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ABSTRACT

A DESIGN ENVIRONMENT FOR THE GRAPHICAL REPRESENTATION
OF HIERARCHICAL ENGINEERING MODELS

By

Michael Keith Hales

In response to growing demand for robust, flexible solutions, engineering modeling
design efforts have become increasingly complex. This ever-increasing complexity
necessitates modeling software which provides tools to effectively manage complex
systems. Tools for building hierarchical models to support their proper (re)use must be

created, thus reducing model development demands on engineers.

This thesis presents a design environment created to support component modeling
based on the hierarchical representation of large systems as interacting subsystems. A
prototype software package was produced, incorporating a graphical interface that
provides simple, intuitive tools for the creation and manipulation of hierarchical models.
A generalized multiport node was defined to ensure consistent implementation of model
components in system design. The software design provides a strong foundation for

future extensions. An example-based tutorial illustrates the features of the software.
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Chapter 1

Introduction

1.1 Problem Definition

1.1.1 Challenges of System Design

Engineers today are confronted with increasingly diverse and complex design
problems. This situation arises, in part, from the demands for higher quality products that
perform a wider variety of tasks. It is not satisfactory to meet a limited set of functionality
requirements. To be competitive in a global market, a broad spectrum of objectives must
be met with high standards of durability, efficiency, reliability, and safety. In short,

products are expected to do more for less.

The achievement of high quality, cost-effective products comes at the price of
greater complexity and sophistication. Systems may involve interacting electrical,
hydraulic, mechanical, and thermal components. Physical and mathematical understanding
of each area is becoming a standard requirement for the successful engineer. Indeed, an
emerging discipline, Mechatronics, was conceived to confront the challenges involved in
the congruous interaction of various technologies. The International Federation for the

Theory of Machines and Mechanisms adopted the following definition of this term:
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"Mechatronics is the synergistic combination of precision mechanical engineering,
electronic control and systems thinking in the design of products and manufacturing

processes." [1]

As demands for quality increase, interdependencies between subsystems often
develop. Consider the relative complexities of the conventional passive braking system
compared to the anti-lock braking system popular today. Both systems were designed
with the primary objective of decelerating a car. However, the action of the anti-lock
braking system is much more complex, due in part to the active dependance on other
subsystems such as the current vehicle speed, angular velocity of the wheel, and feedback
control schemes. Thus the engineer must not only individually understand the dynamics of
the vehicle, the dynamics of the wheel, the interaction of the tire with the road, the
electronic measurement of system performance, and the feedback control scheme, but she

must also understand how these subsystems interact with each other.

1.1.2 Design Tools

To help meet design objectives, engineers have often turned to modeling. A model
is a simplified, abstracted representation of an actual system that aids in the analysis of a
problem [2], [3]. Physical models have been extensively exploited in the past. The wind
tunnel, in wide use today, is a scaled physical model that simulates the forces an airplane
would encounter while in flight. A mathematical model is a precise description of physical

behavior, such as a set of equations. A well-known mathematical model is Newton's



3

Second Law of Motion (F=ma) which describes the acceleration of a mass under the
influence of an applied force. One aspect of both physical and mathematical models is that
some details of the actual system are not considered. The wind tunnel model may or may
not account for air temperature. An application of Newton's Second Law may or may not
account for mass deformations. The level of detail included in a model is dependent on
several factors including the desired accuracy of the solution, the relative significance of a
particular effect, and the skill and insight of the person building the model. A proper

model will have sufficient complexity to accurately predict system behavior [4].

Obtaining a mathematical model of a physical system is often a daunting task. The
difficulty increases when many different energy domains are present, because classical
methods apply only to parts of the system. The bond graph modeling technique has
proven to be an effective, systematic method for structuring governing equations for
systems built of multiple energy domains [2], [5]. Once the system equations are
obtained, determining a solution is another difficult task. For many linear systems and
most non-linear systems, it is not possible to determine an analytical solution to the
governing equations. Numerical solution of the mathematical equations is often the only
recourse. These concepts are generally implemented using computer simulations. A
number of simulation software packages have been developed that use bond graphs for
system modeling and numerical solution generation. ENPORT, CAMAS, and CAMBUS

are examples of such software [6], [7], [8].

An increasing need for model information management tools develops as systems
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grow in complexity. One effective tool in the system design process is macro
representation. Macro representation is built on the premise that a complex system can be
broken down into a hierarchical structure of less-complex, interacting subsystems. Each
of the subsystems can, in turn, be considered a system that is composed of subsystems.
This procedure continues until a subsystem becomes simple enough to understand or

describe with well-known modeling tools.

Consider the objective of describing the motion of a car. Figure 1 shows a macro
representation of a car and a subsequent division into subsystems. At the most general
level the model can simply be represented by the label "Car". While the model of the car
on this level is very simple, only a limited amount of knowledge is available about the car's
motion. If the car was treated as a rigid body, the translational and rotational
characteristics could be determined. However, it is impossible to determine the detailed

motion of specific parts of the car, such as the right front fender.

The basic car model can be divided into subsystems, namely a rigid chassis and
four quarter-car models. The input to the system on this level is given the generic label
"Ground" . Interaction between the submodels occurs between submodel ports and is
indicated by an arrow from one submodel to another. The direction of the arrows
indicates positive power flow. Notice that the rigid chassis model is affected by each of
the quarter-car models and each quarter-car model is affected by the movement of the

chassis and the ground. This level of abstraction aids in the understanding of the system



System Model Car
Expanded Model of Car
Rigid Chassis
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g Left Rear Right Rear Left Front | Right Front
Q
S
g Ground Ground Ground Ground
o
g Expanded Model of Left Rear Expanded Model of Ground
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y(t) = Asin(wt)
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Figure 1. A Macro Representation of a Car
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as a whole. For example, each of the quarter-car models is affected by all of the other
quarter-car models. This valuable system information is obvious since the system model
detail is limited. However, at this level of detail, it is still not possible to obtain specific

information about the car's motion.

One of the quarter-car models can now broken down into three subsystems: the
suspension, the wheel, and the tire. In addition to the interaction between subsystems on
this level (arrows between subsystems), the interaction from systems outside this model
are shown as inputs and outputs (arrows not from or to another system). Specifically, the
interaction between the tire and the road and the interaction between the chassis and the
suspension are shown as inputs and outputs. At this level, the source and destination of
the inputs and outputs are not important to the model; the useful information is simply
that an input and output port exist. At this point, equations describing the car's motion
still can not be obtained. The systematic breakdown of systems into subsystems can
continue until a concrete model can be obtained. For example, a simple representation of
the road could be modeled with the function Y(t) = Asin(wt). This mathematical model is
completely defined and yields direct numerical results that can be used in determining the

motion of the car.

This modeling procedure produces a model that closely approximates the structure
of the physical system. This is helpful in designing system models. However, some
engineering judgement is required to justify inconsistencies between the physical system

and the model. For example, it is convenient to represent the ground as separate inputs to
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the systems even though the ground is a continuous surface. If the ground surface is
asphalt, this modeling decision may be justified. If the ground surface is soft dirt, then the

ground's shape may be affected by the tires and the assumption is not justified.

Another benefit obtained from using a macro representation of a model is the
ability to use and reuse component models. In the example above, substantial effort could
be exerted in generating a general quarter-car model. If done correctly, the same model
could be used four times for each part of the car without having to repeat the initial work
of building and verifying the model. If the model takes the form of a FORTRAN
subroutine, using the model is simply a matter of calling the routine with the correct

argument list.

Additional power of component models comes from the possibility of using a
model constructed by someone else without explicit knowledge of model details. The
difficulty of using predefined "black box" models is ensuring their correct use. Consider
three representations of a "black box" model of a DC Motor shown in Figure 2. There are
three power ports shown on this model, corresponding to the field, armature and shaft.

If this model is to be used correctly, several issues, including the following, must be
addressed:
1) What information is expected at each power port? Each port requires very
specific information. Providing incorrect information would invalidate the model.
For example, confusing the armature and field ports could result if the ports are

not explicitly labeled.



2)

3)

4)

Fleld
POl't P ort F
1,0 *
[ %é@ S
zﬁc Motor A DC Motor
Schematic Icon

Subroutine DCMOTOR(va,ia,vi,if,t,w)
Subroutine

Figure 2. Three Black Box DC Motor Models

What is the input variable at each power port? If the armature port requires
voltage as input then the user of the model must comply. Further, that
requirement should be explicitly understood without knowledge of the DC motor
model. The name of the model implies that the shaft port will provide a torque as
an output. However, DC Motors can be run in reverse, to function as generators.
The model of the DC motor may or may not account for this physical effect.
What are the reference power directions? The reference power directions are
shown in the schematic model with arrows. This information must be properly
communicated in order to ensure proper model use.

What limiting assumptions were made when the model was constructed? If a
model does not specify assumptions, then a second party may use the model in a

way that would violate the assumptions made when it was built.
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In summary, the proper (re)use of a component model depends on knowledge of the

required interface characteristics and model limitation assumptions [9].

1.1.3 Engineering Design Software

A design engineer faced with large, complex problems often turns to a computer
simulation package. Computer programs have long since migrated away from pure textual
descriptions, such FORTRAN and C subroutines, to graphical representations. Graphical
models provide an intuitive description of a system and better emulate the physical entities
they represent. A set of differential equations that represent the motion of a car
suspension is a textual model. A diagram of the parts of the car, from which equations of
motion can be generated, is a graphical model. Graphical models have proven useful

because conceptualization of the model parallels conceptualization of the physical system.

The usefulness of graphical models has spurred the growth of software with
graphical user interface tools for engineering design. Engineers have come to expect
software packages equipped with simple, intuitive tools for model generation,
representation, and manipulation. Model elements become "objects" upon which
operations can be performed. Objects in a computer program are analogous to objects in
the real world. They can be selected and their attributes examined or modified. The
parallels between the graphical modelling and graphical interface tools help the designer

transfer abstract ideas into concrete realities.
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The ideas associated with a graphical interface have long been familiar to users of
the Apple Macintosh computer system and have more recently become popular among PC
users with the increasing use of Microsoft Windows. The mouse is used as a tool to point
at objects such as files on a disk, insertion points in a word processor, and items on a
menu. Pressing the mouse button indicates that the object pointed to is to be selected.
Depending on the selected object type, subsequent actions with the mouse and/or the
keyboard define the operation to perform on the object. Hitting the delete key after
selecting a file instructs the operating software that it should be deleted from the disk.
Selecting the insertion point in a word processor instructs the program to move the cursor
to that point. Selecting an item on a menu may cause another menu to drop down with a

new list of choices.

Programming tools and philosophies have changed in concert with the demands on
software performance. One widely used approach is object-oriented programming. On an
abstract level, object-oriented programming is a set of rules, principles, practices and
procedures used to create a program to achieve a given objective [10]. Although specific
definitions of object-oriented programming vary, there are some concepts that are
generally accepted. One of these concepts is the focus on system objects and the
procedures performed on them. A programming object combines both data structure and
behavior in a single entity [11]. This is opposed to traditional programming views where
the focus is in some way reversed; procedures are developed that manipulate data, and
data structure and behavior are only loosely connected. Properly implemented object-

oriented ideas produces more robust, readable, and reusable code.
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1.2 Research Objectives

The principal objective of this research is to develop a design environment
providing graphical tools for the macro building, representation, and manipulation of
models based on Bond Graph and Block Diagram elements. The object-oriented
programming philosophy will be adopted. The completed software will lay a foundation
for which future enhancements can easily be implemented. The new design approach is to
be integrated into the existing ENPORT environment. ENPORT provides key tools and
algorithms, reducing development overhead. Specific implementation is a DOS-based

program written in a hybrid of the FORTRAN, C, and ASSEMBLY programming

languages.

To meet the stated objectives the project was divided into four phases, as follows.

1) Develop a hierarchial database and database tools. The data storage scheme
must support the hierarchical display characteristics. Also, the data should be
stored to optimize various programming procedures. For example, screen
refreshing should be rapid to minimize blinking effects; however, deleting an object
from the database does not require the same speed. As with any database, tools
must be developed to create, modify, access and remove objects.

2) Develop a Graphical User Interface (GUI). Extensive use of the mouse should be
incorporated so that users can select objects and perform operations on them.

Whenever possible, information should be represented graphically.
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3) Explicitly define a subsystem'’s ports and port attributes. By defining the
attributes of node ports, it becomes possible to help insure proper use of
subsystems as black boxes (ie. as locally defined entities).
4) Develop Macro representation, display, and interaction tools. Development of
these tools was the main objective of this work. Successful implementation of this

feature depends on the completion of the first three phases.

Throughout the project, two objectives were kept in mind. First, object-oriented
programming techniques were to be used as much as possible. Second, the developed

tools should be written to simplify future software enhancements.

1.3 Description of Thesis Organization

This thesis is presented in four chapters. Chapter 1 has presented some challenges
in the modeling of large systems and some concepts useful in dealing with them. The
objectives of this work in addressing the concerns associated with large models are
defined. Chapter 2 gives an overview of the work which was accomplished. Terms and
concepts used in defining and solving the problem are presented. The philosophy and
perspective of the approach are discussed. Chapter 3 presents an in-depth tutorial for the
use of the prototype program. The tutorial can be used in conjunction with the developed
software. Chapter 4 provides a summary of the results obtained and recommends areas
for further research. Appendix A is a technical listing of programming objects and their

definition. Source code for database tools given in Appendix B. Additional Source code,
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used for key features is presented in Appendix C. The thesis concludes with a list of

references which aided in the completion of this research.



Chapter 2

Software Development and Design

2.1 Design Approach

Developing the tools for a design environment that allows for graphical creation
and edition of a hierarchical system is no small task. In order to facilitate successful
completion of the project goals, the system was divided into four phases: database
development, Graphical User Interface (GUI) development, port attribute definition, and
macro representation and manipulation tools development. The program language used
for a majority of this work was FORTRAN. Code written in C and ASSEMBLY was
written to accomplish tasks that were not available from FORTRAN. Whenever possible,
the concepts of object-oriented programming were employed. However, the ANSI
standard of the FORTRAN language is not structured for full implementation of object-
oriented programming concepts. The compiler used (Microsoft FORTRAN 5.1) provided
additional language extensions to facilitate object-oriented programming, but the supply of
tools was limited. This limitation of FORTRAN proved to be a major obstacle in using

structured object-oriented techniques.

The first part of this chapter introduces some key terms and concepts used in the

software design and implementation. The second part of this chapter explains some of the

14
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challenges encountered and decisions made in completing each phase of this project.

2.2 Key Concepts

A fundamental construct in object-oriented programming is the object class. "An
object class describes a group of objects with similar properties (attributes), common
behavior (operations), common relationships to other objects, and common
semantics."[11] The object class is the general set of properties that make an object
unique. People, mechanical engineer, and node are examples of object classes. A
specific item that belongs to a class is referred to as an object instance. George
Washington is an object nstance of the object class People. Philosophically, an object
instance is unique simply by its existence. Object attributes do not define uniqueness; i.e.
two object instances may have identical attributes. Unfortunately, the general usage of the
terms object and class is not always consistent. The particular meaning can usually be

discerned from the context.

To be functional in a computer program, the distinction of two objects is made by
associating a unique identification (ID) to each object [11]. The object ID is not one of
the attributes of the class but rather a tool used to locate the object. For example,
consider the object class names. If a list of specific names (object instances) was created,
the information could be stored in an array. Each instance is made distinct by its location
in the array. The array index could be used as the object instance ID, but the array index

value is not an attribute of the class names.
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In order to understand the structure of the software and the design decisions made
during development, a partial list of class descriptions will be given. A complete list of the
class objects used in the program can be found in Appendix A. Due to the complex nature
of these objects, the description of some graph objects depends on the description of other
graph objects. Therefore, the descriptions below are somewhat recursive. As the various

objects are defined, it will be helpful to make frequent reference to Figure 3.

Subgraph - A subgraph object can contain other graph objects such as nodes and
connectors. Subsystems of a model are defined by the contents of a subgraph. A (parent)
subgraph may spawn other (child) subgraphs. A child subgraph is said to be contained in
the parent subgraph. This concept is also referred to as nesting. Some attributes of a
subgraph are the number of nodes contained in the graph and a text description of the

submodel.

System Graph - This object class is a special type of subgraph. All the attributes of a
subgraph are inherited by a system graph. A system graph represents the entire system
model. There is one system graph for each model. The system graph contains exactly one
node: a Macro Node. Some attributes of a system graph are its file name, the total

number of subgraphs, and the number of levels.
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Level O

System Graph
A Atom Node
Macro Node
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Figure 3. Objects in a Hierarchical Graph Structure
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Level - A level is defined by the amount of subgraph nesting. Each level contains
subgraphs that have the same amount of nesting. Thus the first subgraph created, the
system graph, has no nesting and is contained in Level 0. When a new subgraph is created
from the first subgraph, it is placed in the level directly beneath the current Level. An
attribute of a level is the number of subgraphs it contains. Note that only one subgraph

may be contained in Level 0 and Level 1.

Node - A node represents a model of a physical component, an effect, or a system. Some
attributes of a node are its label, its location on the screen, its icon, and its ports. The
node class contains two subclasses: Atom Node and Macro Node. A brief description of

these node classes follows.

Atom - An Atom Node is the fundamental building block of a model. It is the only node
that contains explicit information used in determining governing equations. In general, the
governing equations of an Atom Node may be represented by equations (e.g. y = sin(t)), a
FORTRAN or C subroutine, or an implied set of dynamic equations (e.g. a transfer

function) [14].

Macro - A Macro Node is a single node representation of a subgraph. The Macro Node
is referred to as a parent to the subgraph, which is called its child. There are no equations
directly associated with a Macro Node. The Macro Node serves as a place holder and

helps manage complex model information.
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Port - A port is always associated with a node; i.e. a port cannot exist without a Node.
The ports on a node indicate locations where information is supplied to the node. Ports
on a node are analogous to the formal argument list variables in a computer program
subroutine. The port passes the information from the connector to the Node and/or vice
versa. A port on a Macro Node passes the information to or receives information from a
port contained in the child subgraph. The goveming equations for a system graph cannot
be determined until the ports on all nodes are connected. Some attributes of a port are its

power regime and its input/output characteristic.

Connector - A connector is a directional line between two ports. Each end of a connector
is associated with exactly one port. Conversely, a port is associated with exactly one end
of a connector. A connector indicates that there is some interaction between nodes and
represents variables in the system. Some attributes of a connector include its label, type,

and color.

2.3 Database Structure

2.3.1 General Features

One of the principles of object-oriented programming requires a separation of
program functions that act on objects from the storage of the information associated with
the object. In practice, this means that the manner in which the main body of the program

manipulates data must be unaffected by the manner in which data is stored. Additionally,
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data should not be thought of as information stacked in an array, even if this is the way in
which the data is stored. Data is always associated with a specific object and access to the
data is made available by the object ID. For a dynamic database, four general database
interface functions are required:

Add - Create an instance of an object class and store initial attribute values,

Set - Assign an attribute value to an existing class instance,

Get - Retrieve an attribute value from an existing class instance, and

Delete - Remove an instance from the database.
These interface routines are "taught"” how to access and manipulate objects in the

database. Whenever the database is accessed, it is accessed through one of these routines.

The two major drawbacks of this arrangement are that data access is slowed and

the programming overhead is increased. The payback comes in the main program where

Program

routine '\Imteiface Functions
Add

. Object type jDeIete Direct
routine | < > - » [Database
ID l ‘g‘t Manipulation
e

routine /

Figure 4. Separation of the Main Program from the Database
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access to data is very explicit, leading to clearer code. In addition, the procedures used by
the interface functions or the database structure itself can be changed without affecting
the main program code. In the long run, the code is self-contained and enhancements are

easier to install. Figure 4 is a graphical representation of these concepts.

2.3.2. The Object Instance Database

Two different databases were established in the prototype program: an object
instance database and an object template database. Both of these databases are associated
with the defined object classes (i.e. node, connector, ...) . The attribute database with its
accompanying interface functions was completed for the object classes described. The
template database was only established for the object class node and the interface tool ger.
However, the concepts were developed and the foundation laid for future completion of

this task. The purpose of these two databases is explained below.

The object instance database stores the attribute information associated with an
object instance. When an object instance is created, a unique identification (ID) is also
created and is associated with this object. Figure 5 displays instances of the object classes
level, subgraph, and node and their associated IDs. The object class /evel is identified with
a single integer, the instance number. The ID of the first instance of the class /eve/
is 0. Subgraphs are identified using a data structure of two integers. The first integer is
the ID of the level where the subgraph exists; the second integer is the instance number of

the subgraph within that level. The first subgraph created in Level 2 has the ID 2.1.
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Objects within a subgraph are identified with three integers. The first two numbers are the
ID of the subgraph where the object exists and the third number is the object instance

number within the subgraph. The second node in the second subgraph in the second level

has the ID 2.2.2.
0 1
0.1.1
|
|
[
1 L1 |
L.l L12 L13
A
/ \
// \
/
2 1 / 2
211 212 213 22.1 222
A A A A A

Figure 5. Object Identification System

This numbering system was used to store attribute information in sorted arrays.
The location of an object attribute in an array is calculated using the ID. Storing
information in this manner requires more time to perform the add and delete operations,
but the set and gef tasks are quicker. Furthermore, the time taken to reach any item in the
list is independent of its position in the list; i.e., data is stored in a random access data
structure [12]. This scheme was chosen so that operations which are time critical, such as

refreshing the screen, are performed quicker. Note that the ID of an object instance
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changes as other instances are added and deleted. This is not a problem since an ID is not

an object attribute.

In order to ensure correct implementation of these ideas in a programming
environment which did not directly support them (i.e. FORTRAN), a relatively small
database program was developed. This limited database was text based. The storage,
access, and deleting tools were developed for a general object class. The object class
Node, with only two attributes, was used to test the database interface tools. The
database tools were modified for the prototype system. Source code for the database

tools can be found in Appendix B.

2.3.3 The Object Template Database

An object template is a set of rules or limits that define the legal behavior and valid
attributes of an object class. Consider the attribute age of the object class people. The
object template for this class stipulates that an object instance must specify positive values.
A upper bound may also be assigned which is somewhat artificial, because the actual
upper bound on the attribute age is unknown. Attempts to assign values outside of the
template definition are not allowed. The object template would also be able to identify
valid operations. The operation to increase the age attribute as a function of time is valid,

but the opposite operation is not.

The object template is a very powerful tool. To illustrate its power some template
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ideas were implemented for the class node. Different node #ypes were defined by
specifying a set of rules and limits. This information is stored in the template database. In
the prototype software, a set of Bond Graph node types, a set of Block Diagram node
types, and the Macro Node type were defined. Whenever a decision was to be made
about a legal attribute assignment or valid node operation, the template database was

queried.

As an example, consider the operation of adding a port to a node. The Bond
Graph node type Source of Effort (Se) is defined as having exactly one port. (An applied
force or a voltage supply are sources of effort.) The operation to add a port to this node
type is not valid. The bond graph node type Capacitor (C) may have any number of ports
(greater than zero). The operation to add a port to this node type is valid. The template
database stores information about the minimum and maximum number of ports allowed

for each of the node types.

The add port subroutine can handle this restriction in several ways. One way to
deal with the issue is to predefine the node types Se and C. An IF THEN ELSE or
SELECT CASE construct could determine if the operation is legal. However, the
construct becomes larger as new node types are defined. Even more problematic,
addition of a new node type requires modification of the code wherever logic based on
predefined node types is used. A better way to handle this issue is for the subroutine to
query the template database. The subroutine passes the object fype to the template

database through the interface routine. The database returns information about the object
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which is used to determine if the operation is valid. This method not only simplifies the
code, but localizes future code enhancements and changes. If a new node type is to be
defined, then the template database is the only structure that requires modification. The

difference in computer code between a program without and with a template database is

illustrated in Figure 6.

Procedure: Add Port 0
@ . "' " Pmoedure dd P

Not Valid s A ort

D /" | ELSE IF (type=0) 2 r

Add Port n'(r:;mw)m ,N
ELSE IF (type=TF) D/ |ga &,
IF (NP=2) THEN >
Add Port Net Valid
ELSE END IF
Not Valid
END IF
ELSE IF
Procedure without Template Database Procedure with Template Database

Figure 6. Comparison of Code Without and With the Template Database

The present work was intended to demonstrate feasibility of certain design
principles. A project of great interest is to complete the design and implement these
concepts. The current template database only allows for queries of attributes (the ge?
interface function). Additional node types must be defined by modifying the code. A full
implementation of the database would provide the add, set, and delete interface functions.
Several violations of the design in respect to the template database currently exist; e.g.
explicit reference to node types is made. These incongruities arise because a complete set

of node template definitions have not yet been established.
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2.4 Graphical User Interface

One of the goals of this project was to simplify user interaction with the modeling
software through development of a Graphical User Interface. A recent survey among
users of simulation software indicated that the most important feature of such software is
a friendly interface with program interaction taking place mainly with a mouse [13]. In the
developed software, interaction with objects stored in the database is made, as much as
possible, with a mouse, object instance details and information are graphically conveyed,
and results of operations are graphically displayed. Objects are represented on the screen
with icons. An icon is a graphical picture associated with an object class. Identification of
an instance in the database is made through its unique ID. Identification of a graph object
in the GUI is made unique through its screen location. Therefore, any two objects of the

same class that exist in the same subgraph must have unique graphical coordinates.

One design philosophy of the GUI was to present the user with only valid options.
It was felt that less confusion would result from this design. The alternative is to present a
full list of options and signal the user when an invalid operation is attempted. Consider
again the add port operation for a node. When a node is selected and the edit button
pressed, a menu appears that displays the valid operations for that particular node type.
The edit menu is different for the various node types. A menu associated with Se (source
of effort) node does not present the option of adding a power port. A menu associated

with a C (capacitance) node does present this option.
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During the model building process, the GUI operates in one of three modes.
Selection of the current mode is made by pressing a button on a tool bar at the top of the
screen. The button associated with current mode is highlighted and a status message at
the bottom of the screen informs the user which mode the program is in. Instructional
messages also appear at the bottom of the screen to assist the user in understanding the

available choices and expected inputs. A description of each of the modes follows.

Add Node mode - A list of the available node types is printed on the left of the screen.
One of the types is highlighted. Clicking the mouse in the space to the right of the list
causes the highlighted node type to be added to the database. The node is defined with a
default setting. If desired, an option can be chosen that will prompt the user for a node

label. Otherwise, the label field is left blank.

Add Connector mode - There are two connector fypes, defined by the type of information

carried by the connector: Power and Signal. The following rules apply to connectors:

1) Connections are always made between two ports. The ports must be on separate
nodes.

2) A connection must be between ports of the same fype. Port have the same
distinction in fype as connectors.

3) A connector’s fype is derived from its associated ports' fype. Consequently, the
connector type does not need to be chosen.

4) A connector’s direction is explicitly understood by the input/output characteristic

of the ports to which it is attached.
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A connector is created by successively clicking the mouse on two ports. When the first
port is chosen, it is highlighted in red. After selection of the first port, interior points to
the connector can be created by clicking the mouse anywhere in the graph. An incomplete

connector is drawn as a dotted line until the second port is chosen.

Select Object mode - Once objects are created, then various operations can be performed
on them. Clicking the mouse on a object causes the object to be highlighted in red. Two
additional buttons on the tool bar at the top of the screen appear for object operations.
Currently, the only objects that can be selected are nodes, ports, and connectors.
Additional objects, such as labels and interior points, could be made selectable with some
effort. There are three general operations that can be performed on an object: move, edit,
and delete. To move an object, the mouse button is held down and the object is dragged
around the screen. To edit an object, the object is selected, and the edit button is pressed.
Pressing the edit button while an object is selected causes a menu to be presented that lists
various edit options for that particular object. Some edit options for a node include edit
attributes, edit equations, and add port. To delete an object, the delete button, delete key,

or backspace key is pressed after an object is selected.

Other features of the GUI include tools for viewing the work space (e.g. tools for
moving all object in the screen left, right, up, or down). In the top right comer of the
screen is the icon representing the current parent Macro Node that represents the

displayed subgraph.
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To aid in the building of large models, a graph checking utility has been provided.
This tool can be accessed by clicking the Check Graph button. This button is represented
with a check mark. The options in this menu are: Check Setup, Check Causality, Check
Equations, and Sort Equations. The menu items are listed in order from the most general
to the most specific. A successful check of any item in the list depends on the successful
check of all the previous items. Once an item has been successfully verified, a check mark

will appear next to it in the menu.

The Check Setup option determines if the layout of nodes and connectors is
topologically complete. In practice, a graph is topologically complete if every port on a
node has been connected. No analysis is performed at this time on the feasibility of the
model. A poor model that would never lead to solvable equations could have correct

topology.

The Check Causality option attempts to assign the bond graph property of
causality to the system graph. Causality defines the input/output relationship at a power
port. For a more complete explanation of bond graph causality, see [2] and [5]. The

algorithm for assigning graph causality was previously developed [6].

The Check Equations option determines if the user has defined a valid set of
equations for the system. Macro Nodes are not directly associated with equations. Some
node types such as the 0-Junction, 1-Junction, Sink, and Distributor Nodes do not have

user-defined equation. The equations for these node types are defined by their use in the
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graph. Other node types, such as the Inertia and Capacitance Nodes have a combination

of user-defined and system-defined equations.

The Sort Equations option produces the information that is required to numerically
solve the equations associated with the graph. The sorting procedure will determine if an
infeasible graph has been designed, such as a graph with not enough constraints. This
algorithm was previously developed [6]. Equations are defined in terms of the names of
the ports on the node. Port names are locally defined; i.e. two different nodes may ports
with identical names. The sorting of equations depends on a unique labeling system.
Rather than burden the user with defining a set of unique variable names, an algorithm was
developed which generates a set of unique, global variables. This algorithm is transparent

to the user.

2.5 Node Ports

The ports on a node are an explicit representation of information being passed to
and from the node. Ports on a node are typed as [Power or Signal] and [Input or Output].
Power ports are drawn as circles and signal ports are drawn as squares. Input ports are
drawn as an outline (where information needs to be placed) and output ports are drawn
filled (where information has been placed). Ports can be specified to be of a particular
power regime, i.e. mechanical, electrical, thermal, etc. Different power regimes are
represented with different colors. Power ports carry two variables that, when multiplied,

represent the power. For example, electrical power connectors carry the variable pair
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voltage and current and mechanical translation power connectors carry the pair force and
velocity. Bond Graph nodes use one of the variables on a power connector as an input
and the other variable as an output. The input/output characteristic of a port is termed the
port causality. An attribute of a port can be specified which defines required causality (in

the form of the output variable).

The attributes of a port explained above assist in the building of consistent models.
Connection of ports representing different power regimes is prohibited, as is connection of
ports with the same input/output attribute. Currently, the causality attribute is not
exploited. Graph causality is assigned using standard Bond Graph rules [2],[5]. In the
future, the port causality attribute should be used in the causality assignment process.

This would further promote the implementation of reusable models.
2.6 Macro Representation and Manipulation Tools

When a Macro Node is created, a child subgraph is also created. The Macro Node
initially has no ports and the child subgraph is empty. For a Macro Node to be functional,
it must have at least one port. If a model of a DC Motor was being built , then three

power ports would be added: one port each for the armature, the field, and the shaft.

To build a subgraph model represented by a Macro Node, the Macro Node must
be opened. This is one of the options in the edit menu for a Macro Node. Opening the

Macro Node causes its child subgraph to be displayed. The icon of the Macro Node just
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opened, with its accompanying ports, is displayed in the top right comer of the screen. A

model is built in this subgraph the same way a model is built in any subgraph.

To connect a model in a child subgraph to the model in the parent subgraph, an
association must be made between the ports on the Parent Macro and a Port in the child
subgraph. This association is made while in the add connector mode. The mouse is
clicked on a Port on the Parent Macro Icon and then on an empty Port in the child
subgraph. The Icon for the Parent Macro Node is drawn in gray before all the required
association are made, and drawn in bright white when all its ports have been associated to
Ports in the child subgraph. When editing of a subgraph in Level 2 or greater is
completed, a button at the top of the screen labeled ".." (similar to the DOS directory

command "cd .." to move up one directory) is pressed to move to the parent subgraph.

From the user's point of view, a Macro node can be deleted in the same manner as
any other node, even if the Macro Node is not empty. Functionally, however, the
database deletion tool requires that a Macro Node be empty in order for it to be deleted.
An algorithm was developed that systematically removes all graph objects from a Macro
Node before deleting it. Since a Macro Node may itself contain other Macro Nodes, this

algorithm is somewhat complex.



Chapter 3

Using the Macro Model Building Software

3.1 Software Overview

To a large degree, the successful implementation of the design discussed in
Chapter 2 can only be evaluated by using the software. A tutorial is an effective way to
illustrate the capabilities of the software package and demonstrate successful
implementation of the design. A prototype software package was developed that would
provide tools to deal with the issues raised in Chapter 1 using the design from Chapter 2.
A copy of the software is available from the author or from Michigan State University. In
this chapter the modeling tools provided by the software will be demonstrated through a

tutorial. Primary focus will be placed on how to use the available tools.

Consider the schematic of a radar pedestal positioning system shown in Figure 7
[2]. The output of interest in the system is the angular position of the pedestal. An input
command signal is compared to the output signal producing an error signal. The error is
conditioned by a controller to produce an input to the plant. The control signal is input to
the field port of a DC Motor. The voltage supply to the armature port is constant. The
motor generates a torque which, after stepping through some gears, drives the pedestal.

The system can be modeled with various levels of detail depending on the desired level of

33
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Figure 7. Schematic of Radar Pedestal Positioning System
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Figure 8. Macro Representation of a Radar Pedestal Positioning System
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accuracy and the effects being investigated.

The radar pedestal positioning system can be divided into three components or
subsystems: the control, the plant (motor, shaft, gears, pedestal), and the measurement.

The macro representation of these subsystems, shown in Figure 8, should be familiar.

This representation clearly illustrates how the subsystems interact. The details of
each of these subsystems could also be divided. For example, the plant could be divided
into the subcomponents of the motor, shaft, gears, and pedestal. Clearly, if the models for
each of these systems is simple enough, then it is possible to model the whole system
without defining explicit subsystems. In the tutorial that follows, a model will be built of
the radar pedestal positioning system. The system will be divided into subsystems as
shown in Figure 8. The Plant will be divided into four submodels. A simple model of the
motor will be shown. The purpose of the extensive submodeling is to demonstrate the

features of the software.

3.2 A Software Tutorial

The macro model building software is a DOS program. It must be run from the
DOS command line. Typing the name of the program, MB, causes it to execute. The
main screen displays a top line menu. The left mouse button is used to select a menu item.
Alternatively, the arrow keys on the keyboard can be used to position the menu pointer on

the desired selection. Hitting return selects the item. Under the top menu option Graph,
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the Edit option is listed. Selecting Edit brings up the edit screen and allows for changes to

be made to the graph.

3.2.1 General Graph Editing

The edit screen operates in one of three modes: Add Node, Add Connector, and
Select Object. The current mode is selected by clicking a button on the top of the screen
that represents that mode. Pressing the tab key also changes the current mode. The
current mode is indicated by highlighting its button and displaying a message at the bottom
of the screen. The default mode is Add Node. A scroll list on the left of the screen
displays a list of nodes that have been predefined. A basic set of Bond Graph, Block
Diagram, and a Macro Node are available. One of the node types is always active. The
current active node type is highlighted in the list and displayed at the top of the list. While
in the Add Node mode, clicking the mouse anywhere in the graphics screen causes an

instance of the current active node type to be added to the database.

The radar pedestal model will be built from the top down. The first element in the
top level is an input signal. The Block Diagram node SRC (source) will provide this
function. The SRC node is chosen be the active node. When the word SRC is highlighted
on the list, the node can be added to the database by clicking the mouse in the graphics
screen. Figure 9 shows the edit screen in the Add Node mode with the SRC node added.
The node is represented by the icon SRC with a box around it. Since a source node

provides an output signal, a small square box is drawn on the right side of the node
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representing the signal port. The filled in square represents an output signal. (An empty

square represents an input signal.)

Using the same procedures, a Block Diagram SUM node and a Macro Node are
added to the graph and placed to the right of the SRC node. The Macro node is created
with no ports. This first Macro Node represents the controller. It must have two ports:
an input signal port (for the error signal) and an output signal port (for the conditioned
error signal). To add a port to the Macro Node, the node must be selected. To select a
node, the Select Object mode must be chosen. The Select Object mode button is drawn
with an arrow pointer similar to the mouse arrow pointer. Alternatively, pushing SHIFT-

TAB will change to Select Object mode.

The Macro Node is selected with the mouse. When an item is selected, it is
highlighted in red. Selecting the Macro Node causes two additional buttons to appear at
the top of the screen: the Edit and Delete buttons. These operations are performed on a
object and therefore do not appear until an object is selected. Pressing the Edit button
causes a menu to appear which lists the valid edit operations for a Macro Node. One of
the options is Add Signal In Port. Figure 10 shows the graphics screen with the Macro
Edit Menu. Selecting the Add Signal In Port option causes an input signal port to be
added to the data base. This change is reflected on the graph with an empty rectangle.
The procedure is repeated to add an output signal to the node. The Edit Menu for all
node types contains the option of Attributes. Two attributes of a node may be edited: the

label and the label visibility.
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If the default locations of the ports are not convenient, they can easily be moved.
It is a long-term objective for this software that all graph objects be positionable by the
user. At this point, the only objects that can be positioned are nodes and ports. The
Select Object mode must be chosen to position an object. Positioning is accomplished by
pressing and holding down the mouse button while the arrow is positioned on top of the

object. The selected object tracks the position of the mouse.

The Add Connector mode is used to connect nodes. Nodes are connected to one
another by adding a connector between a pair of ports. Clicking the mouse on the first
port causes it to be highlighted. If an intermediate point on the graph is selected an
interior point of the connector is created. When a compatible second port is chosen, a
connector object is added to the data base. Compatible ports mmust
1) both be of type power or both be of type signal,

2) belong to the same power regime, and
3) have complementary input/output characteristics. Output ports are filled circles

and squares and input ports are open circles and squares.

Using the three modes described above, the top level of the graph is drawn to look
like Figure 11 . Notice the similarity to Figure 8. A distinction in the software is the use
of explicit notation for the Distributor Node and the Sink Node. At this point, only a
graphical representation of the control and plant models exists. More detail is required to

obtain a graph that will yield a mathematical model.
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3.2.2 Defining a Macro Node

When a Macro Node is added to the database, its child subgraph is also created.
The contents of the Macro Node Plant may be viewed by opening it. Open Macro is one

of the options in the edit menu for a macro node. Initially, the subgraph is empty.

The Parent Macro to this subgraph is displayed in the top right comer of the
screen and is drawn in gray. The gray color indicates that one or more ports on the Parent
Macro Node are currently not associated with ports in the child subgraph. Currently,
association between ports on the Parent Macro and ports in the child subgraph are made
explicit through use of a special node type not previously discussed: the Port Node. The
use of a Port Node is temporary and will not be used in later versions of the software.

The left node on the Parent Macro Node is a Signal In Port. A Signal Output Port Node

will explicitly represent this port in the graph.

Once the Signal Output Port Node is added, it must be assigned to a port on the
Parent Macro Node. Until a Port Node is assigned to a port on the Parent Macro Node,
both the Port Node and the port on the Parent Macro are drawn in gray. To assign a Port
Node to a port on the Parent Macro Node, the system must be in Add Connector mode.
The Port Node, not the port on the Port Node is now highlighted. The assignment

process is completed by selecting a port on the Parent Macro.

Connecting a Port Node and a port on the Parent Macro Node causes these
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objects to be drawn in bright white. Clicking on a Port Node that is already selected will
cause the port that it is assigned to it to be highlighted. Also, a message at the bottom of

the screen appears to inform user that the Port Node has already been assigned.

The rest of the Plant model can now be built by adding a Macro Node for the DC
motor, the shaft, the gears, the pedestal, and a Signal In Port Node. Figure 12 shows the
completed macro model of the plant. Notice that this representation is very general.
Modeling details that would lead to governing system equations still have not been
developed. The Macro Node representation has provided a way to organize the model
into smaller, more tractable subsystems. If the subdivision of the system at this point is
adequate, the Bond Graph and Block Diagram Nodes can be used to build a system model

that will yield system equations.

Figure 13 shows one possible model for the DC Motor. This model is created by
opening the DC Motor Macro Node, adding and assigning the proper Port Nodes, adding
the desired Bond Graph Nodes that represent the system, and making connections. Once
the bond graph model for the DC Motor is completed, the parent subgraph can be seen by
clicking on the Go Up One Level button on the top right hand of the screen. The button is

represented by two dots ". . ", similar to the DOS command to move up one directory.
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3.2.3 Checking the Graph

To demonstrate the graph checking feature, a previously completed model of the
radar pedestal will be used. This model has been created with some flaws that prevent
generation of a valid set of system equations. The name of the file is RADPED.BMF and

can be retrieved by using the Open command from the File menu.

Once the file is loaded, clicking the Graph Check button reveals the Graph Check
menu. The graph topology is not complete in this mode because a Port Node has not been
associated with a port on a Parent Macro. This is an easy error to make and a difficult
error to locate, especially in a large system. Selecting the Check Setup menu item causes
the system to search for incomplete connections and assignments. As shown in Figure 14,
a message box appears that reports the results of the check. Clicking on the message
indicating a Port Node was not assigned or clicking the Find option at the bottom of the
screen when this option is highlighted will located the offending Node. The contents of
the subgraph containing this node are displayed and the node highlighted. It is now a

simple matter to assign the Port Node to the Port on the Parent Macro.
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3.2.4 Defining and Sorting Equations

Bond Graph and Block Diagram Nodes contain explicit information about the
mathematical equations for the system. To define an equation, select a node and from the
edit menu choose the Edit Equations option. The procedure used in this system for
defining the equations associated with a node has not been changed from the previous

implementation of the Edit Equation feature in the program ENPORT/PC [6].

Once the equations have been defined, the Graph Check option Sort Equations can
be chosen. The equation sorting process produces information required for numerically
solving the defined mathematical equations. This algorithm was taken directly from the

ENPORT/PC version of the Model Builder module [6].



Chapter 4

Conclusions

4.1 Contributions

The intent of this work was to produce an enhanced environment for the
development of the macro representation of models. The overall result is a prototype
software package that implements the following: a database built on object-oriented
principles, an intuitive, easy to use Graphical User Interface, explicit representation of
node ports, and macro representation and manipulation tools. These features are

summarized below.

Improved Database - A prototype database system was developed which implemented the
ideas of a hierarchical graph structure which is separable from the main code. Tools to
interface easily with the database in an explicit, consistent manner were developed;
namely, the Add, Get, Set, and Delete functions were implemented. This prototype
database served as the foundation for the more comprehensive modeling system. It is
good practice in the design of large programming projects to make a clean separation
between various parts of the program. The development of the database tools was
successful at providing another level of program separation. This style of programming

may initially take more time and energy, but future enhancements are less intrusive, i.e.,

49
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fewer areas of the code need modification.

Graphical User Interface (GUI) - An intuitive, easy to use, graphical user interface for
building models was developed. Interaction with graph objects and operations are
initiated through a graphical interaction with the user. Information is graphically displayed

where possible and the mouse is used extensively.

Explicit Node Ports - Through the use of an explicit representation of a node's ports,
restrictions can be placed on the use of a node. This tool is helpful in clearly identifying
the proper use of a Macro Node without explicit knowledge of its contents. Since an
equation associated with a node is only a function of the names of its ports, the graph

appearance is consistent with its equation structure.

Macro Representation/Manipulation Tools - Successful implementation of this
objective depended heavily on the success of the previous objectives. Introduction of the
concepts of Level, Subgraph, Macro Node, and Parent Macro Node helped in a clearer

representation of these ideas.

An important result of this work is that a strong foundation has been laid for future
enhancements. While the tools that have been implemented are helpful and important, the
design ideas and concepts outlined in this thesis (e.g. the Subgraph, Macro Node, and
Ports) are equally helpful and important. The current work has focused the definition of

graph objects and operations and has provided a rich environment for the implementation
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of new tools.

4.2 Future Work

The present work has laid a clear foundation for the ready implementation of many

additional tools. Several possibilities are presented.

Library Tools - A considerable effort is often made in creating a model. When
models are structured such that the system is divided into subsystems, certain components
become very general. Tools for importing and exporting submodels to create a library of

component models are needed.

Functionally, this goal could be achieved with relative ease by enhancing this
software. In the past, an obstacle that prevented a robust use of libraries was the
requirement that each node and connector had to be uniquely named. The only way for a
component library model to be loaded more than once into a system was to rename each
of the nodes and connectors. This was accomplished implicitly by the computer (which
would explicitly affect the model) or carried out explicitly by the user; a burdensome task.
The system developed does not require the user to provide unique labeling of nodes and

connectors, since the labeling process is automatic.

Additionally, careful thought is required to ensure proper (re)use of library models.

The introduction of explicit node ports is a step in the right direction, but many other
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issues arise. Limiting assumptions that were made in the development of a submodel must
be made explicit. Perhaps a set of rules and attributes could be established that allows for

automatic verification of the suitability of a particular submodel for a specific use.

Advanced Graphical User Interface Tools - There are many software packages
today which provide a rich graphical editing environment. In such an environment, one
helpful function is the Multiple Selection tool. It would be beneficial to select several like
objects and perform an operation on them all at once. Currently, this software allows only

one object to be selected at a time. An extension should be pursued.

Another tool should provide for the creation of a submodel by grouping a set of
existing nodes and replacing them with a Macro Node. This is often the way in which
models progress. A user may have spent considerable time developing a detailed model in
one graph. It may only later occur to him that the model would be conveniently
represented as a set of submodels. The tools to accommodate for this type of design

progression should be available.

Another common set of functions - Undo, Cut, Paste, and Copy would be helpful.
The Undo command would require some deep consideration into the storage of
superseded information. The Cut, Paste, and Copy utilities may be implemented with
relatively little effort as the object-oriented data structure would not make these function

difficult to build.
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Definition of Atom Node Templates - There are two tasks associated with the
broader use of node templates. First, the current system does not fully exploit the node
template ideas. There are many instances where the explicit node type is used to guide a
procedure. This violation of the template concept arises from the difficulty in defining a
comprehensive set of attributes that is capable of completely specifying any type of node.
Identification of this complete attribute set would be invaluable. Second, only the node
template database tool gef was used. A complete database interface would allow a user to
dynamically create and modify new node types by defining template structures. The first
task listed above would obviously have to be completed before the second. Definition of

new node types in this manner would provide a rich, flexible system for the user.

Programming Language - It has become obvious that FORTRAN is not the
programming language best-suited for object-oriented programming. The ideas of object-
oriented programming could only be partially utilized since FORTRAN simply does not
provide the correct tools. One motivation for using FORTRAN was the existence of code
to perform a large array of computationally difficult and intensive tasks, such as causality
assignment and equation sorting. However, most computer languages provide for
interfaces with other computer languages. Indeed, this project was successful only
because FORTRAN allowed for interfaces to C. Future programming projects that
include the implementation of a graphical interface should be based on other programming

languages that provide object-oriented tools.
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Appendix A

Graph Object Definitions

The Software developed has been defned with structures that define attributes of graph

objects. Following is the code that was used to formally define the graph objects.
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Appendix B

Database Source Code

The source code for the separable database was previously developed in a limited

environment that stored node objects using a text interface. The database tools were

enhanced and expanded for use in the current softwar<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>