration. Proofs that a resulting model is somewhere near a desired optimum
or even semantically correct are still outside of our reach. A particular aspect of
the latter is the way that teams now have to check whether their DT model can be
mapped to and from (a particular subschema of) the IDM. This in fact is the way
that the IDM was checked and refined in the latter stages of the project. As it
happens there is no other way available than to try to perform the mapping for a
range of examples given the IDM and the DT's aspect model. This is a time
consuming task which moreover can lead to a false conclusion depending on the
completeness of the chosen examples.
The problem is exacerbated when the schema itself is not entirely static, for
example, because the schemas underlying the individual applications are still
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evolving or new applications are added to the environment. Reconfiguring the
schema in these cases may be practically impossible.
These problems are largely circumvented by the type of language binding
compiler provided in the OML standard distribution: The developers can use the
OML schema and the language binding specification to generate automatically
language binding code in a host language like C++. This code can be compiled into
a language binding library and linked to an agent's domain code along with OML
run-time libraries.

3.3

Observations

OML was tested in two contexts, the ACL project for which it was designed, and
the Modular Design System (MDS) project, another USACERL-funded project (not
presented here). The language binding compiler was tested both internally in the
communication between SEED-Layout and the other agents communicating with
SEED-Layout to form the architectural agent in the ACL project (an object database
and CAD package used strictly for 3D displays). It was also tested in information
exchange between the CMU- and MIT- based agents. But these experiments were
conducted in parallel to the main project focus.
The system as a whole was never complete or tested. The Federation
Architecture was not able to support the integration of applications of the given type
over the Internet for several reasons, among which the following are most significant
in the present context: (1) We never knew if information was exchanged correctly
because we could not verify concept translation rules or data structure mappings in
an application; translations must be based on a formalisms and automated code
generation. (2) The Federation Architecture did not provide any tools for objectcentered information modeling. Some researchers claim that it should not have such
tools, but became clear to us that state-of-the-art object-based modeling techniques,
such tools are essential. [Flemming et al. 1996] provide a full report of the research
results of the ACL project from the SEED perspective; see [Chiou and Logcher
1996] for a complementary assessment.
Combined with the OML experiments, the results of this project strongly suggest
that a robust, programming language-independent conceptual modeling language is
needed for information exchange techniques to be scalable. Specifically, the
language binding compiler demonstrates a promising approach for generating
mapping code from a formal specification rather than by the current techniques that
rely on code generated by hand.

4.

REQUIREMENTS FOR AN INFORMATION
MODELING AND EXCHANGE ENVIRONMENT

The reviewed literature and OML experiments provided us with a wealth of
insights and suggestions about promising ways to deal with the information
exchange issues raised in our scenario. In the present section, we distill from these a
set of requirements an information modeling and exchange environment should meet
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in this context. The requirements are somewhat motivated by the SEED perspective.
They remain however general because SEED is conceived in general terms.

4.1

Modeling Language

The cornerstone of the environment is a modeling language. Before we elucidate
the requirements such a language should meet, we provide a brief overview of
modeling languages as an emerging research area.
The complexities associated with developing large-scale information systems
have pushed existing programing languages beyond their capabilities. This has led to
the introduction of high-level modeling languages that can be used to model
functional application requirements and information system components at a
conceptual level [Loucopoulos 1992]. Given the different areas from which
modeling languages historically evolved (knowledge representation in Al,
programming languages, data bases), it is difficult provide a concise definition that
would cover all instances because different languages tend to retain some of the
flavor of the field in which they originated. But certain common traits do emerge.
The most unifying force is an object-centered approach to representation. The
most practical way to distinguish modeling from programming languages is to
describe the features incorporated in the language as opposed to what constructs can
be represented in it (which may have the same names). Several such distinguishing
features have emerged in the literature:
-

-

-

-

Semantic Relationships. Object-oriented programming languages have no
explicit constructs for representing the semantics of object relationships; that is,
complex object compositions must be maintained manually by the programmer.
However, some modeling languages have the ability to manage object
compositions using relationships between objects as an explicit construct in the
language. Therefore, a more consistent and uniform mechanism can be
employed to address relationship management. In fact, several authors suggest
that relationships can be generalized with their own properties and definitions
([Rumbaugh 1987], [Parent and Spaccapeitra 1992] ).
Behavioral Properties. In addition to the more traditional encapsulation
capabilities found in programming languages, modeling languages allow for the
specification of reactions to events that occur on an object. To borrow from
database terminology, an event can trigger an action. Other forms of behavioral
properties include constraints on the structural or data properties of an object.
Dynamic and Temporal Capabilities. Modeling languages handle changes to
objects over time while maintaining some type of historical record of these
changes; in database terminology, this is usually version and configuration
management. In some cases, semantic relationships and configuration
management are highly interconnected (see below).
Representational Homogeneity. Object-centered representations have the
desirable property of using similar representations at different levels of
conceptual abstraction. Traditionally, product models were specified and
represented independently from the process models that utilized them.
However, a homogeneous representation should support both simultaneously.
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Overall Schema Requirements

The modeling language supporting the application integration environment
envisaged is used to formally specify a conceptual schema serving the following
functions:
1. Provide a 'lingua franca' used by participating applications for mappings between
concepts of mutual interest. The OML experiments clearly demonstrate the
power and flexibility gained from basing information communication on such an
exchange medium. The modeling language is used to specify a shared schema to
and from which the schemas underlying the participating applications are
mapped through language bindings.
2. Support the semi-automatic generation of language binding code. Again, the
OML experiments, supported by the literature, demonstrate the feasibility,
indeed, the necessity of this approach. In the SEED context, this includes also
the automatic generation of the database schema from a high-level specification.
3. Provide basis for negotiations between application developers about the shared
concepts.
The last point needs some elaboration because it is universally neglected in the
literature. We can assume that at the outset, only the developers of the individual
applications understand the semantics their underlying the data models. In order to
develop a shared schema, the individual developers have to engage in rounds of
negotiations in which they 'hammer out' both the content and form of that schema.
The OML experience as well SEED-internal negotiations suggest to us that the
modeling language itself can provide crucial support for this process by establishing
from the outset a common communication medium. Indeed, the language can
provide a firm structure for the negotiations.
For example, the following process proved successful for negotiations between
the SEED teams. Before the first meeting, every team has to do its 'homework', that
is, express the shareable aspects its own internal data model in terms of the modeling
language (as a side effect, this puts the expressive power of the language to the test).
These specifications serve to explain to each team the content of the other teams'
models. Next, each team indicates which pieces of information it is interested in
receiving from the other teams thereby determining both the content of the shared
schema and the information that can safely be lost. The group as a whole is then
ready to design the shared schema. This process can take advantage of the fact that
the information of interest is already expressed in the target language; that is, it
consists largely of remixing what is already specified. Central to this last, allimportant step is to decide where information loss occurs. The mediated architecture
envisaged here gives developers flexibility in this process.
If a new application enters the cooperation, this same process is repeated at a
smaller scale. In all likelihood, the shared schema has to be updated as a result and
the language bindings recompiled, a process that is largely automated if the schema
is conceived along the lines envisioned here.
We conclude this section with some general schema requirements:
1. Implementation Independence. One of the more challenging requirements
information modeling languages try to meet is the elimination of hardware and
software platform dependencies. While the success in this effort must be
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achieved at various levels of abstraction and with various resources, particular
attention must be paid to schematic features that may diminish platform
independence. For example, something as simple as upper and lower case names
within a model can make implementation difficult or impossible in some
environments. Additionally, the modeling environment should be independent of
a programming language.
2. Application Integration must be supported by formal methods that allow for the
(semi-)automatic generation of language binding code so that any changes to the
schema require only recompilation. Specifically, given a shared schema, an
application binding specification should be used to generate code to perform the
mapping.

4.3

Schema Elements

During the OML experiments, we discovered that the representations used to
specify the mentioned above mappings should reflect an object-oriented structure if
some applications use object-based representations. Both the OML experiments and
the SEED experience suggest that an object-centered modeling language needs at
least the following constructs to gain the needed expressiveness:
-

Domains: An important distinction is the differentiation between well-formed
data and representations of design objects of interest. For example, when a
module retrieves the altitude of a sun ray at a specific day and latitude, it should
not have to check if the angle is in the expected range (between 0 and 90
degrees). Consider, on the other hand, a structural engineer who starts with the
design of the roof structure for a building and abandons work for the day
without designing any of the support elements. Clearly, the structural system is
physically ill-formed, but the engineer should still be able to communicate this
incomplete design to others. The sun ray information represents data, whereas
the structural system is a design object of interest. A schema should be able to
enforce well-formedness of data in the above sense; it has no business
examining design data beyond that.
The most appropriate formal representation for well-formed data is abstract data
types (ADTs) as defined by [Meyer 1988]. But modeling language ADT
implementations are different from programming languages. Preconditions and
postconditions can be offered in both kinds of languages, but the modeling
languages require additional support that is almost never provided by
programming languages. For example, it should be impossible to describe
nonsensical operations on dimensions measured in a unit system, for example,
the multiplication of two volumes. To make the distinction between ADTs in
the different languages clear, we call the representation of a data type a domain
in modeling languages. Domains may support inheritance, but domain-based
inheritance is essentially different from class-based inheritance (discussed in
[Snyder 1998]).

-

Relationship Types: A relationship type represents a kind of association that
can exist between design objects; if it has an inverse, it has to be managed by
the schema. They may need associated behavior of the association under the
significant data base events described as described below. We decided not to
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model relationship types as classes for both practical and conceptual reasons.
-

Classes: Design objects of interest, which differ from well-formed data, are
instances of classes within an information modeling language. A class can be
defined as an aggregation of attributes of different types that incorporate
domains and relationship types. Classes must support inheritance in the more
traditional sense, but should support multiple-inheritance for reasons given
below.

-

Multiple Classifications: Clearly, objects of interest need to be multiply
classified, for example, to support various queries both during evaluations (e.g.
is this space public so that a pathfinding algorithm can treat is as node).
Multiple inheritance is many times inappropriately used to classify objects
having nothing or very little to do with the behavioral aspects of a class (see
[Kiloccote 1996]). A classification scheme should support operations such as
subsumption and the detection of conflicts. The work most relevant to SEED is
the CLASSIC knowledge representation system, not the least because it
incorporates algorithms that are known to be tractable [Brachman et al. 1991].

4.4

Database Support

To overcome the limitations of relational databases, researchers have proposed
various approaches able to support an information modeling environment that
supports object-centered representations, which we cannot review in detail (see
[Snyder 1998]). We point out a specific aspect required by a system like SEED,
which is capable of generating large numbers of alternative designs that can undergo
version changes, where the designs are modeled as complex object configurations,
some of which need to be stored persistently.
Relationships between objects in a configuration behave differently under
different database events and must be managed appropriately. Take again the
structural system from Figure 2 as an example. An alternative version may use the
same designs, which are already stored in the database, but in different locations.
When storing the new version, the database has to know that the locations have to be
created, but not the associated design, and be able to link correctly, all objects, new
or existing. Conversely, when a design is deleted, all associated locations have to be
deleted, too. We call this configuration management.
In general, the SEED database must be able to manage properly the following
database events:
1. Delete: When an object in a configuration is deleted, the database must know
which of the associated objects should also be automatically deleted.
2. Copy: Copying a configuration means the construction of a complete, 'deep'
copy. Usually all objects in the configuration are copied and the copies linked in
a network that is isomorphic to the original but exceptions must be specifiable.
3. Anchor: Anchoring a configuration means creating a different version of a
configuration that can be retrieved based on a current time stamp. In this case,
configuration management depends entirely on how a given schema is defined.
4. Overwrite: Overwrite replaces a configuration in the database with a
configuration that has the same identifier, but a new time stamp. Overwrite then
proceeds similarly to anchor.
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If a schema is able to distinguish relationship types by the way in which they
behave under these events, configuration can be automated based on these
specifications.

5.

THE SPROUT INFORMATION MODELING
LANGUAGE

We briefly describe in this section the SPROUT (SEED representation of
Processes, Rules, and Objects Utilizing Technologies) modeling language. The
overall objective of SPROUT is to provide a syntactic and semantic framework that
embodies the requirements defined in the preceding section. This section introduces
the schematic language elements in SPROUT depicted in Figure 3. The issues
surrounding domain and class schematic elements were introduced in Section 4. The
notion of a unit of measure is a relatively unique modeling language concept that we
cannot further discuss here. SPROUT specifications are detailed in [Snyder 1998].

Figure 3. Relationships Between SPROUT Schematic Elements

The SPROUT syntax is heavily influenced by the Eiffel object-oriented language
[Meyer 1988]. Eiffel embodies good language design principles and has the added
benefit of having abstract data types at the core of its language design including
support for exceptions due to invariant violations. It was therefore a natural and
important reference work. It is important to note however, that the overall software
architecture and semantic assumptions of SPROUT differ from Eiffel because Eiffel
is a programming, not a modeling language.
Unlike Eiffel, SPROUT supports qualified schematic element naming via a
package naming, thereby defining a package scope in a manner similar to, but not
identical with the Java programming language [Gosling et al. 1996]. Package
naming is an essential feature in the definition of shared schemas. Without this
construct, it becomes virtually impossible to manage element naming within a
SPROUT schema (or any schema language for that matter). Something as simple as
a two-dimensional point can be defined in several different contexts, and without
package names, there would almost certainly be collisions between the names.
5.1.1

Domains

Domains support the notions described in Section 4.3. To give readers a flavor
of the SPROUT syntax, Figure 4 shows the SPROUT specification of a simple
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domain, Meter (sprout.lang is the default package name for built-in elements) that is
based on built-in domains. The elements of a complex domain must refer to an
existing domain to make up structured or recursive domain definitions. The complex
domains found in SPROUT are sets, sequences, ordered sets, ordered sequences,
tuples, and constraint variables.

Figure 4. Example Simple Domains

SPROUT also supports domain transformation capabilities called function,
operator, and conversion. These transforms, in particular function, resemble
methods found in object-oriented programming with some important difference in
behavior. In particular, inheritance plays a significantly different role.
5.1.2

Relationship Types

Relationship types establish a behavior for a relationship and have, as a
minimum, a name and an associated container (i.e. set, vector or bag, and link).
Additional information can be specified in a relationship type, for example, what
should be done with objects in the container under the database events introduced in
the preceding section.
5.1.3

Classes

Classes are defined as collections of attributes. Due to space limitations, a
complete definition is not provided here (see [Snyder 1998]), rather the kinds of
attributes are simply stated. In SPROUT, attributes have the following types: value,
relationship, method, trigger, derived, and constraint. An example SPROUT class is
shown in Figure 5.
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Figure 5. Example Class Specifications

5.1.4

Classification

During the course of this research, it became clear that, for implementation
reasons, support for classification was better developed in the context of the casebased components of the SEED system. As a result, plans to include a formal
classification specification in SPROUT were abandoned. However, it is important to
include clear and specific definitions of what classification means in the context of
an information modeling language.

5.2

Implementation Prototype

At the time of this writing, we are still working on a first implementation of the
modeling and exchange environment envisioned here. We describe in the present
section briefly the main components of this first implementation.
In order to assure platform independence, the initial middleware server
environment is implemented in the JavaServer toolkit. Figure 6 shows the overall
process of compiling a SPROUT schema into this type of environment. Note the
differences between the runtime and compile-time relationships.
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Figure 6. SPROUT Schema Compilation

The specific outputs generated using this target environment consist of a
collection of public Java class files and an associated native method implementation
file. These Java classes are specializations of Java classes developed as part of the
SPROUT runtime environment. Using this technique, many behaviors can be
properly implemented without any intervention on the part of the compiler back-end
developers or the schema designers. Additionally, these classes are installed as part
of a middleware server environment not described here.
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