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1 Introduction
1.1 Background

Historically, the field of computer science has focused mostly on the theory of
computing and the application of these theories in the form of software. Because of
this emphasis on software in their education, when they enter industry, many
computer scientists are really only computer programmers. While this is not
necessarily a bad thing, it is limiting in a few ways. When programmers need to
interact with any hardware other than through an operating system's many layers of
abstraction, many are lost.

For those that don't have a background in circuit design there are starting to be more
options available for access to embedded devices. Physical Object Devices (PODs) are
one example. They offer abstraction from the hardware and essentially allow the
users to treat hardware devices as software objects. PODs currently are not capable of
inheritance, which is one of the facets of object-oriented design that offers a great

deal of power.
1.2 Research in the Area

Object-oriented hardware is a relatively new paradigm. Some research has been done
in this area to add abstraction and simplify working with hardware. Physical Object
Devices (PODs) are probably the most advanced hardware abstraction architecture that
we have to date (Sorenson, 2003). PODs give hardware objects a common interface
and the ability to interact and connect without a soldering iron. They allow the user to
treat the hardware much like a software object in the sense that PODs accept
commands and queries and perform tasks on user data or data from their

environment.



OOPic (Object-Oriented Programmable Integrated Circuit) is another set of devices
that are meant to allow object-oriented programming with hardware (OOPic, 2001).
They are able to network together using 12C and access functions that wrap hardware.
However, the only facet of object-oriented programming they offer is encapsulation.
They encapsulate all the hardware functions into an object and abstract the details
away from the user. This is useful, but again, it lacks in some of the more powerful
constructs of object-oriented design.

Phidgets (Greenberg, Fitchett, 2001) are another available hardware/software
interface. Much like PODs, Phidgets have a software programmable hardware
interface. Most of their work has been in applying the ideas of a GUI to hardware.
They have met their goal of abstracting the hardware controls into objects a software
program can use.

Lego MindStorms offer another simple solution to the hardware problem. All the parts
snap together for simple electrical connections. The interface to the sensors and
motors is essentially part of the programming language (it is almost entirely visual,
using icons and flow charts to create program control.) As evidence of the simplicity
of this solution, MindStorms are designed for ages 12 and up.

There have certainly been others that have been working in the area of object-
oriented hardware so we will continue our research in the area to keep up to date with

current advancements and innovations in the field.

1.3 The Need for Inheritance in Object-Oriented Hardware

Current object-oriented hardware, advanced as it is, still lacks some basic object-
oriented design capabilities. So far, encapsulation, abstraction, and data protection

are the only object-oriented principles designers have taken advantage of, yet these

can be done in structural programming just as well. The object-oriented paradigm



has much more to offer than just these two concepts. Inheritance is one of the most
powerful object-oriented constructs, but although structural programming strives to
provide this functionality, it has not yet succeeded. Inheritance in hardware, like
software, can be thought of in two ways: extending implementations and
implementing interfaces. In Java, we would use the keywords extends and implements
respectively to refer to these types of inheritance.

Computer scientists already know and understand the benefits of object-oriented
programming in software. Because we are applying software ideas to hardware, we
can still get some of the same benefits - and one of the most important of these is
inheritance. Inheritance leads to the rapid development of more complex systems
because object extension and implementation offer code reuse and common
interfaces. When developers create more complex systems, they can use object-
oriented hardware to make larger systems without having to completely redesign
when adding or changing a subsystem; if a subsystem breaks, fixing that POD or

replacing it with one of the same interface will be trivial.

2 Thesis Statement

The current state of object-oriented hardware lacks some of the features, such as
inheritance, that make software objects so useful and powerful. Finding parallels in
software and hardware development will enable computer scientists to implement the
prevalent software inheritance models in hardware objects, thus allowing for more

complex POD systems and cleaner POD designs.



3 Methods

3.1 Framework

POD Interface Hierarchy

In order to deal with the variety of PODs that we will encounter, we must create a
versatile hierarchy for interface inheritance. Then, all PODs that implement one of
these interfaces will be compatible with other PODs in the same class. Creating a
good hierarchy and establishing the functions that will be required at each level of the
hierarchy will be essential.

On a basic level all PODs can do the same things. This may be as simple as returning
an APl or a URL where the user can find more information about that POD. Deeper
into the tree, all the PODs in the same class will have at least the same basic interface.
This means that a Graphical Display POD can operate at the same level as a text-only

POD if necessary.

Preliminary POD Interface Hierarchy
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POD Manager and Device Driver

All PODs will be connected by a bus that POD Manager / Application Framework

allows inter-POD communication. The bus s ApuTssiin

we have chosen for our experiments is the

. . . . Socket POD A
Universal Serial Bus or USB. We will write a / e
POD Manager

Linux kernel USB driver to allow direct |70

Policies
POD Pool

access to the PODs. The POD Manager will |

Socket POD B

then communicate with the PODs through 60D USB driver

the USB POD driver. To keep the kernel USB Subsystem
space code small, all communication /
policies will be done by the POD Manager.
POD A POD B
Besides communication control, the POD
Manager allows us to view the POD network
as a tree of connected PODs rather than as cop ¢ b0 b

only a bunch of virtual connections to the
host machine. The tree view can help in enforcing POD manager policies concerning
PODs that are members of other extended PODs. To allow for network PODs and
simulated PODs, the POD manager will also accept socket connections from PODs and
allow them to communicate on the POD network. The Application then only needs to
connect to the POD manager and to get PODs from the POD Pool for use as objects.
POD Communication

POD communication on the most basic level is packet based. Each packet is
composed of a header and a body of length 0 or more. The header contains
information about the packet, such as type, source POD, destination POD, a command,

and more information if needed. The body then would contain any additional



information that the command requires such as function parameters or the return
value of a function.

POD Inheritance

PODs will offer two basic types of inheritance: extension and interface
implementation. As in Java, extending an existing base class gives the new subclass
all the same properties plus anything else that is appropriate to add. To extend PODs,
we can add new PODs as class members to extend the capabilities of the base class.
Java also has interfaces that can be implemented in any way to offer APl compatibility
between classes. The interfaces inherit methods and members from their base

classes.

Extension

Extension is a natural concept for programmers. We take an existing object and add
more features to it by adding new methods or even adding new objects as members.
We could do this in hardware by extending one POD with another. This would create a
new composite object of the base POD with another POD as a class member. The new
composite object would have all the members and methods of the base class as well
as added functionality from the new members and methods. The advantages of
inheritance in hardware are similar to the advantages of inheritance in software. They

include:

1. Encapsulation/protection of member PODs

2. Virtual functions to modify subclass POD behavior

3. Better bandwidth usage for inter-member communication
Implementation
We would like to call implementation a form of inheritance because of the inherited
members from base classes in the POD hierarchy. This form of inheritance does not

deal with creating bigger and better PODs, rather with making sure PODs are



compatible within each class and up the class hierarchy. A POD's interface is specified
by the methods that it inherits from all of its base classes. The programmer simply
fills in the bodies of the methods to do what he needs and anyone could use that POD
because it adheres to the API for its class. For example, say a programmer wants to
use a display with his existing POD. The display has basic functionality such as

set cursor (), get dimensions (), and clear (). Any display that implements
these basic functions could be used by the programmer without further knowledge
about implementation or other methods this display may have implemented.
Therefore, the programmer doesn't need to know the specific interface for any

specific display - all the displays implement the same interface and will work fine.
3.2 Experiments

To show how well inheritance works in hardware objects, we will perform several
experiments. These experiments will use PODs that exhibit the ability to extend other
PODs and implement some common POD interfaces. Some of these PODs we will
create and others we will borrow. The PODs we plan on using for our experiments
include a Text Display POD, a Thermometer POD, a Relay POD, an LED POD, and a
Button POD.

In order to know the requirements inheritance places on PODs and to better see the
benefits of inheritance in object-oriented hardware, we will do some paper designs of
various POD systems. We will take ten systems of PODs and show how inheritance
models can benefits them and study the interactions of the PODs to refine the
communication and structures that POD inheritance requires. These ten systems will
come from a variety of applications that range from distributed networks of PODs to

rapid prototyping designs. The variety involved will not only show how inheritance is



a useful concept, but also show that it works in more complex applications than we
will actually be constructing and testing.

Extension Tests

Extension tests involve testing the attributes that extension offers. The attributes that

will be tested are:

1. Extension of the base class (make sure it still complies with the base class
interface)

2. Encapsulation (make sure the member POD is protected)

3. Virtual functions (make sure a subclass can override the superclass methods)

The Feedback Toggle Button POD — A Textbook Example

The first test is a textbook example that in its simplicity tests all three attributes yet
allows observation of the outcome without the complexity of a truly useful extended
POD. The Feedback Toggle Button is composed of a Button POD that is extended by
adding an LED POD. The behavior of the new POD is that of a toggle button with the
LED lighting up when the button is “closed.” Internally, the is pressed () method of
the Button POD is overridden by a new method that queries the LED POD which keeps
the state for the Toggle Button. We can test encapsulation by trying to directly access
the LED POD. To be sure the subclass can override the superclass's methods, we
check to make sure the is pressed() method returns whether or not the LED is on,
not whether or not the button is actually pressed. Finally, we will test to make sure
the Feedback Toggle Button POD can be accessed as though it were a Button POD to

check for extension properties.

The Thermostat POD — The Sensor/Actuator Class
The entire Sensor/Actuator Class of PODs is not only related in function, but in
composition as well. It is very common in industry, home, and automotive

environments to have a set of electronic components that compose a sensor and an



actuator to monitor and react to external stimuli. Because this class of circuit is so
common, we want to show how simple they can be created using inheritance by
extension with PODs.

We will create a Thermostat POD that extends a Thermometer POD with a Display POD
and a Relay POD. This also shows all three attributes of extension that we are testing,
while at the same time makes a useful POD with very little effort. The Thermostat POD
will offer the same interface that the Thermometer POD does plus member methods to
set the desired temperature, set the temperature thresholds around that temperature,
and turn the heater/air conditioner off. We can perform the same tests as with the
Feedback Toggle Button to make sure that all three attributes are present and show
that the Thermostat POD is in fact a subclass of the Thermometer POD.

Interface Tests

The concept of interface testing is much simpler that extension tests. To test the
interfaces, we will create an application that will make sure each POD implemented
fulfills the requirements of the interface class it belongs to. This application will use
the definition of the class to test the object to be sure it fulfills the required interface.
The application will give feedback as to what functions it is testing and whether or not
the POD responds in an appropriate manner. This test could be very useful to POD

developers to ensure they are producing PODs that comply with the POD hierarchy.



4 Contribution to Computer Science

1. We will show that inheritance can be applied to hardware objects with many of the
same benefits that software inheritance offers.

2. This research will allow computer scientists to make greater use of complex
embedded hardware systems.

5 Delimitations of the Thesis

We will not pursue the following items as part of our thesis work:

1. A software simulation environment,
2. Abstraction of the bus for the POD Manager, or

3. Quality of service and bandwidth allocations of the bus.



6 Thesis Outline

1. Introduction and motivation (2 pages)
2. Overview of related work, referencing similar research (2 pages)
2.1. PODs - Frank Sorenson's research
2.2. Phidgets
2.3. O0Pic
2.4. Lego MindStorms
2.5. Other research
3. Foundational material (5 pages)
3.1. Object-Oriented Software Design
3.1.1. Inheritance Models

3.1.1.1. Extensions - (C++ basic inheritance with or without composition, Java
“extends”)

3.1.1.2. Implementations - (C++ purely abstract classes, Java “interfaces”)
3.1.2. Composite Models
3.2. PODs Overview
3.2.1. Bus
3.2.2. Connection Manager
3.2.3. Communication
3.2.3.1. Broadcast
3.2.3.2.POD to POD
3.2.3.3. POD networks
3.2.4. Chosen hardware - Atmel USB development boards
4. Innovations (10 pages)
4.1. Extension model in hardware

4.1.1. Taking existing hardware and adding new functionality by extending it
with other pieces of hardware.

4.1.2. A very simple hardware extension example - motor/wheel

4.1.3. It is possible to think of many objects in this fashion - a computer extends
a screen and adds input and processing features (a keyboard/mouse and a
CPU)

4.2. Implementation model in hardware

4.2.1. Simplest inheritance model is interfaces, which is very useful



4.2.1.1. POD interface hierarchy
4.2.1.2. Hardware classes inherit interfaces from base classes
5. Validation and analysis of results (5 pages)
5.1. Examples of inheritance by extension
5.1.1. Visit the ten paper example applications
5.1.2. Visit the original Feedback Button and Thermostat PODs
5.1.3. Strengths and weaknesses
5.1.4. Applicability
5.2. Examples of inheritance by implementation
5.2.1. Show how interface testing application works
5.2.2. Strengths and weaknesses
5.2.3. Applicability
6. Requirements of Inheritance for PODs (2 pages)
6.1. Bus requirements
6.2. Internal requirements
6.3. Communication requirements
6.4. POD Manager requirements
7. Contributions of the thesis and discussion on directions for future work (3 pages)
7.1. Bigger, better PODs
7.2. Software design patterns in hardware
7.3. Composite model in hardware

7.3.1. Creating a larger POD by making it the gateway and control of several
other PODs

7.3.2. This is not really an inheritance model, but it is another way of creating
more complex PODs

8. Appendices
8.1. POD communication diagram (3 pages)
8.2. POD hierarchy (20 pages)

8.3. Ten application examples/analysis (20 pages)



7 Thesis Schedule

Thesis Research Goal

Continue literature search and research

Get development boards and hardware working

USB PODs driver written / POD hierarchy diagrammed
Display POD designed and implemented

Keypad POD designed and implemented

Study how PODs fit with extension and interface inheritance

models

Write thesis

Defend thesis

Target Date
Mar 2003

Apr 2003
May 2003
Sept-Nov 2003
Nov-Dec 2003
Aug-Sept 2003

Oct 2003 - Jan
2004

Feb 2004
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2. Alternate USB PODs device driver
3. USB PODs device manager
4. PODs interface hierarchy
5. Example PODs
5.1. Implementations
5.1.1. Display POD

5.1.1.1. Text Display POD - implements Display POD Interface, text only
display

5.1.2. Input POD

5.1.2.1. Keypad POD - implements the Keypad POD Interface, 16 key keypad
5.1.3. Output POD

5.1.3.1. LED POD - implements Output POD interface, controls lighting an LED
5.1.4. Sensor POD

5.1.4.1. Thermometer POD - make sure Frank Sorenson's POD works as a
Sensor POD

5.1.5. Actuator POD

5.1.5.1. Relay POD - implements Actuator POD interface, controls an electrical
relay
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