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ABSTRACT

Graph theory has been used to model simple and complex systems of a wide variety of contexts. In
this paper, it is used to represent product development workflows so that alternative options can be
explored before actual deployment occurs. The paper presents the methodology using graph theory
fundamentals. It then shows the application to product development workflows. The paper also
introduces autonomous agent theory as a way to produce automatic configurations of workflow as
connected graphs of agents. A secondary calculus is introduced that is used to score the
configurations with respect to program objectives of cost, time to execute, etc. The paper shows
several examples using an implementation based off of a commercial software solution.
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1. INTRODUCTION
This paper presents methods based on graph theory for creating network models of product development (PD)
processes and for using these models as the architecture for agent-based systems to execute the product development
process, calculate process metrics, and simulate process behavior. The network models are more than information
networks, they represent all the tasks and methods required to achieve the PD process objective. Some of these tasks
and methods include parametric CAD/CAE/CAM models as well as other process artifact models, human decision
agents, etc. Because the network model is complete for the target process, the agent network achieves automation of
the process. The agent network is created by instantiating agents to the leaf-nodes of the graph which is the lowest
level of the defined ontology of the network model. Different network calculus models can also be assigned to the
agent models to calculate various process metrics.

The method presented by this paper provides a flexible approach to representing and managing product development
processes, supports reuse through the dynamic creation and execution of agent-based workflows, and provides a
method for creating network models of global systems using web service strategies. Current automation techniques
used in industry often require considerable effort to develop and maintain especially as new technologies, models, and
team members are introduced. Some level of automation is required to manage the complexity of processes,
deliverables, and teams. Effective management of the integration of people, tasks, deliverables, analytical tools and
their interaction in a global product development process environment is essential for the successful development of
highly engineered products.
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constructed so that it can produce a given product and a family of derivative products customized around a
predetermined envelope of product variations. The new product development process can therefore be used more
than once, thus justifying the investment in capturing and automating it using agent methods.

Since the hybrid process involves human agents and software agents, each class of agent must be focused on
accomplishing tasks that it is best suited to complete within the overall product development process. Software agents
are able to perform repetitive tasks consistently and accurately. Human agents are able to make decisions and react to
changing environments. To take advantage of these agent strengths, a hybrid process is created that consists of a
workflow made up of software agents and human interaction agents. The workflow can then be executed to take the
human agents through all the tasks, calculations, models, etc. needed to create all product deliverables for a specific
member of a family of product derivatives.

The human agents operate this framework as though it were a product derivative generator. They are then able to
explore a greater number of product variants, connect optimization engines to the generator, and generally explore
product design space more readily. We refer to the creation of this product derivative generator as a PDG. The
methods in this paper focus on decomposing an existing “virtual” product development process as though it existed in
some real form. The decomposition allows the identification of the software agents and the creation of the workflows.
However, these workflows are not static. Mapping agents are introduced that are not part of the product development
process but organize process agents into run-time workflows and therefore allow for the workflow structure to be
derived at execution based upon a library of available task agents.

This approach aligns with a web-services architecture, where a company might establish a registry of product
development task agents that can be connected dynamically, based on dependencies, into a workflow so that a more
flexible structure results. This allows exploration of a wider envelope of derivative products including possibilities for
topological product optimization as well as the execution of alternative process paths to support dynamic process
objectives. These methods have been successfully applied to existing processes to demonstrate feasibility and
effectiveness of the strategy.

3. METHOD
The method of creating agent-based models of product development processes is accomplished by creating a network
model of the desired process using graph theory and using it to identify all the necessary tasks of the “to-be”
automated process. The tasks are the leaf nodes of the graph and form an architecture. Once the architecture is
created, agents are identified which match each of the tasks of the architecture. These agents, therefore match one-to-
one with the fundamental tasks of the process. The agents can then be reconfigured at run time using deterministic
mapping to create an executable form of the process network. The method is achieved in three phases; first, creation
of the process network architecture, second, defining a network calculus, and third, instantiation of the network model.

3.1 Creating the Process Network Architecture
Network models of processes have been created and used for many different purposes. Some of the most common
network models are based upon causal networks formed by directed-acyclic graphs (DAG’s) which connect events
(nodes) with relationships of causality (edges) in a graphical structure. Probabilities of events occurring can then be
calculated using Bayesian theory. Braha and Bar Yam [2] use graph theory to construct a network model of
information flow in product development processes. These graphs can become rather complex and the models difficult
to manage because of the complexity. Our method focuses on different levels of complexity associated with different
ontological levels in the model to alleviate the difficulties with overwhelming complexity. The method is based upon
graph theory and parallels some of the techniques used in Bayesian network models.

The creation of the process network model is based upon selecting an ontological classification scheme for the selected
process and using the ontological classification scheme to decompose the process steps into the individual tasks that
must be completed to accomplish the overall process objective. This is accomplished in three steps; first, a process
ontology is selected, second, the elements of the ontology are delineated, and third, the network architecture is formed
by deterministic mapping.
Selecting a process ontology involves choosing a hierarchical classification scheme that will encompass all pertinent
elements of the process. It is an abstraction hierarchy. At the highest level, the overall process is represented and at the
lowest level individual tasks are identified and represented. The number of levels in the hierarchy is determined by the
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Fig. 8: Node-Centric graph of the third level ontology.

Fig. 9: Tasks in the lowest level ontology which constitute one sub-function in the third level ontology.

Notice that enumeration of the members of the node sets actually begins to structure the process graph for a specific
product family. It is specific to a given process. At this point, not all of the elements are always known. However, the
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better the enumeration, the more complete the graph will be. It is possible to update the elements of these sets as the
graph is refined and then the graph can be updated.

3.2 Defining a Network Calculus
Once the network has been created as a fourth level graph made up of all the tasks associated with the process, a
network calculus (system of calculating process metrics) must be defined over the graph, so that calculations in the form
of process behavior and predictions can be made. There are many different forms of the network calculus depending
on what the model will be used for. For example, inherently, the network was created to represent the product
development process which has a calculus associated with creating the product deliverables. This PD calculus can be
defined based upon delineating the form of each of the functions in the lowest level of the abstraction. This means that
each task is defined in terms of how it transforms its inputs into its outputs. For example, if a stress prediction is to be
calculated, the actual equations must be defined. Once all the tasks are delineated, an overall network calculation can
be made. A Bayesian network calculus can be used to represent the probability that PD events will happen. Other
types of calculus can be applied to these ontological graphs to estimate cost, timing, quality, etc.

3.2.1 The Product Development Network Calculus
The original intent of the network model is to obtain an “executable” network that would represent the product
development process. Once the individual tasks for the process are identified, the inputs can be mapped to the outputs
using the appropriate engineering functions. Product parameters can be converted to solid geometric models using
solid modeling equations, stress and fluid flow can be calculated from product parameters as well using field equations
and constituent relationships, and artifacts can be converted into test results using test procedures. Implementing all of
these tasks creates an “executable” network calculus that can be calculated across the network.

3.2.2 A Bayesian Network Calculus
Probabilities of events occurring in the network can be calculated once a Bayesian calculus is defined on the graph.
This allows the calculation of probabilities throughout the network based on causality defined by the directed arcs of
the graph. Nonlinear relationships require a more sophisticated approach presented by Pearl [1995a, 2000].

3.2.3 Other Types of Calculus
Often, measures of effectiveness of the network are of value in determining network optimality. For example, measures
of cost, time and quality of the engineering network calculus can be of particular interest. In order to implement these
types of calculus, the calculus is implemented at a higher ontological level. Cost, time and quality are defined for each
of the tasks at the sub functional level. The total network values are then determined using appropriate summations
based upon desired accumulation values. For example, total cost or time would be a linear summation over the entire
network, where as total quality might be a product over the network of quality measures or uncertainty values.

3.3 Instantiation of the Network Model
The final phase of developing a network model is the instantiation of the model with agents. The concept is that the
process is represented by the network models, but the execution must be accomplished by agents. These agents can be
software or human agents. The model calculus is implemented in the agents. As the agents execute the process, the
network metrics can be calculated using the defined calculus.

Selection of agents must be done based upon possible execution capabilities of the organization. Software agents can
be used if they exist and are validated. Otherwise, human agents must be used to execute the workflow. The most
straight forward method of instantiation is to define a separate agent for each node in the network model. This can be
done for each of the ontological levels. At the lowest level, each task has an associated agent. An example using the
partial graph of Figure 9 is shown in Figure 10.

The graph model now becomes an architecture for managing the agents of the network. For example, there may be
multiple agents defined to accomplish each defined task associated with different methods used to accomplish the
tasks. This allows for different methods to be embodied by the agents. For example, if a task is defined to calculate
stress values for a given part of the product, an automated software agent can be defined that uses closed form
constitutive equations. Another software agent can be defined that uses finite element methods, and a third human
agent can be defined that uses empirical methods. If all other tasks have single agents associated with them, then three
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different instantiations of the overall process can occur; one with each of the three redundant agents. The overall cost,
time and quality of the network will be different for each instantiation.

Fig. 10: Simple agent instantiation.

The complete model can now be created through implementation in an agent environment. For the purposes of this
paper, iSIGHT-FD was modified to provide such an environment. iSIGHT-FD is a commercial software solution
offered by Engineous Software Inc. It is used primarily as a workflow integration environment but has been modified
for this work. Using the graph models, a list of agents were created for the thermometer problem. Each agent must
contain its own procedural algorithms and methods to accomplish its assigned task. These agents were then created in
iSIGHT-FD as stand-alone modules. The modules are then published to a library agent which is an agent that simply
maintains a registry of all agents and their inputs and output requirements.

A dynamic workflow mapping agent is then invoked to assemble a workflow for a given request. The mapping agent
searches the registry for an agent whose output matches the request and places it at the end of the process. It then
takes that agent’s inputs and uses them as the request for a second search in the registry. This continues until all
requests are satisfied or there are no more agents available for use in the workflow. The dynamic workflow mapping
agent is critical since it delineates all the possible workflows. It is essentially a “backwards” mapping or deterministic
mapping technique that is used by the mapping agent to determine workflows. The resulting workflow architecture for
the example is shown in Figure 11.

Each of the “scrolls” in Figure 11 represents a different agent. The arrows represent the input-output relationships
between the agents. The overlapping of agent titles occurs because of the dynamic instantiation and also because the
software is not set up to automatically space the graph for agent titles. This workflow is executable since each of the
agents contains its own procedural methods for completing its own task.
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Fig. 11: Dynamic workflow for the thermometer design process.

4. DYNAMIC NETWORK MODELS
Often, changes in the network model occur during the execution of the product development process. Seldom is a
network model static throughout the execution. Therefore, a dynamic form of the network is necessary to deal with the
changes. One example of this is when there are multiple agents that can accomplish the same task. This provides for
many different instantiations of the network model. Design fidelity can be controlled using different agents. Preliminary
design may be executed by instantiating the network model using 1-D or low fidelity agents. Detailed design could then
follow by instantiating the network with higher fidelity agents.

For example, consider a simple partial graph of a product development process for designing aircraft engines made up
of the four tasks shown in Figure 12. The partial graph represents four tasks in the sub-function of designing a radial
compressor. The four ontological levels are shown in Figure 13. A simple one-to-one instantiation of agents is used
initially. The figure also shows a software implementation where the process now is composed of the active instantiated
agents.


