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Abstract 
In this paper we present the Design History Data Model (DHDM), an extended object-oriented 
data model that explicitly supports the modeling and capture of engineering design histories. An 
engineering design history is a composite information structure that contains the evolution of 
engineering design specifications along with the design actions, constraints, and rationale that 
drove the design process. The capture and classification of engineering design activity is highly 
beneficial to future designers, assisting in design analysis, design maintenance, design learning, 
and design reuse. An advantage of the DHDM is that it incorporates a meta data and schema 
evolution component to support the capture of both pre-specified design activities and dynamic 
design activities. Pre-specifiable design specifications are those design tasks that are well-known 
and can be planned in advance of a design activity. Dynamic design involves the specification of 
design tasks as they actually occur using schema evolution. Modeling design activities is 
achieved through the use of process classes that are composed of subprocesses through the use of 
temporal aggregation concepts. Specific occurrences of design activities are modeled as instances 
of process classes. In addition to introducing the DHDM concepts, this paper describes a 
prototype implementation of the DHDM on the Itasca object-oriented database system. The 
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prototype DHDM is evaluated with respect to constructibility, comprehensibility, and 

extensibility of the design history specification. 

Keywords 
Design histories, metadata, schema evolution, object-oriented databases, process modeling 

1 INTRODUCTION 

Database management systems are important in the management of engineering design data due 

to the many advantages that database systems provide in the access and manipulation of data. 
Traditionally, database systems have been used to store structural descriptions of a product under 

design. In the engineering design domain, however, it is also desirable to capture not only the 
structural design of an engineering artifact, but also the "history" of the design process. An 

engineering design history is a composite information structure that contains the evolution of 
engineering design specifications along with the design actions, constraints, and rationale that 
drove the design process. The capture of structural descriptions, design processes, and the 
relationships between the two can bring extensive benefits to design reuse, design maintenance, 
design analysis, and, in general, to the productivity of the design process. 

As an example of the benefits that can be gained from the use of design histories, consider the 
areas of design reuse and design analysis. Since many product designs are often similar to 
designs that may have been created on previous projects, it is often useful to review the activities 

that occurred in a previous design project. Although the structure of the previous design is of 
interest, it is also useful, especially to the novice designer, to examine the steps that were 
performed to produce such a design. In this way novice designers can learn how to design by 

examining the design activities of experienced designers. It is also useful to examine the 
alternative designs that were considered and to understand why such alternatives were discarded. 
Examining the rationale for discarded designs can help designers avoid repeating the same 

mistakes on similar designs in the future. In general, the examination of design histories can help 
designers undertand different engineering design methodologies. Unfortunately, most existing 
data models and database systems do not support the explicit modeling of the types of processes 
and activities that need to be captured as part of the design history. As a result, information about 

design activities is typically not captured at all. 
This paper introduces the Design History Data Model (DHDM) for the modeling and dynamic 

capture of design processes. The DHDM is based on core object-oriented data modeling 
concepts similar to the Oz (Lecluse et al. 1988) object-oriented data model. As a base model, the 

DHDM supports object identity, object state, the notion of types and classes, complex objects and 
values, encapsulation of object state with methods, inheritance, overriding, and late binding. The 

uniqueness of the DHDM approach is its explicit and uniform modeling of composite, high-level 
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design activities and design processes/operations as process classes in a database schema. The 
DHDM also supports the representation of an execution of such an activity as an instance of the 
corresponding process class. Process classes, in general, provide attributes to describe the 
occurrences of individual activities, such as start/end times of the process, status of the process 
(running, suspended, aborted, terminated), description/function of the process, the set of objects 
the process takes as input and produces as output, the constraints affecting the process, and the 
rationale for performing the process. 

Process classes also provide the basis for temporal aggregation of design activities. An 
important component of modeling design histories is capturing the temporal sequence in which 
design activities occur. Process classes in the DHDM are defined in terms of the temporal 
composition of their subprocesses. In particular, processes can be temporally composed in terms 
of programming language concepts such as sequence, selection, iteration, and concurrence. 
Furthermore, a unique aspect of the DHDM is the manner in which the temporal composition of 
process classes can be dynamically defined as the design activity occurs using schema evolution 
concepts. A designer may not always be able to pre-specify the sequence of design activities that 
are involved in a design project. The DHDM therefore provides a "knowledge capture" 
capability, allowing designers to describe and refine the occurrences of design activities at the 
time that the design actually occurs. Schema evolution provides the framework to support the 
dynamic specification of process classes in the meta-data component of the DHDM and to 
automatically maintain consistency between the description of process classes and the occurrence 
of actual process instances. 

The primary purpose of this paper is to provide an informal overview of the DHDM concepts 
and to illustrate the role of meta-data and schema evolution in providing a flexible environment 
for design history capture using the DHDM. This work has been performed as part of an 
interdisciplinary research project involving computer scientists and mechanical engineers. As a 
result, the application and demonstration of the dynamic capture approach supported by schema 
evolution has been an important component of the project. Furthermore, the use of the DHDM 
concepts in an actual design setting have played an important role in fully understanding the 
application semantics involved in design history capture. In terms of data semantics, the 
contribution of this paper is two-fold: I) engineering design processes and engineering design 
histories are given a clear meaning and explicit representation through the concepts of process 
classes and process objects; and 2) a framework is provided to extend traditional database 
querying with various types of temporal and historical querying capabilities. As part of this 
paper, we describe the engineering environment to which the DHDM was applied. We have also 
used this experience to evaluate the DHDM concepts and to make adjustments in our initial 
design. As a result of our initial prototype, work is currently in progress to develop a formal 
definition of the temporal components of the revised DHDM and to further extend the DHDM 
with versioning concepts. 
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The remainder of this paper is structured as follows. A brief survey of related work on design 
history systems is given in Section 2. An actual case study of an engineering design project is 
then presented in Section 3 for the purpose of establishing requirements and rationale for the 
DHDM features. An overview of the Design History Data Model is then presented in Section 4, 
describing the features of process classes, process instances, and temporal process aggregation. A 
prototype implementation of the DHDM is described in Section 5, focusing on the manner in 
which metadata and schema evolution are used to create a flexible environment for the dynamic 
capture of design activities. Section 5 also includes an evaluation of the current prototype, 
discusses the lessons that we have learned from the initial prototype and outlines future 
enhancements for the DHDM. Finally, Section 6 concludes with a summary of the paper and a 
discussion of our future research directions on formalization and extension of the DHDM. 

2 RELATED WORK 

This section presents an overview of recent work in design history capture systems, databases, 
process modeling, and programming environment/user interface research, all of which is relevant 
to the capture of design processes. 

Baya et a!. (1992) conducted experiments to study how designers reuse design information 
during redesign. Their experiments indicate that recording of design histories can later provide 
critical information that can affect future design decisions. Current design history systems can 
record and play back some information generated during the design process as in (Chen 1991, 
Ullman 1991 ), but there is also a need to capture other components of the design history such as 
the design activities, their sequence, and their related parameters. 

Many current engineering design environments, including software engineering environments, 
incorporate the IBIS (Issue-Based Information System) approach (Rittel 1973, Conklin 1988, 
Chen 1991, Ganeshan 1992, McCall 1989, Ullman 1991) most often with the hypertext 
paradigm. The IBIS approach is used because of its ability to model design decision making and 
representation of design rationale. The hypertext paradigm (Brown 1989, Fu 1990, McCall 1989) 
is widely acclaimed as a more natural and user-friendly paradigm for interacting with the end 
user. 

Software process modeling/programming (Ashok 1988, Jarke 1990, Humphrey 1989, Osterweil 
1987, Shepard 1992, Tate 1992) aims to capture some initial process knowledge to guide and 
monitor the software development process. Process programming languages are particularly 
interesting for design history systems in that the programming language paradigm has been 
extended to model the programming of activities which produce software products (Humphrey 
1989, Osterweil 1987, Shepard 1992). By using process programming languages, it is possible to 
control (to some extent) and guide the design process while enforcing the methodology defined 
by the process program. 
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Other research efforts have extended the expressiveness of object-oriented data models to better 
model the real world and more specifically to capture the dynamic nature of objects and their 
interactions (Gupta and Hall 1991, Gupta and Hall 1992, Mylopoulos 1980, Richardson 1991). 
The TAXIS (Mylopoulos 1980) database language, extends the classification and inheritance of 
objects to transactions and exceptions. Gupta and Hall (1991, 1992) present an extension to the 
object-oriented/semantic data models that can model the dynamic "transition" and "generation" of 
objects. Modeling of program objects as part of a database and the viewing of instances of the 
executions of such programs as a basis for analyzing and controlling program execution in an 
application domain is discussed in Maier (1993). 

Version models for database systems provide a framework for maintaining and managing 
versions of objects. Current database systems, including many object-oriented databases, do not 
support a comprehensive versioning and history mechanism (Ahmed 1991, BaneJ:jee 1987, Beech 
1988, Dittrich 1988, Katz 1990, Landis 1986). These systems fall short of relating versions and 
alternatives of objects with the design processes and procedures that generated/modified them. 

Temporal data models capture the database object history by capturing the values that an object 
acquires as it evolves through time. There are temporal extensions to the relational data model to 
associate time information with a tuple or an attribute (Clifford 1987, Lorentzos 1988, Jensen 
1992). More recently, temporal extensions to object-oriented data models have been attempted 
(Elmasri 1990, Kafer 1992, Wuu 1992). Temporal databases by themselves, however, cannot 
explicitly model processes and their occurrences. There is a need for an additional layer on top of 
temporal databases to support the modeling and capture of design processes. 

Chiueh and Katz (1994) propose the Papyrus system as a design process management system 
for VLSI design. A branching history structure is proposed as a history mechanism to organize 
the VLSI design processes. In Papyrus, the concept of a design history is materialized as a 
"history record" which contains the invoking details of a committed design task's design steps 
and their input/output arguments. This is similar to our approach. But in Papyrus, it is not clear 
how design processes in general can be modeled and integrated into the Papyrus system or 
whether abstract entities can be defined to be input/output arguments to the invoked design tasks. 
Papyrus does not seem to support the temporal aggregation of design processes to construct 
higher level, composite design processes as in the DHDM. 

Work in user-interface action history capture, macro definition and capture systems, also 
support low level history capture (Cypher 1993). These types of systems have built-in macro 
recorders which can monitor key strokes, mouse clicks, and/or menu selections and save them as 
a macro for future use by the user. The drawback of such systems is that the history being 
recorded is often too low level and does not support the capture of abstract and conceptual level 
tasks. 

In the area of process simulations, Fishwick (1988) uses the concept of process abstractions 
such as abstraction networks to model different levels of processes and their interactions. Rovira 
(1993) uses the concept of views in an object-oriented simulation environment to compose 
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modules (programs) into a hierarchy. These projects have similarities to the DHDM with respect 
to composing composite processes, but do not focus on the capture of design history. Also, they 
do not elaborate on the various different types of temporal aggregations possible with processes 
as does the DHDM. 

3 MOTIVATIONAL CASE STUDY 

To establish the rationale for the features of the design history data model, this section presents a 
portion of an actual engineering design case study. In particular, the example presented in this 
section helps to establish: 

1. the need for the process model features of the DHDM; 
2. the need for attaching rationale to the description of the design process; 
3. the need for associating process activities with the specific structural objects under design; 
4. the need for dynamic construction of design history schemas. 

In addition, the case study presented in this section also emphasizes the manner in which design 
history information can be used following its capture, identifying the types of queries that should 
be supported over design history data. Section 3.1 below first provides an overview of the Robo
Rover project that serves as the basis of this case study. Section 3.2 then elaborates on a specific 
portion of the design as motivation for the description of the DHDM that follows in Section 4. 

3.1 The Robo-Rover Project 

The case study for utilizing the DHDM made use of a subportion of an undergraduate 
engineering design project at Arizona State University. As part of the project, a large 
engineering organization is simulated by integrating the capstone courses of several ASU 
departments in both the College of Engineering and Applied Science and the College of 
Business. The objective of this special course is to prepare students for todays product-oriented, 
team-based design and manufacturing environment through designing and building a product 
from scratch. The project, called The Virtual Corporation (TV C), is part of the Technology 
Reinvestment Project, a U.S. government effort to aid the transition of businesses from defense to 
commercial products. One of the stated ways for the TRP to fulfill its mission is by establishing 
education programs that enhance U.S. manufacturing skills. Arizona State University's proposal 
for TVC included academic components as well as industrial involvement. 

As a design project for the course, the board of directors of TVC chose to have students design 
an autonomous cart, named RoboSaurus, for marking playing fields, such as soccer and football 
fields. As part of the functional requirements, the cart was required to draw straight lines, circular 
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arcs, dots, and make right angle turns (draw perpendicular lines). The RoboSaurus was also 
required to draw, navigate, and detect hazards and obstacles. Thus, the building of the 
RoboSaurus involved mechanism design, control system design, microprocessor control, and 
computer algorithm design. 

3.2 Design Example from the Robo-Rover Project 

To illustrate the concept of a design history, we will focus on a portion of the Robo-Rover project 
that deals with the design ofthe drive train system. The drive train system of the cart provides the 
mechanisms for movement of the RoboSaurus. The drive train is made up of components and 
subsystems such as the motor, transmission, drive wheel, and battery. The design process for the 
RoboSaurus drive train involves performing the subtasks of preliminary conceptual drive train 
design, detailed drive train design, motor control design and assembly, and drive train assembly, 
in that sequence. Furthermore, detailed drive train design is composed of two subtasks: I) select 
drive train components and sub-systems; and 2) review and revise all selections against chassis 
system and marketing analysis. The select drive train components task is in turn composed of 
several subtasks, one of which is transmission selection and design. This last design task is 
illustrated in Figure 1. 

The selection and design of the transmission for the RoboSaurus involves a sequence of 
designer activities starting with establishing the objectives and constraints for the design, 
generating possible alternative transmission type specifications, and finally selecting an optimal 
transmission type based on the evaluation and analysis of the various alternatives. Such a 
sequence of design activities is shown in the process data part (middle section) of Figure I. The 
different abstraction levels of design processes are not shown in Figure 1, but the sequence of 
activities shown make up part of the higher-level, select drive train components task. Distinct 
from the design processes, the product specification of the design is shown in the product data 
part (bottom layer) of Figure 1. As shown in Figure 1, the generate alternatives task produces 
three different specifications of transmission types. The three different specifications are then 
input to the select transmission type task. 

The select transmission type task finally selects the single helical reduction and chain drive 
transmission type over others. The reason behind this decision is shown in the rationale part ( the 
first layer ) of Figure I. The rationale of the decision is attached to the process representing the 
decision activity as a means of documenting the reasons for selecting the specific alternative. 
This high-level description of a portion of the Robo-Rover design project illustrates the basic 
components of a design history that have influenced the design of the DHDM as described in 
Section 4. In particular, a design history is composed of a product component, a process 
component, a design rationale component, as well as the relationships that exist between all of 
these components. The process component depicts temporal relationships between various design 
processes, while the product component represents the specifications and alternatives for the 
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related design artifacts. Both the process and product levels can show different abstraction levels 
of the objects. Temporal relationships between processes can include sequence of activities as 
well as concurrent activities and repetition of activities as part of the refinement process. All of 
the design history components mentioned above are linked to each other through inter-component 
relationships. These interrelationships are important for the future support of associative queries 
and navigation that will allow design to not only examine the steps that were performed in the 
design process, but also the designs that were generated at different points together with 
explanations for design choices. Another important aspect of this example is the manner in which 
the design history is constructed. Traditionally, database schemas are completely specified prior 
to the creation of a specific database instance. In some design scenarios, it may be possible to 
specifY a generic description of activities, such as those in Figure 1, prior to the actual occurrence 
of the design. 

Figure 1 Robo-Rover Transmission Selection and Design. 

In this case, the design history schema could serve as a pre-specified design methodology that 
can be used to drive the occurrence of design activities. In many cases, however, the exact 
sequence and nature of design activities is not known until the actual occurrence of the design. 
Thus a design history schema must be capable of dynamically evolving. Schema evolution 
becomes an important feature of a database for supporting design histories, allowing a designer to 
communicate generic descriptions of design activities, in addition to specific occurrences of 
actual design processes. The design history schema and its specific instances are essentially 
constructed as the design takes place. 

Given that the above information can be captured, the design history database then serves as a 
basis for expressing queries about past design activities to support the reuse of design information 
or the analysis of design processes. In general, the types of queries that a design history system 
should support can be categorized as follows: 
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1. Traditional Structural Queries - It should be possible to express queries concerning the 
attribute values and structural relationships between objects in a design history. Current work on 
object query standards and object algebras are relevant to this aspect of design histories. 
2. Version Queries - It should be possible to query versions of objects and the different 
alternative designs associated with specific design processes. Version queries are important since 
engineering design typically generates many versions of design specifications. 
3. Rationale Queries- It should be possible to query the rationale for design decisions. This type 
of query is important to find out the reasons for choosing a specific design alternative among 
options. 
4. Temporal Queries - It should be possible to query objects based on temporally qualified 
predicates. Also, the history - i.e., change in values - of an object should be queriable. 
5. Process Queries - It should be possible to query the temporal ordering relations between 
different processes as well as the aggregation relationship between processes. 

Temporal, process, version, and rationale queries are especially useful in reuse and analysis of 
design. An example of a query that combines temporal and version requests is "Retrieve all gear 
types which were generated as alternatives in design processes since 1993". An example of a 
process query would be "Retrieve all the design processes that precede the 
Select_Transmission_Type process", or "Find the design tasks that are composed of a 
Select_transmission_type process together with at least one other concurrent activity". Finally, it 
should be possible to combine the above types of queries into a single logical query framework. 
The requirements for design histories as outlined above pose an interesting challenge for the 
development of temporal object-oriented query languages. 

Based on the above requirements for design history databases, the following sections present an 
informal overview of the Design History Data Model and the way in which it is used to describe 
and capture design histories. 

4 OVERVIEW OF THE DESIGN HISTORY DATA MODEL 

The DHDM provides an object model of data as in object-oriented data models such as 02 
(Lecluse 1988). The unique aspect of the DHDM is the support it provides for process modeling 
and the manner in which process modeling is combined with schema evolution to support the 
dynamic specification of activities. The process modeling aspect of the DHDM allows a sequence 
of user activities to be represented in the database as process objects, thus capturing the history of 
a specific activity. In the Robo-Rover project, for example, user activities may include the 
processes that a mechanical engineer performs in the design of the drive train system of the 
RoboSaurus. 
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In the following, Section 4.1 describes the primary modeling concepts of the DHDM, Section 
4.2 then presents a more specific example of the use of the DHDM in the context of the Robo
Rover project. 

4.1 Modeling Features of the DHDM 

Design activities are modeled in the DHDM through the notion of a process class, where an 
instance of a process class represents the occurrence of a specific activity or operation. The 
process class supports the classification and grouping of different kinds of design activities, 
processes, and operations in the database schema. Process objects therefore utilize the power of 
the class concept, such as instance attributes, process subclassing (specialization/generalization) 
for inheritance of attributes and methods, and querying of process classes and its instances, 
although the semantics may vary with respect to process types. 

An instance of a process class contains relevant information about the execution of the activity 
that the instance represents. Such information includes the objects that were accessed, modified, 
or created by the activity, constraints related to the sequence of activities, and the rationale for the 
occurrence of design activities, as well as other attributes. Thus the process instance provides a 
history of the performance of an activity or process. Note that in this initial version of the 
DHDM, we are modeling rationale as simple text attributes attached to instances of process 
classes. More sophisticated approaches to the representation of rationale, such as that described 
in (Chen 1991, Ganeshan 1992) with issue-based information systems, represents an interesting 
future extension of the DHDM. 

In general, a process can be a low-level, primitive process, performing an atomic operation in 
the database, or it can be a higher-level, composite process, which represents a sequence of low
level and/or other high-level processes. Also, activities or processes can be classified on the basis 
of whether they are external or internal to the database. In the case that processes are external 
(e.g., a meeting between design team members or a search in the company library to find relevant 
research articles), instances of process classes represent the occurrence of such processes, but do 
not support the automatic execution of such processes. A process instance in this case records the 
fact that the activity has occurred. On the other hand, if the processes are internal to the design 
history environment (e.g., invocation of a solid modeling package), automatic execution is 
supported. In this case, a process instance represents and involves the execution of the 
corresponding process in real-time and can monitor the status of the process (running, suspended, 
aborted, terminated). 

Higher-level composite processes are aggregated from lower-level processes which could 
themselves be composite processes. Process aggregation is different from structural aggregation 
of other types of objects in that there is a temporal dimension that specifies the temporal ordering 
of activities and processes. Process aggregation parallels control structures in programming 
languages and more formal concepts in temporal and dynamic logics (Galton 1987, Harel1979). 
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The most basic form of process aggregation is a sequence of processes as shown in Figure 2, 
where one process is started after the completion of a previous process. Process A is the 
composite process which is composed of the component processes subproc 1, subproc 2, and 
subproc 3, in that order. A second type of process aggregation is the alternative choice or 
selection type as in Figure 2. The selection type corresponds to the user making a decision after 
investigating several possible design alternatives. Figure 2 shows the iteration form of process 
aggregation representing the repetitive occurrence of a particular process. Figure 2 shows a form 
of process aggregation that illustrates the concurrent (interleaved) execution structure of a set of 
independent processes. 

Temporal aggregations of activities or processes can be seen at two different levels: the schema 
level and the instance level. The schema level represents the generic abstraction of an activity in 
terms of its sub-tasks and its input/output objects. The schema level therefore specifies a 
particular design methodology in the same way that a traditional database schema specifies valid 
structural relationships between objects. The instance level represents the interpretation of the 
executions of the schema level process corresponding to actual occurrences of the process. In the 
case that the temporal aggregation of a composite design process is specified prior to the 
occurrence of a design activity, the process class definition at the schema level enforces the 
specified temporal sequence of the component sub-tasks. If the composite design process is an 
internal process type, the task execution semantics is that of subsequent calls and corresponding 
executions of the component sub-tasks. The process instance corresponding to each execution is 
automatically created as design history objects representing the occurrence of specific processes. 
If the composite design process is an external process type, then the process instances are 
specified manually by the designer, to represent the occurrence of such activities. 

(a) Sequence (b) Selection 

I process A ,. 

(c) Iteration (d) Concurrence 

Figure 2 Types of Process Aggregation 
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Design history objects can also be created in the case where the temporal composition of design 
tasks are not specified prior to the occurrence of the design activity. This situation is typical of 
many design scenarios where the actual design steps are uncovered dynamically as the design 
evolves. With respect to the design history database, a specific design history schema does not 
exist to guide the design process. Rather, the schema level must be constructed dynamically as 
the design occurs. Schema evolution is an important database requirement for dynamic 
construction of design history schemas with the simultaneous creation of actual process 
occurrences. Before an actual design object is instanced, a new process class may need to be 
defined and the temporal relationships of the class with other process classes must be specified. 
In this mode, the DHDM serves as a sort of "knowledge capture" component about design 
activities. 

4.2 DHDM Schema Example 

As a more specific example of the way in which process aggregation is used to model complex 
design activities, Figure 3 provides a view of a portion of the RoboSaurus design process. Figure 
3a shows that the drive train system design process is a composite design process composed of a 
sequence of the following subtasks: preliminary conceptual drive train design, detailed drive 
train design, motor control design and assembly, and drive train assembly. 

(a) Top Level View 

(b) Refined View of "select drive train t:omponents" 

Figure 3 Evolution of the Drive Train System Design Process 
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Figure 3a also shows that the detailed drive train design task is iterated (marked by asterisk) and 
is composed of the two sequential subdesign tasks: select drive train component task and the 
review and revise all selections task. Figure 3b shows that the select drive train components task 
of 3a is itself composed of four concurrent subdesign tasks: motor selection, transmission 
selection, drive wheel selection, and battery selection. Furthermore, the transmission 
selection/design task can also be seen as a composite process composed of three alternative 
processes. Thus processes can be viewed at different levels of abstraction depending on the users 
viewpoint and the stage of design. Although not shown in Figure 3, various design objects 
(product data and constraints) will be created, modified, and used by the design processes. 
Rationale for various design decisions will also be recorded as the design proceeds. Process class 
description must therefore provide appropriate attributes that allow relationships to be established 
between process objects, data objects, and descriptions of rationale for design decisions. 

5 PROTOTYPE IMPLEMENTATION OF THE DHDM 

To experiment with the DHDM concepts, we developed a prototype of the DHDM using the 
ITASCA object-oriented database system (Itasca Systems 1993a, 1993b). ITASCA was selected 
for this project because of its strong support for schema evolution. Schema evolution is critical 
to the dynamic construction of design process schemas. Another reason for using ITASCA as the 
implementation environment is that a heterogeneous database environment for engineering 
design has already been developed using ITASCA as a communication tool (Urban, Shah, and 
Ravi 1994, Urban, Shah, and Rogers 1994). Our long term goal is to integrate the design history 
capture system with the heterogeneous database environment so that design histories can refer to 
product data that is stored in heterogeneous data sources. 

The prototype that we developed was implemented as an extension of the EXPRESS semantic 
data model (ISO 10303 1991a). EXPRESS has been developed for use within the engineering 
community and is associated with the STEP standard (Standard for the Exchange of Product 
Data) (ISO 10303 1991b). The STEP standard supports predefined, object-oriented descriptions 
in EXPRESS of the types of product data that is needed in mechanical design projects such as the 
Robo-Rover project. For example, STEP supports standardized views of data typically found in 
solid modelers and finite element analysis tools. Since the EXPRESS semantic data model is an 
important component in establishing interoperability between engineering design tools, we have 
implemented the DHDM using EXPRESS to illustrate how design history concepts can be 
incorporated into existing engineering standards. 

The remainder of this section is organized as follows. Section 5.1 presents a functional 
specification of the DHDM prototype, describing the different components of the environment 
and the ways in which they interact to support the dynamic description and capture of design 
histories. Section 5.2 then describes the metadata component of the prototype while Section 5.3 
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illustrates the construction of process classes using schema evolution. This section concludes 
with an evaluation of the prototype in Section 5.4. 

5.1 Functional Specification of the DHDM Prototype 

Figure 4 presents a functional view of the DHDM prototype. As indicated in Figure 4, the 
prototype consists of three main layers. The top layer consists of the DHDM metadata 
component. This component uses self-description to develop a database for storing design 
history schemas. The metadata component is the most fundamental component of the system, 
driving the creation of the actual design history database. An important requirement of the 
metadata component is flexibility with respect to schema evolution. A designer must be able to 
a prespecify a design methodology or dynamically add to the description of the design history 
schema as the design process unfolds. 

The second layer of the functional view in Figure 4 is referred to as the DHDM class layer. 
This layer contains the process and structural classes that will be used to instance the specific 
occurrence of a design history. When the specific steps involved in a design activity can be 
specified prior to the occurrence of the design, the DHDM class layer can be constucted before 
the design procedes. When there is more uncertainty about the design process, the DHDM class 
layer must be dynamically constructed. In either case, construction of the class layer first 
involves providing a description of process classes, the aggregation of process classes, and any 
data classes to the DHDM metadata layer. The schema evolution operators ofiT ASCA are then 
used to construct the process and data classes from the DHDM metadata component in the 
DHDM class layer. The third layer is the actual design history layer, containing the instances of 
the DHDM classes that represent the actual occurrence of a design activity. 

Figure 4 Functional View of the DHDM Prototype 
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As indicated in Figure 4, the prototype also consists of a library of database operations. These 
operations can be categorized as instance operations and schema evolution operations. Metadata 
instance operations (e.g., create objects, modfiy attribute values) are used to add the description 
of a design history schema to the DHDM metadata component. Schema evolution operations are 
then used to construct the DHDM class layer from the DHDM metadata component. The schema 
evolution operations include traditional operations such as creating classes, forming subclasses, 
and adding and modifYing attribute definitions of classes. Schema evolution in the DHDM, 
however, also includes operations to refine and modifY process aggregation. For example, a user 
may need to incrementally extend a sequence aggregation as the sequence of design steps 
unfolds. This type of evolution involves possibly defining a new process class and modifYing an 
existing sequence process to include this new design step. Schema evolution for a process may 
also involve refinement of the process aggregation type. For example, a composite process can be 
created without specifying how it is temporally composed of other processes. As the design 
process becomes more concrete, the process definition can be refined to indicate the type of 
process aggreggation it represents and thus link the process definition to its subprocess 
components. Finally, instance operations are used to construct the actual instance of the classes 
that compose a DHDM schema. At all three levels, consistency of the DHDM schema and its 
corresponding instance is an important issue. We intend to address consistency issues of the 
DHDM schema evolution process as part of future research. 

The boxes labelled A, B, and C represent "package deals" for constructing interfaces to the 
DHDM database. For example, box B represents a collection of operations that package together 
metadata instance operations with schema evolution operations so that the description of a 
process class and the actual creation of the class can occur simultaneously. Box C, for example, 
contains operations that construct process classes from the DHDM metadata component and 
build instances of those classes at the same time. Operations in box A similarly provide operators 
that support the simultaneous description, creation, and instancing of process classes. 

The final component indicated in Figure 4 is the user interface. A World-Wide Web (WWW) 
server was developed to provide a comfortable environment for designers to interact with the 
design history system. The server can be accessed using hypertext browsing tools such as 
Netscape. Using the interface, designers are not aware that they are creating process class 
definitions or defining instances of process class. Such information is extracted implicitly from 
the input screens. One such input screen is the project task screen, where a designer can define a 
project task to the design history system. In this application, the project task is the smallest unit 
of activity at the project management level. Information is entered describing each task, such as a 
unique task identifier and task name. Other input attributes are the next milestone after this 
particular task, the department or group responsible for the task, as well as the responsible 
person, related product components (cart, pumps, chassis, etc.), related functional components 
(control, drive train, etc.), planned and actual start/end dates of the task, total person hours spent 
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on the task, descriptions of input and output design data, input/output design variables, and 
constraints. 

After all of the above information has been entered, the user submits the information to the 
design history system by clicking a "confirm" button at the bottom of the screen. The user at this 
point is only aware of entering the task description attributes as discussed above. Beneath the 
user-interface layer, there is a sequence of calls made to the DHDM library in order to build the 
design history schema and instances to record and represent the design task activities in the 
DHDM database. Specifically, the project task definition input screen performs three major 
functions: I) defining a new project task description in the DHDM metadata component; 2) 
creating a class at the DHDM class level that corresponds to the process class description in the 
metadata component; and 3) creating an occurrence of the newly defined task. The interface also 
includes a composite design task definition screen. In this screen, the user enters the name of the 
composite design task to be defined, specifies the type of process aggregation, and highlights 
sub-processes of this composite process on a list of displayed subprocesses. At the DHDM 
metadata level, a new composite process class is defined with the specified type of process 
aggregation. The composite process class at the DHDM class level is then created to support the 
creation of occurrences of the composite design task. 

In its current status, the interface to the DHDM is not complete. Additional screens are needed 
to provide full access to all features of the DHDM. For example, in the project task screen, the 
user should be able to scan existing task definitions and create a new instance of an existing 
definition, rather than always creating a new task definition. Further research is need to develop 
more sophisticated ways of communicating design history information in an unobtrusive way. 
The current application interface, however, has allowed us to experiment with the design history 
capture concepts using a realistic application environment. 

5.2 The DHDM Metadata Level 

Figure 5 presents a diagram showing a description of the metadata component of the DHDM 
prototype. The diagram is an extension of the EXPRESS working form (ISO 10303 l99la), 
which is a self-describing view of EXPRESS schemas. The notation of Figure 5 is that of 
EXPRESS-G, a graphical subset of the EXPRESS language. EXPRESS-G supports schemas with 
concepts such as entity, type, relationship, and cardinality constraints. The EXPRESS-G basic 
notation includes: entities (rectangles), supertype/subtype relationships (bold solid lines with a 
circle on the subtype side of the relationship), required attributes (normal lines), relationships for 
optional attributes (dashed lines). In addition, the direction of an attribute is symbolized by an 
open circle, where the circle represents the 'many' side of a 'one-to-many' relationship. EXPRESS 
also supports list, set, bag and array aggregates. Aggregates are indicated in an EXPRESS-G 
schema using the first letter of the aggregate type (e.g., S[l :?] to represent a set attribute). 
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The unshaded portion of Figure 5 presents the basic definition of the EXPRESS working form. 
The main component of an EXPRESS schema is the TypeDomain class which is classified into 
DomainType, EnumerationType, and SelectType. DomainType is further specialized into 
Entity Definition, TypeDefinition, Simple Type and Aggregate Type. Each occurrence of an entity 
definition or a type definition in an EXPRESS schema becomes an object in the corresponding 
class of the EXPRESS working form. Another important component is AttributeDefinition, 
which is classified into DerivedAttribute, ExplicitAttribute and InverseAttribute. Every 
occurrence of an attribute definition in an EXPRESS schema becomes an object in the 
corresponding AttributeDefinition subclass. The Schema Definition class is also a n important 
component in this EXPRESS working form diagram. As indicated in Figure 5, each EXPRESS 
schema is represented as an object in this class with appropriate attributes that point to the class 
definitions that are part ofthe schema. Each class definition is an instance of the EntityDefinition 
class. 

Figure 5 Metadata Component ofthe DHDM 

The main extension to the EXPRESS working form for support of the DHDM is the MProcess 
class. As shown in the diagram, within the shaded portion, the MProcess class can be specialized 
into the MPrimitive_Process and the MComposite_Process. Each instance of either 
MPrimitive_Process or MComposite_Process in the meta database provides information about a 
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specific process class that will be dynamically created in the actual database. As indicated in 
Figure 5, ExplicitAttribute is specialized into IOAttribute and ProcessAttribute. The MProcess 
class is described by ProcessClassName, ProcessDescription, Fixed_Attrs, User_Defined_Attrs, 
Input_ Objects and Output_ Objects. Fixed_Attrs and User_Defined_Attrs are sets of the type 
ProcessAttribute. Fixed_Attrs refers to attributes that describe standard system defined 
characteristics of process classes such as the start/end time of process instantiation using the 
system clock time, and the current status of the activity of this process. User_Defined_Attrs gives 
the user the capability to add more information about processes by defining their own attributes. 
Input_ Objects and Output_ Objects are sets of type IOAttribute. These attributes are used to 
provide information about the objects this process uses as input and output. 

Composite processes have additional information to maintain about process instances, as 
indicated by the MComposite_Process class in Figure 5. In particular, the MComposite_Process 
class must maintain information that describes the temporal composition of composite processes. 
The composition information is captured in the Category, Num_of_SubProcess, 
Selected_SubProcess, Termination_Condition, and SubProcesses attributes. The attribute, 
Category, indicates the type of aggregation constructor of a process, which can be either 
sequence, selection, iteration, or concurrence. The attribute, Num_SubProcess, tells the number 
of subprocesses which compose this composite process. SubProcesses is a set of SubObject type, 
where a SubObject type is used to provide information about subprocesses. In particular, 
SubObject has three attributes: Name, Type, and Order. Name allows a designer to assign a name 
to the subcomponent while Type gives the process type of the subcomponent, which can be either 
a primitive or a composite process type. The Order attribute is used to associate a specific 
sequence number to a subprocess when the sequence aggregation constructor is used. 

During the construction of composite processes using the selection constructor, if a process can 
be constructed from one of several alternative processes, then the selection constructor is used. 
The Selected_SubProcess attribute is used to indicate which subprocess is used for construction 
in this case. If a process is formed using the iteration constructor, then the 
Termination_ Condition attribute is used to specify the termination condition, if one exists. 

5.3 The DHDM Class Level 

The above extensions allow the temporal aggregation of composite process classes to be defined 
in terms of other primitive or composite processes. The extensions also allow process classes to 
describe the data objects that are affected by the execution of specific design steps, to establish 
the constraints and rationale associated with specific activities, and to characterize the current 
state of an executing process. Figure 5, however, only addresses the metadata for describing 
design history schemas. The metadata in Figure 5 must be used to build the process classes at the 
DHDM class level that will store objects representing the occurrence of design activities. 
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The interesting aspect of the DHDM prototype is the manner in which schema evolution is used 
to dynamically specify design history schemas and thus dynamically construct the design history 
database as the design actually occurs. Figure 6 provides an example of the metadata-to-design
history mapping that occurs within the DHDM prototype. The top half of the diagram indicates 
the design history database that is constructed from the description in the metadata component. 

By default, there are predefined instances in the MProcess class in the meta database which 
correspond to the AProcess class, the APrimitive_Process class, and the AComposite_Process 
class at the DHDM class level. The AProcess class serves as the root class for all process classes. 
The APrimitive_Process and AComposite_Process classes are subclasses of AProcess, thus 
serving as a means for classifYing primitive and composite process classes in the design hisory 
database. Each instance ofMPrimitive_Process in the meta database becomes a specific process 
class which is defined as a subclass of APrimitive_Process in the design history database. Every 
instance of MComposite_Process occurs in the design history database as a subclass of 
A Composite _Process class. 

The example in Figure 6 corresponds to the drive train design specification in Figure 3. To 
simplify the description of the mapping process, the full details of the mapping, such as attributes 
involving input and output objects and description of rationale, are not shown. The object coidl 
represents an instance of the drive train design definition, defining the drive train design process 
class to be a sequence of four subprocesses. The four subprocesses are intermediately defined as 
instances of subobject, where each subobject instance refers to a specific process class definition 
(e.g. - soid2 refers to the preliminary conceptual design process class definition through object,, 
coid2). Since coidl is specified as a sequence aggregation type, each subobject instance 
referenced by coid 1 also indicates the order of the subprocess in the sequence aggregation of 
coidl. At this point, the composite process class definitions of coid2, coid3, coid4, and coid5 
have not yet been fully specified. The aggregation type and subprocess details of each process 
class definition can be further refined as the design proceeds. 

In the bottom portion of Figure 6, each instance of MComposite_Process becomes an actual 
class in the design history database. Each subobject instance that is used to define the 
subprocesses of coidl becomes a "process" attribute that defines the subprocesses (i.e., subl, 
sub2, sub3, sub4) of drive train design. The use of such process attributes must be combined with 
the process aggregation type information at the metadata level for the semantic interpretation of 
the subprocess references. Actual process instances can then be defined to represent the 
occurrence of the drive train design process and each of its subprocess activities. Furthermore, 
the temporal composition of each subprocess activity, such as the detailed design process, can be 
refined as the design evolves. For example, the detailed design process in Figure 3a can be 
incrementally refined into the processes to select drive train components and review/revise 
selection. Likewise, the description of the select drive train components process can be refined 
into the concurrent execution of the four processes shown in Figure 3b. Keep in mind that each 
process defined would also have input and output attributes that point to the actual designs under 
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consideration. A selection process, such as the transmission selection/design process in Figure 
3b, would also indicate the type of design eventually chosen. Attributes explaining the rationale 
for the choice could also be attached to the class defmition. 

¥soid2 
name: sub! 
type: coid2 
order: I 

¥soid3 
name: sub2 
type: coid3 
order: 2 

¥soid4 
name: sub3 
type: coid4 
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I MP<ocm I 

~~==~~~ IL-~----~---, 
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¥coid3 

Figure 6 Metadata-to-Design-History Mapping 
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The development of the application interface to the DHDM prototype provided useful feedback 
on our current design of the DHDM. The work in (Hong 1994) provides a detailed evaluation of 
the prototype based on evaluation concepts originally established by Liskov and Zilles ( 1977) for 
evaluation of software specification tools. The following paragraphs provide a brief summary of 
our assessment. 

The DHDM prototype was examined with respect to three primary criteria: constructibility of 
design history schemas, comprehensibility of the DHDM library routines, and extensibility of the 
DHDM concepts. According to the definition of Liskov and Zilles (1977), the constructibility 
criteria can be measured by the degree of difficulty in using the specification technique to capture 
a concept. Since different individuals may have different understandings of the specification 
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technique and the concept, measuring constructibility is subject to change depending on the 
individuals using the technique. 

The interface between the DHDM library and the WWW server of the Robo-Rover project was 
implemented by a team of mechanical engineering and computer science students. Proper use of 
the library routines requires an understanding of the design history concepts and how they map to 
internal database structures. Fortunately, end users are protected from direct use of the DHDM 
library. The application implemented by the mechanical engineering and computer science design 
team provides an environment in which end users are not aware that they are communicating 
with the DHDM library. Process class descriptions and process information is therefore collected 
in a more user-friendly way that does not require that users understand the database concepts 
used in creating of the design history database. 

A problem that we found in the use of the DHDM is that, under some situations, the DHDM is 
too restrictive. Certain design scenarios require a more flexible approach to process aggregation. 
Figure 7 shows an example of this case. As indicated in Figure 7, processes Design3 and Design4 
follow process Designl. Design4 follows the concurrent execution ofDesignl and Design2 and 
while Design6 follows Design2 only. In addition, Design4 and DesignS are in sequence, and the 
same is true for Design3 and DesignS. The basic problem is that the current aggregation approach 
in the DHDM allows the development of a tree structure, but it does not support network 
structures as in Figure 7. Although a structure such as Figure 7 can be approximated in the 
current version of the DHDM, the current aggregation structure does not allow a more accurate 
description of sequence and parallelism. Modifications to allow this type of specification are 
being considered in future versions of the DHDM. 

With respect to comprehensibility of the DHDM library, the modularity of the DHDM library 
routines were quite useful. Since each command represents one purpose/function which is one 
portion of the complete DHDM prototype, the interface within the DHDM prototype can be 
understood by looking into those smaller functions/concepts. For instance, understanding the 
concept of schema evolution can be decomposed into several small concepts such as defining 
process classes, adding attribute definitions to process classes, modifying process aggregation, 
and generating the actual process class. The same is true for creating process instances, where 
instance commands are divided into the creation of primitive instances, the creation of composite 
instances, and the modification of process instances through the attachment of input/output 
values and rationale. On the negative side of comprehensibility, the user of the DHDM library 
does need to know how to apply specific sequences of calls. The users in this case are the 
mechanical engineering and computer science design team. Design users do not directly use the 
DHDM library but work through the WWW design interface. 
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Figure 7 Example of Mixing Aggregators Construction 

Extensibility can be addressed from several different points of view. The creation of process 
class definitions is quite extensible. Process classes can be specified in an incremental fashion 
and refined as the design proceeds. In this respect, the prototype is quite flexible. The interface 
itself can also be extended by adding additional commands to the library or by adding new 
commands that package together several commands. Where the prototype fails with repsect to 
extensibility is in the ability to modify the different types of process aggregations that are 
supported. The current aggregation types are fixed and the description of design activity must 
conform to the types of aggregation provided. Thus, there was difficulty, as addressed under the 
constructibility discussion, where design teams wanted to express design activities in a different 
manner. 

In summary, the evaluation suggests that future work should focus on issues such as less 
control and more flexible aggregation specification. Another suggestion is that the 
implementation should hide more details from the user about accessing the database, so that 
builders of interfaces such as the WWW interface do not have to be as concerned with the 
sequence of correct procedure calls. An advantage of the DHDM prototype is that it provides a 
database approach that allows process details to be directly related to product data. This initial 
prototype has established an environment that supports future work on reusing design 
information through the use of database querying and browsing techniques. 

6 SUMMARY AND FUTURE WORK 

This paper has presented the Design History Data Model which extends an object-oriented data 
model with process modeling concepts such as process classes to model various types of design 
tasks and activities, process instances to model actual occurrences of design tasks, and different 
types of temporal aggregations of processes such as sequence, selection, iteration, and 
concurrence. Such process modeling concepts allow the adequate modeling of design tasks and 
activities and the capture of design activities in a "design history". As such, the DHDM 
contributes by providing a clear meaning, representation, and use of design processes/activities 
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and design histories in an object-oriented database framework. An important aspect of the 
DHDM is the meta data component and support for schema evolution to reflect the continuous 
schema level changes that an on-going design process produces. A prototype implementation of 
the DHDM, developed using the Itasca database, was also discussed and evaluated in terms of the 
constructibility, comprehensibility, and extensibility of the system. The evaluation results show 
that more flexible aggregation specification is needed, and that the implementation should hide 
more details from the user about accessing the database. 

Currently, we are concentrating on: 1) making the DHDM more flexible; 2) incorporating 
versioning/temporal framework; 3) the formalization of the DHDM, focusing on the process 
modeling concepts; 4) analyzing schema consistency issues under schema evolution; 5) the 
development of a process-oriented query language; and 6) moving to a distributed heterogeneous 
design environment. The DHDM should support and model both the pre-specified design task in 
the process class, and the dynamic case where design activity is not specified or incompletely 
specified in the process class. Work is under way to incorporate a versioning and temporal 
modeling of design objects and processes in order capture the evolution of objects over time. We 
are adopting a versioning framework based on valid and transaction times, where different types 
of time can be modeled as subtypes of a generic point type. We are also developing a 
formalization of the DHDM concepts in order to provide a precise, abstract, and implementation 
independent view of the DHDM. Continuous schema level changes in the DHDM require the 
maintenance of certain constraints to ensure the consistency of schema and instance level data. 
Such schema evolution issues are also being addressed. As part of the development and definition 
of the DHDM, a query algebra is also being developed which can query and navigate process 
classes and instances. Lastly, we are at the planning stage for gradually moving to a 
heterogeneous and distributed design environment where many types of data repositories and 
tools make up the design environment. 
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Questions & answers 
Question []: 

How do you model a parallel design process? 

Answer [Susan Urban]: 
We have a concurrency feature. 

Question []: 
Do you make distinction between synchronous and asynchronous concurrency? 

Answer [Susan Urban]: 
We assume asynchronous concurrency. 

Question []: 
Can you support rule-based reasoning? 

Answer [Susan Urban]: 
Not yet. Have not explored this so far. 

Question []: 
Once the design creates a design class, will it be placed appropriately in the 
hierarchy? 

Answer [Susan Urban]: 
Yes, that would happen. 

Question []: 
Did you use process modeling in software engineering? 

Answer [Susan Urban]: 
Yes, we looked at some literature in this area. 

Question []: 
Do you need a Ph.D. degree to use the tool? 

Answer [Susan Urban]: 
Engineers who have mathematics background can learn about the expression 
language. 

Question []: 
Sequences of events will not be captured by Lambda Calculus. 

Answer [Susan Urban]: 
Yes. 


