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ABSTRACT

OBJECT ORIENTED DESIGN WITH PHYSICAL OBJECT DEVICES

Darren Hart
Departmert of Computer Science

Master of Science

Systemsusing networks of enbeddedhardware deviceshave the potertial to be used
for a variety of applications in seral disciplines, from cortrol networks to robotics
researb. Ead device performs somefunction and collaborates with the other devices
to accomplisha task. In order to build sud systems,dewelopers are required to draw
on knowledge from a variety of elds, sud as circuit designand analysis, enbedded
programming, networking, and software engineering. Dewvelopers with all of theseskills
arerare, and the time required for othersto learn the required skills slovs developmen
time and increasescosts.

If these hardware devicescould be viewed as software objects, then programmers
could apply their current skills and designmethodologiesto the dewelopmen of embed-
deddevicenetworks, reducingthe problemto the application of object-oriented software
engineeringprinciples. This thesis dealswith the problem of de ning the requiremerts

of a software object, the parallelism between a hardware and a software object, and



the implemertation of a hardware / software framework for building enmbeddeddevice

networks using intelligent hardware devicescalled Physical Object Devices,or PODs.
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1 INTR ODUCTION

Designingand implemerting networks of embeddeddevicesis currerntly a complexcross-
disciplinary undertaking, involving software architecture, embeddedprogramming, and
custom electronics. Finding dewelopers with all theseskills is di cult to say the least,
andtraining newonesis expensiwe. If thesehardware devicescould be treated assoftware
objects, the problem would reduceto the application of good software designprinciples
and techniques. Seeral questionsmust be addressedoeforethis will be possible. The
degreeto which hardware devicescan parallel software objects is not clear, nor is the set
of requiremerts object-oriented designplaceson objects. By determiningthis parallelism
and implemerting the required featuresin a set of hardware devicesand a supporting
software framework, we can greatly simplify the designof sud networks. The following
paragraphspresen two exampleswhich motivate researt in the areaof object-orierted
hardware.

As an undergraduatein the Computer Engineeringprogram at Brigham Young Uni-
versity, the author, aspart of a team, designedand implemerted a prototype Embedded
Mobile MP3 Player (EMMP) [1]. Figure 1.1 is a photograph of the completed EMMP
prototype. This project involved seeral electronic devices,all with di erent protocols,
power requiremerns, interfaces,etc. The Vacuum Fluorescen Display (VFD) usedsev-
eral wires of the parallel port to sendand receive data and commands. The library
that shipped with the VFD was not very functional, so the team had to write their
own. The button paneland keypad decaler consistedof two custom-designedwo-sided
circuit boards, an RS-232serial interface and protocol, and another custom library to
read keystrokes. The FM radio fortunately usedthe USB bus and protocol, but the

team had to learn the video4linux API to useit, adding another layer of complexity to
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Figure 1.1: EmbeddedMobile MP3 Player prototype

the project. The list would go on if the team hadn't decidedon a motherboard with
a built-in hard drive cortroller, audio system,etc. Only after all of thesedeviceswere
working could the team focus on the application itself. If the VFD, button panel, and
radio had all conformedto a known object-orierted interface,and preseried themselhes
to the application as software objects, the team could have spert more of their time on
the application itself.

The hypothetical Silverjadk Ski Resortcasestudy discussedn \Em beddedLinux" [2]
provides a more complex example. The resort is high-tedh, using all sorts of enbedded
devicesto report temperature, visibility, and more to the guestsas well as provide the
facility personnelwith the information and tools they needto maintain snow levelsand
other sudh things. There areten lifts which must be managed,eat with varioussensors,
cameras,actuators, etc. Craig Hollabaugh, author of \Em beddedLinux" [2], takesthe

approad of placing singleboard computersall over the resort, eat commnunicating with
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Figure 1.2: Silverjack Resortlayout

various devicesusing various protocols (ead one being similar to the situation found
with the EMMP mertioned earlier). The job of the dewelopers could have beengreatly
simpli ed if ead of thesesensorscould have beentreated asan object, and ead sensor
group (ead lift for example)could have beentreated asa composite object. Figure 1.2

diagramsthe layout of the hypothetical Silverjadk Resort.

1.1 Specialization

As mertioned earlier, dewelopers with all the skills involved in the dewelopmen of
networks of embedded hardware devicesare rare. Dierent disciplines use di erent
processesmethods, and strategiesto accomplishtheir goals. The level of cross-discipline
interaction, especially involving computersand embedded systems,is increasing. Non-
programmersoften nd themseheslearning more programmingthan they would like to

accomplishtheir goals,and experiencedapplication programmersoften nd themsehes
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dealing with the low-level interfacesof integrated circuits and designingsomeamourt
of custom circuitry.

Part of what makesprofessionals cient is their ability to masterthe processesnd
methods usedin their eld. Learningthesepatterns canbetime consuming,and becom-
ing pro cient with them can take yearsof experience. Clearly, cross-disciplineprojects
have the potertial to be very time consumingas the dewelopers have to familiarize
themselhes with the dewelopmen patterns of seweral disciplines. In somesituations,
the dewelopers are unwilling or unable to learn the skills of other disciplines. Dr. Dan
Olsen (Computer Scienceprofessorat Brigham Young University) said oncein an in-
terview with the author, \Soldering is in nitely hard," a seriiment hardly conduciwe
to any low-level enmbeddeddevice developmen. There are many projects that involve
incorporating a network of embeddeddevicesto produce an aggregatedevice, sud as
a cortrol network, any of seweral robotic applications, or somethinglessobvious like a
DVD player or a home media network. All of theseexamplesinvolve programming, or
may be the meansto explore new areasof software (the medanical robot providesthe
physical componert of Al researf, interior mapping, etc.).

Computer scierists make useof software designpatterns [3], a setof genericsolutions
to seeral classef problems,in their designof new software padkages.By using a well-
de ned and tested pattern to solve a problem, the programmersavestime by not having
to reinvent the wheel, makesit easierfor other programmersto maintain the code, and
reducesthe chancesfor bugs. If programmerscould apply the dewelopmen methods
they are already pro cient with to the designof enbeddeddevicenetworks by treating
eath pieceof hardware like an object, the proven bene ts of object-oriented designand
patterns would apply to theseprojectsaswell. Thesebene ts include fasterdewelopmert
times, more easily maintainable code with fewer bugs, and smaller codebases.

A reasonablejuestionto askat this point is\Why isit a problemfor the programmer

to learn about hardware?" There are seeral good reasons. From a strictly software
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viewpoint, enbedded programming is vastly di erent from application programming,
and the deweloper working on creating a systemfrom a network of enbeddeddevicesis
in essencean application programmer. First of all, embedded programming is a much
more low level form of programming. For very small devices,the programmermay not
even have the bene ts of an operating system. There are generally a lot of platform
dependert macrosusedfor memory managemet and other tasks typically handled by
the operating system. Embeddedprogrammersoften nd themsehesworking with very
di erent memory layouts than application programmers, and it isn't uncommon for
them to deal with the processorregistersdirectly. Input and output is typically bit
or byte oriented, with lots of calls to outb and inb with logically anded parameters
for sending data or issuing cortrol commands. Embedded targets are also typically
\resource challenged,"” possessingnuch lessmemory and processingpower than desktop

computersor seners.

Aside from the starkly di erent programming model of embeddedsystems,dewelop-
ersare generallyrequiredto have someknowledgeof circuit analysis,design,and layout.
They must be able to read and understandintegrated circuit datasheetsand schematics
and usethat understandingto debugthe circuits of the enbeddeddevice (which may
or may not be of their own design). As an example, many, many hours were spert
over the courseof this researtr building a programmer for a dewelopmen board. The
documertation was unclear and verbose,the programmer device schematic was incom-
plete, and one of the boards was missing a neededtrace (wire connectingtwo points
on the circuit board). Experiencewith oscilloscos, logic analyzers,voltmeters, logic
testers,and other electronicanalysistools were necessarysimply to get the programmer
working! Add to this the complex eld of power (supplying the proper voltage, with
minimal ripple voltage, with su cient currernt, etc.) and it is clear why an application
programmer would rather focus on designingthe systemrather than delving into the

eld of embeddeddewelopmer.



1.2 Thesis Overview

The vast amourt of researb and experiencerequired to use embedded hardware
devicesaswell asthe frustrating debuggingprocessjust mertioned hasled usto seard
for ways to simplify the useof embeddeddevices.lIt is natural to think of theseembedded
devicesasobjects, which perform a certain set of operationsand know somespeci ¢ bits
of information. Both software objects and hardware devicesreceive commandsand
return results. Software objects do this via member methods while many hardware
devicesdo this through a devicespeci ¢ wire protocol. While software usespointers and
referenceso accessobjects, the hardware objects typically only provide one physical
connection,which inhibits inter-devicecomrmnunication. Theseare just someof the more
obvious parallels and distinctions between hardware devicesand software objects. In
order for programmersto be able to designto an object-oriented API, thesehardware
devicesmust behave like objects.

The extent to which hardware devicesparallel software objects must be determined,
aswell asthe functional requiremernts typical object-oriented designplaceson software
objects. The appropriate intelligencemust then beimplemened in the hardware devices
and supporting software to allow them to behave as software objects to the extert
requiredby thesedesigns.Wereferto the resulting devicesasPhysical Object Devices,or
PODs. PODs are enbeddeddevices(often involving sensorsor actuators) that perform
somefunction and can comnunicate with other PODs on their network. PODs may
monitor temperature, provide a cortrol panel, display text or images,sounda buzzer,
or perform any other task an enmbedded device is capable of. PODs greatly simplify
the designof enbedded device networks by enabling the designerto employ familiar
object-oriented software designtechniques,treating hardware devicesjust like software
objects, rather than being required to delve into the methodologiesof other domains
with which they are lesspro cient.

The remainderof this thesisis outlined asfollows: chapter 2 toucheson prior work in
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the areasof simplifying hardware, distributed object managemet andrelated PODs re-
seard. Chapters3 and4 de ne the requiremerts of software objects through an analysis
of object-oriented theory and practical application. An investigation of the requiremerts
software designpatterns placeon objects senesasthe basisfor the practical application
analysis.

Chapter 5 descrikes the architecture and implemertation of the POD ervironmert
and includesan examplePOD network. The POD ernvironmernt is an application frame-
work which provides the properties and facilities deemednecessaryfor object-oriented
designin the previouschapters. The examplePOD network makesuseof designpatterns
with hardware objects to demonstratethe functionality of the framework.

Chapter 6 preseits a summary of the resultsand conclusionsdrawn from them aswell

astopics for future researb and elds which may bene t from this researb endeaor.






2 PRIOR AND RELA TED WORK

Our PODs researt builds on the conceptsof object-oriented software (such as abstrac-
tion, encapsulation,and reuse),distributed object managemet; and the simpli cation

of hardware devices.Someof theseconceptshave beenimplemerted in production qual-
ity systems.A few groupsare exploring similar areasof researt, including two projects
relating speci cally to PODs. The following paragraphsdescrike theseprojects and how

they relate to our researb.

2.1 Toys

Toy companieshave worked to simplify the use of hardware devices. Many motor-
ized construction kits, like thosefrom K'NEX [4], provide a set of snap-togetherpieces
(bars, elbows, etc.) that can be conmbined with motors to createrobotic systems. The
systemsare limited to a few motors and must be manually cortrolled via buttons and
switches. Lego Mindstorms combine Legos, motors, light sensors,and touch sensors
with a microcortroller and an extremely high-level programminglanguageto allow hob-
byists to design, build, and program unique robotic creations. The individual devices
are unaware of ead other and comnunicate directly with the certral microcortroller,
which only allows up to three motors and three sensorg5]. PODs will o er a lessrigid

infrastructure, allowing for an arbitrary number of hardware objects of any type.

2.2 Distributed Object Management and Control Networks

Much e ort hasbeeninvestedin using object-oriernted designtechniques,including
software designpatterns, to construct applications for cortrol networks. Typically, the
logic and communication is handledvia large, complexsoftware layers suc as CORBA.

As the cost of microprocessorsdrops and the speed and computing capacity increase,
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Figure 2.1: POD Model vs. CORBA Model

much of the work done by these software layers can be pushed down to the devices

themsehes|[6, 7, §].

CORBA, CommonObject RequestBroker Architecture [9], dealswith using objects
in distributed systemsand the problemsassaiated with referencingand passingmes-
sagesbetweenthose objects. Both the POD and CORBA models must deal with how
to passrequestsand marshal parametersto ertities outside the immediate scope of the
running program (due to the object implemertations residing outside the memory space
of the currernt program, or even the local maciine). CORBA usesObject RequestBro-
kersto passrequestsand parametersbetweenprogramsor acrossnetworks to wherethe
software object implemenation resides. The PODs model usesthe POD Manager to
passrequestsand parametersdirectly to a physical object (a hardware device) rather
than another software object. Figure 2.1 preseits a diagram comparingthe POD and
CORBA models. This researé is primarily concernedwith what thosehardware devices

must be like in order to function in this type of an ervironmert.
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2.3 Related Research

Physical User Interfaces, or Phidgets, are a set of hardware user interface devices.
Like PODs, they abstract the low level hardware from the end user, providing userinter-
face(Ul) designerswith afamiliar API. Phidgetsare specializedfor Ul componerts and
have a large number of dependenciesjncluding COM, Active-X, and Visual Basic [10].
Our intent is to demonstrate the domain-independen applicability of object-oriented

hardware while keepingdependencieto a minimum.

As integrated circuits becomemore complex and expensiwe to design,someobject-
oriented techniques,sud asdesigningto an API and reuse,canpotentially reducedesign
costs. With newer integrated circuit (IC) manufacturing processesnaking it possibleto
reliably and a ordably placemillions of transistorson a singlechip, so-calledSystemson
a Chip (SoC) are becomingmore prevalert. SoCsincorporate what usedto be se\eral
ICs into a singledesignand a singlechip. This hasled to what are known asIP Blocksor
cores hardware and software componerts that encouragereuseof IC designs.SoCsare
becomingmore commonwith cortinued e orts by organizationslike VSI Alliance [1]] to
move the industry in that direction. Thesee orts include providing speci cations and
standards with which companiescan design CAD tools, manufacturing processesand
fabrication facilities. The primary di erence betweenIP Blocks and PODs is the level
of abstraction. IP Blocks abstract the circuitry of a single chip to simplify the job of
the circuit designer,while PODs abstract the physical componens of an ertire network

of embeddeddevicesto simplify the job of the application programmer.

Al Davis, professorand assaiate director at the University of Utah's Computer
ScienceDepartmert, and others are working on what they call Gizmolayy [12]. Both
Gizmology and PODs aim to simplify the interface to hardware devicesand facilitate
rapid prototyping of embeddeddevicenetworks. Gizmology seemgo be focusedon low-

power circuits, asyndronouscircuit interfaces,and e cien t input/output architectures.
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PODs, on the other hand, are focusedon making object-oriented designmethodologies
apply to the systemsbuilt from theseembeddeddevices.
2.4 PODs Research

Many of the solutions just mertioned are either domain speci ¢ or limited to small
scalesystems. Se\eral only provide for reactive devices- devicesthat respond to an
application but cannot initiate requestson their own. PODs promise to be domain
independen by not placing any requiremerns on the type of objects that canbe created.
PODs will be applicableto larger networks as well sincethere will be no limits placed
on the number of PODs supported by the framework. In true object-oriented fashion,
PODs will be ableto initiate requestsof other PODs, not just respond to requestsfrom
an application.

There are currertly three PODs-related researt projects being conducted. Frank
Sorenserhasprototyped seweral simple PODs asa proof of conceptand written a library
(libPOD) to passmessagedetweenthe application and the PODs [13. Howewer, his
ervironmert doesnot allow for direct commnunication between PODs. Vernon Mauery
is currertly working on various inheritance models for hardware objects [14]. Neither
has explored the parallelism between hardware and software objects, nor have they
attempted to determinethe properties and medanismsthat object-oriented designre-
quires of software objects, and therefore hardware objects. Figure 2.2 preseis a basic

view of the collaboration betweenthesethree aspects of POD researa.
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Figure 2.2: POD Collaboration Diagram
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3 OBJECT-ORIENTED THEOR Y

Powerful computing resourcesare becomingmore readily available every day and soft-
ware complexity is increasingto take advantage of those resources.New programming
methodologieshave ewlved from the needto make more complex software easierto
write and maintain. Pure macdine code was replacedwith asserbly, asserbly with
higher level languages. Se\eral design methodologieshave been dewloped which in-
struct programmershow to e ectively usethose higher level languages. Data-oriented
designgroups like piecesof data together. Procedural programming groups blocks of
code together into methods. Combining both like data and the methods that act on
that data together goesone step further, creating a self-conained object aware of its
data and behavior. Add to this the conceptsof information hiding, message-sendn-
heritance, and polymorphism, and the result is a generalde nition of object-oriented
programming. Object-oriented programmingis often calledthe mostimportant advance

in software technology of the 1990s[15].

3.1 Object Basics

Three fundamenal properties of software objects are encapsulation,information hid-
ing, and message-sendlhesethree properties group related data and methods together
as object memnbers, provide accessortrol to thesemenbers, and provide for comrmuni-
cation betweenobjects.

The act of grouping data and methods togetheris commonlyknown asenapsulation
This level of abstraction not only simpli es the life of the programmerby compartmen-
talizing software and making it easierto manage,but it alsofacilitates communication
betweensoftware dewelopersand non-tedinical people(suc asexecutivesand endusers).

It enablespeopleto think of software in terms of objects that are analogousto tangible
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Encapsulation Information Hiding

Public Interface
Methods

Data Methods
Private Implementation

Data Methods

Figure 3.1: Encapsulationand information hiding

real-world things, like buttons, panels, displays, shapes, and even people. Anthropo-
morphism, \the represetation of objects...ashaving human form or traits" [16], is not
uncommonin modern software design. Using he or sheto referencean object or class
in a designis quite common, even natural. Encapsulationaids in conceptualizingand
dealingwith complexity [17].

While encapsulationwraps like data and methods into an object, information hid-
ing provides accesscortrol to that information. Although often overlooked in favor of
inheritance and polymorphism, information hiding is likely the single most important
conceptof object-oriented programming. A good abstraction preselis only the necessary
information and hidesthe rest. Information hiding makesit possiblefor an object to
declarewhat it can do, while hiding the how (the details of its implemertation). Eadch
object hasa public interfaceand a private represetation [17](or implemertation). This
approad has many advantages. First, it facilitates communication between objects,
sincethey neednot concernthemseheswith the details of other objects. All they need
to know is what eat object cando, and they caninteract with it accordingly Thus, the
object is freeto changehow it implemerts its public interface. Private methods are also
free to changetheir implemenation while preseriing the sameinterface to the object.
This facilitates bug xes and performanceenhancemets, and is absolutely crucial to
the well-known conceptsof inheritance and polymorphism. Figure 3.1 illustrates the

relationship betweenencapsulationand information hiding [17].
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Communication betweenobjects must be donethrough the public interfacesde ned
by ead object. This is accomplishedby sendingmessagebetweenobjects, an approah
known as message-sendA messageonsistsof an object iderti er, an operation hame,
and its required argumeris[15]. When an object needsinformation (or an action per-
formed), it preparesa messageand sendsit to the appropriate object. The receiver
decalesthe messageexecutesthe appropriate method (as de ned by its private imple-
mertation) and optionally returns the appropriate results. The term signature is used
to de ne the name of an operation, the typesof all its argumerts, and the type of its
return value. The simplestform of messaggassingimplemerted by most modern pro-
gramming languagess doneby placing all the parameterson the stadk and jumping to

a function entry point in memoryto start executinginstructions.

3.2 Inheritance and Polymorphism

Probably the two most well-known and useful aspects of object-orientated program-
ming are inheritance and polymorphism. Inheritance enablesa classto sharethe data
structures and methods of another. There aretwo principal forms of inheritance: deriva-
tion and composition. With inheritance through derivation, a commonset of methods
and data can be de ned in a baseclass. Derived classesle ne more data and methods
to augmen the functionality provided by the baseclass. As an example, considera
graphical toolkit. The baseclass,widget, provides information regarding location and
size. The classbutton derivesfrom widget and addsthe data menber, pressé, to indi-
cate whether the button is being held down; it also addstwo methods, on_press() and
on_release(), which perform a speci ¢ action when the button is pressedand released,
respectively.

Inheritance through composition takesa di erent approad to augmerting classfunc-
tionality. Rather than deriving from a baseclass,a new classwill just include se\eral
classesas menbers and wrap their functionality. With this approad, the button class

we just mertioned would not derive from widget. Instead it would have a widget as a
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Derivation Composition

widget button
I i )
OC.atIOI’l widget
size
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[F size
on_press()
button on_release()
on_press()
on_release()

Figure 3.2: Inheritance by derivation vs. inheritance by composition

member variable and provide all the samemethods widget does as well as on_press()
and on_release(). The duplicated widget methods are simply forwarded to the widget
member variable. The two approatescan be summarizedin this way: with derivation
a button is a widget, with composition a button hasa widget. Figure 3.2 llustrates the

distinction.

Polymorphism extendsinheritance by derivation by addingthe ability to override the
baseclassmethods with methods speci ¢ to the derived class. One of the most common
examplesis that of the shap object hierarchy. All shapes have an x,y origin and a
draw routine (data and a method). The squae and circle classesderive from shape,
making use of the baseclassx,y origin, but they rede ne the draw method to draw a
squareor a circle, respectively. When a method is invoked on an object that is part of a
polymorphic hierardy, the systemmust determine which of all the like-namedmethods
should be invoked. The systemmust be ableto nd the implemertation of ead of the

classmethods in the hierardy.
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3.3 Object-Orien ted Supp ort

Object-oriented systemsmust provide a medanismto uniquely iderntify and locate
objects. Theseiderti ers arecalledpointers and are usedthroughout any object-oriented
design. Pointers can be implemerted assimple memoryaddresseglikein C or C++), or
more like a handle or an id that the systemcan useto locate objects (like in CORBA).
Composite objects use pointers to referencetheir menber objects. Sendingmessages
betweenobjects requiresthe useof the pointer medanismto determinethe location of
the target object. Determining the correct method to call from a classhierardy, aswith
polymorphism, requiresthe useof pointers.

Binding is the processby which the object is located from a pointer. Binding canbe
either static (compile time) or dynamic (run-time). Someaspects of object-orierntated
programming, sud as polymorphism, require dynamic binding[15].

As is always the casewith complex systems,there must be a medanismto handle
failure. An object may not be able to fulll a requestfor somereason,another may
fail to be created, another may disappear from the systemfor one reasonor another.
Thesecasesshould be handledgracefully Exceptionsare objectsthat carry with them a
messagand the necessarydata to report a failure. When a messageannot be handled
as expected, an exception should be thrown instead of returning the expected return
type. By declaring possibleexceptionsasseiated with eath method, the senderof a
messagean be preparedto handle ead type of exceptionthat may occur.

3.4 Distributed Object-Orien ted Software

Software that runs on one machine can handle many of the object-oriented program-
ming requiremens with fairly simple means. When objects start to span madines,
networks, and corporations, the task of implemertation becomesmore di cult. Object
pointers can no longer be simple memory references,so the binding processbecomes
much more involved. Messagegan no longer be handled by pushingthe parameterson

the stadk and jumping to the method entry point.
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The Object Managemen Group (OMG) hasput forth considerablee ort in de ning
the CORBA [9], Common Object RequestBroker Architecture, standard which handles
distributed object-oriented software with the goal of enabling interoperability between
software from di erent vendors[15]. At the heart of the Object Managemen Architec-
ture is the Object RequestBroker (ORB). The ORB receivesa messagdrom an object,
locatesthe receiving object, encalesany parametersand delivers the request. The re-
sponse,if any, from the receivingobject is then relayed badk to the sendingobject. The
ORB is implemerted so that the location of object implemertations is transparert to
the other objects in the system.

The OMG doesnot de ne how this architecture shouldbe implemerted, how param-
etersshould be encaded into a messagdor delivery, over what medium and with which
protocol that messages delivered, etc. Becauseof the many similarities between dis-
tributed object managemen and networks of hardware objects, this architecture senes
as a resourcefor determining what sort of functionality will be required of a system

implemerting objects in hardware and applicationsin software.

3.5 Hardw are/Soft ware Parallelism

Using hardware devicesas objects presens someof the sameproblemsthat arise
with distributed object managemenh Object pointers can no longer be implemened
with simple memory referencesas the devicesthat act as objects are independert of
the local system'saddressspace. A physical hardware object also di ers from a pure
software object in its represetation. Software objects are just regionsof memory which
can be referencedmore or lessfreely throughout an application. Hardware, on the other
hand, is more permanert and can't be simply referencedin memory A medanismto
uniquely identify and referenceead hardware devicewill be neededn orderto treat the
deviceslike software objects. Like distributed software systems,parameterssent with
messagesvill needto be encaled in someway and transmitted to the hardware object

for decaling.
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Someobjects are only feasiblebecausehey are implemerted in software. Memory is
abundart sojust about any software conceptcan be implemerted as an object. Hard-
ware, on the other hand, is not asreadily available, soit only makessensego implemert
in hardware those objects which needa physical presencen the real world to perform
their function. Hardware objects are not as con gurable as software objects, because
some of their attributes may be permanen. Consider a temperature sensorthat is
mourted on a wall in a particular room. It is impossibleto relocate the physical sensor
in software, while a software object could be relocated simply by adding a location()
method to the class. If we wanted to add a display to the sensor,we would needto
physically attach and wire an LCD panel to the sensor,while in software the object
could be replacedwith a more functional derived object that provided visual output.

The conceptof instantiation is considerablydi erent for hardware devicesthan it
is for pure software objects. The physical hardware exists whether the application has
requestedit to be instantiated or not. It still exists after the software has destroyed its
referenceto it. Becauseead instantiation of an object must be attachedto a hardware
implemenation, the software canonly instantiate asmany objects asthere are hardware
devicesto support them. Becausesomeof the hardware attributes are permaner (such
as the location of the temperature sensordiscussedabove) a medanism should exist
to provide somecortrol over which available hardware deviceis attached to a newly
instantiated object.

Hardware objects presen a particular problem for inheritance models. Inheritance
through composition is certainly possiblewith hardware objects, but inheritancethrough
derivation and polymorphism prese a more di cult problem. For instance,whereare
the baseclassmethods located? How doesthe systemdetermine which to run? These
are important questionswith regardto object-oriented programmingin hardware, since

inheritance is a critical aspect of most de nitions of object-orientated programming.

Multiple inheritance is of unique importance when dealing with physical objects
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rather that software objects. Object composition is often preferableto multiple inheri-
tance with software objects becausat simpli es the classhierarchy and eliminatessome
of the nastier bugsthat can arisewith multiple inheritance. Creating a new object that
doesnothing but add somesimple behavior and cortrol another existing classasa mem-
ber object is alogical approad in software. In hardware, howeer, this approad implies
the addition of another physical device(microprocessormemaory communication ports,
etc.) just to add behavior. Multiple inheritance enablesthe programmerto usea single
hardware devicethat implemerts the new behavior in addition to that of the existing
class. This object can then be referencedn the systemas either of the two types.

For a more detailed analysis of hardware inheritance models, seeVernon Mauery's
thesis[14].
3.6 Summary of Requiremen ts

In this chapter we have discussedse\eral aspects of object-oriented programming.
The following list summarizesthe requiremens a system using hardware deviceswill

needto addressin order to be consideredtruly object oriented.

Encapsulation

Information Hiding
MessageSend

Parameter Encoding
Inheritance and Polymorphism
Pointers and Binding

Exceptions

Chapter 4 cortinueselaborating on theserequiremerns through an analysisof applied

object-oritened programming with software designpatterns.
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4 SOFTW ARE DESIGN PATTERNS

A completede nition of object-oriented programmingmust include not only the require-
merts determinedfrom the theoretical analysisof chapter 3, but alsothose determined
by an analysis of practical object-oriented design. Software design patterns [3] de ne
seeral generic solutions that can be applied to a broad range of object-oriented de-
sign problems. With design patterns, dewelopers can often adapt an existing solution
by accurately de ning and classifyingtheir problem, rather than dewloping a custom
solution. Using a well-de ned solution shortensdewelopmen time, reducesthe chance
for bugs, and makesit easierfor othersto maintain the software. Design patterns are
creational, structural, or behavioml in nature; they cover a broad spectrum of practical
object-oriented design problems. Becausethese patterns can be studied individually,
and the demandsthey place on software objects can be readily tabulated, they pro-
vide a conveniert basefrom which to study the practical application of object-oriented
programming.
4.1 Patterns and Hardw are Ob jects

The de nition and discussionof software designpatterns is not the purposeof this
analysis, and se\ral individuals have already documerted se\eral useful patterns. We
refer the interested readerto Gregor [18], Cline [19], and Gamma et al. [3] for more
detailed discussionsof individual patterns. Here we will discussthe generalintent of
creational, structural, and behavioral patterns and indicate how selectpatterns might
be usedin a POD network.

The rst categoryof patternsis creational. \Creational patterns abstract the instan-
tiation process"[3]. They facilitate the construction of complexobjects by providing a

higher level of cortrol over the instantiation process.The creational patterns de ned by

23



Erich Gammaet al.[3] include: abstiact factory, builder, factory methal, prototype, and
singleton Marshal Cline de nes the namel constructor pattern in the C++ FAQ Lite
[19].

When deweloping a POD network, dewelopers will likely wish to parameterizethe
construction of an object to cortrol which implemenation it is bound to (considerthe
temperature sensorexample mertioned in section 3.5). An abstract factory could be
usedto selectbetweensimulated PODs (implemerted in software) during developmen
and real PODs for testing and deploymert. A singletonis usefulwhenthere is only one
hardware implemertation of an object usedby many other objects in the system, such
asan alarm, an ambient temperature sensor,or a power supply. Thesepatterns can be
usedin conbination to construct complex objects; named constructors, builders, and
factory methods can be usedto piecean object together accordingto the situation and
cortext.

The next categoryis structural. \Structural patterns are concernedwith how classes
and objects are composedto form larger structures. Structural class patterns usein-
heritanceto composeinterfacesor implemenations. .. Rather than composinginterfaces
or implemenrtations, structural object patterns descrike ways to composeobjects to re-
alize new functionality” [3]. Most of the structural patterns we will discussare object
patterns. The structural patterns de ned by Erich Gammaet al. [3] include: adapter,
bridge composite, decorator, facade yweight, and proxy.

Structural patterns sud as the facade and decorator enhanceobject commnunica-
tion and add responsibilities. A facadeprovidesa commonobject through which other
objects can commnunicate with a group of related objects managedby the facade. A
facademight provide a corveniert interfaceto a subsystemof PODs, for example,and
could be implemerted as a software object or as a hardware object that forwards re-
guestsalong to other hardware objects. A decorator wraps an existing object to add

functionality and responsibilities without modifying its external interface. For example,
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a debug decorator might sit between PODs, intercepting requestsand displaying use-
ful information. Finally, \b ehavioral patterns are concernedwith algorithms and the
[comnmunication and] assignmen of responsibilities between objects” [3]. Many behar-
ioral patterns encapsulatedike operationstogether into objects, rather than distributing
them acrossa classhierardiy. Others provide for loosercoupling by introducing a level
of indirection betweenthe senderand receiver. Someof the beharvioral patterns de ned
by Erich Gammaet al. [3] include: chain of resmnsibility, command mediator, me-
mento, observer state strategy, templatemethal, and visitor. DouglasGregoro ers one
de nition of a managedsignalsand slots pattern in the C++ Boost Libraries [18].

Chain of responsibility enablesthe senderof a requestto be ignorant of which object
will receive and handle the request; an object receives an evert and either handlesit
or passest up the hierarchy to be handled by another object. This pattern is often
employed in user interface widget hierarchies and could be just as easily applied to
interfacesbuilt from PODs, much like Phidgets [10].

The obsener pattern registersan arbitrary number of objects that are interestedin
a changeof state in another object; wheneer the latter object undergaesa change of
state, it noties ead of its obseners. This pattern could be usedto update se\eral

display PODs whenthe data they are interestedin changes.

4.2 Pattern Analysis

In orderto verify and ne tune our list of object-oriented requiremens from chapter
3, we examineead of thesepatterns for the requiremens they place on objects. Table
4.1 presetts the results of our study in a corveniert form; it lists seweral software design
patterns acrossthe top and object-orierted properties and medanisms down the far
left column. Note that the patterns are grouped into the principal categoriesalready
discussed:creational, structural, and behavioral. A *' at B:4 indicatesthat the pattern
in column B requiresthe property in row 4. A '-' indicates a possiblerequiremen,

depending on the implemenation.
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First, obviously, any program, object or routine that needsto issuea command
to an object must rst be able to idertify and locate that object. Referencesare the
medanismthrough which PODs areidenti ed and are thereforea requiremen for every
pattern.

While encapsulationis certainly a crucial aspect of object-oriented programming, it
was marked asrequired only if a pattern explicitly dependedon it to function properly.
Patterns like factory method and strategy encapsulatea procedureor algorithm and de-
pendon that functionality being contained within the classor subclasses.The yw eigh
pattern, howewer, dependson part of its state being external to the classand is clearly
not dependert on encapsulation.

Information hiding was only marked as necessaryfor patterns that could only func-
tion by cortrolling accesdo their menbers. The singleton, for example,cortrols access
to a single instance of a class. Without information hiding, the singleton wouldn't be
able to perform this function.

Accept and issue commands arguments and return value are componerts of the
messagesend property discussedin chapter 3. Every pattern employs objects with
methods, thereforeead requiresthe ability to acceptcommands.Most patterns require
objectsto comnunicate with ead other, requiring the ability to issuecommandsaswell.
Only a few patterns actually require the use of argumers in the method invocations.
Flyweight must receiwe its state from another object and, thereforeit requiresthe useof
argumerns. The creational patterns all construct an object and return a referenceto it,
but there is little explicit needfor the return value property outside of those patterns.

The two types of inheritance properties, implementsand extends dier in a way
that greatly impacts the implemertation of the PODs framework. Implemerts requires
eah concreteclassto implemen a set of methods. Extends allows a derived classto
depend on its baseclassto implemert someof the required methods. This latter form

of inheritance would require the framework to seart for the appropriate method to
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call, while the former requiresno sud searti. We marked a pattern as requiring the
implemerts form if it dependson morethan oneclassimplemerting a particular interface;
it is marked as requiring the extendsform only if its function explicitly requiresa base
classto implemert somedefault behavior for the concreteclasses.Table 4.1 makesiit
clearthat all software designpatterns require the implemerts form of inheritance, some
canbenet from the extendsform, and a few require the extendsform.

Constructors are clearly a required medanism in any object-oriented system, but
certain patterns require them explicitly. Objects that are responsiblefor creating other
objects must be able to cortrol their construction with a set of parameters. Speci cally,
the creational patterns and memero require the ability to instantiate objects via the

constructor medanism.

The value of multiple inheritance is a topic of somedebate among object-oriented
experts. As evidencedby table 4.1, multiple inheritance is by no meansa requiremen
for the successfulapplication of any one software design pattern. Howewer, patterns
are seldomusedby themsehes, most often being combined with seweral other patterns
and classedo completea system. If not exactly a requiremen, multiple inheritance is
still more than just a corveniencewhen dealing with physical objects for the reasons
discussedn chapter 3.

Lastly, we touch on a few dark cornersof object-oriented programming: desp copy,
names@ces and friends. Deep copy is only required by the prototype pattern and is
simply the completecopying of an object, including the copying of any menmber objects,
not just their references Deepcopy, and consequetly prototype, areonly of questionable
utilit y when dealing with hardware objects. As mertioned before, hardware objects
have somepermanen, non-copyable properties which make hardware objects di cult
to duplicate. Namespacesre a medanism that can be usedas another layer of access
cortrol by making certain methods available only to a particular subsetof the classeshat

make up an ertire system. Similarly, the friend medanism enablesa classto empower
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another classto accessts private menbers. While corveniert in somesituations, some
discipline on the part of the programmer can eliminate the needfor namespacesand
friends. None of theseless-knavn aspects of object-oriented programming are required
to successfullymplemert the patterns discussechere (with the exceptionof Prototype).
4.3 Summary

It is not the intent of this chapter to arguefor or againstthe useof software design
patterns asan e ectiv e tool for software dewvelopmen. We acceptthe fact that they are
often employed for this purposeand are thereforea good subject for an analysisof the
requiremens of practical object-oriented design.

Referringbadk to our discussionof the variousrequiremerts listed in table 4.1, we can
ree\aluate our list of object-oriented designrequiremens from chapter 3 and elaborate
on them as necessaryFor corvenience,the list of requiremens determinedin chapter 3

is duplicated here.

Encapsulation

Information Hiding
MessageSend

Parameter Encoding
Inheritance and Polymorphism
Pointers and Binding

Exceptions

It is clear that encapsulationand information hiding are critical aspects of object-
oriented programming, but interestingly enough,they are not requiredfor every pattern.
Newertheless,a su cient number of the patterns studied depend on one of these prop-
ertiesasto requiretheir presencen a functional object-orierted framework. The imple-
mertation of thesetwo requiremens will comeat very little cost sincethe very nature

of the hardware devicesgroupsdata and operationstogether and restricts accessstrictly
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to the interface the hardware de nes. It would be nigh unto impossibleto retrieve an

internal variable from a hardware devicethat did not provide a meansof access.

We examinethe requiremens of messageendin more detail with acceptcommands,
issuecommands,argumerts, and return value. It is no surprisethat ewery pattern re-
qguiresthe ability to acceptrequests. Theserequestscould originate from a procedural
program, but in order to fully utilize eat of these patterns, the objects themsehes
also needto be able to issuecommandsto one another. This is especially true with
the behavioral patterns, sincethey often encapsulateoperations and must be able to
communicate with other objects. Note that most of the patterns could be implemerted
without support for passingargumeris along with requestsor returning a value. Nev-
ertheless,this approad in practice would lead to an explosionin methods - one for
eat possiblecombination of parameter values. It is obvious that the ability to pass
parametersalong with requestsis essetial. In addition, the purposeof this study is
to create a familiar object-orierted environment that programmerscan useto dewelop
systemsusing hardware objects. Programmersexpect to be ableto passparametersand
specify return values. Clearly, the systemwill needto provide a medanismto encale
the requests,parameters,and return valuesin a way that can be delivered outside the
issuing program's or device'saddressspaceto the receier.

Inheritance plays an important role in the implemenation of software design pat-
terns; the implemerts form is requiredfor most of them. The extendsform of inheritance,
howewer, is more a corveniencethan a requiremen for most patterns. The application
to hardware device networks of those that do require it is not immediately obvious.
Newertheless,for reasonsdiscussedn detail in Vernon Mauery's Thesis[14], the PODs
framework doessupport the extendsform of inheritance in addition to the implemerts
form. The PODs inheritance medanism also supports multiple inheritance.

The obvious needfor pointers, or referencesand binding has already beenalluded

to. The POD framework will provide this medanism.
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While not explicitly required by any particular pattern, exceptionso er the PODs
framework with a way to gracefully fail to complete a requestoperation. Any system
dealing with many objects, particularly if those objects may interact with the physical
world, must be preparedfor somethingunexpectedto happen to one or more of those
objects. For this reason,the PODs framework will include support for throwing and
handling exceptions.

This analysishas eshed out the list of requiremens from chapter 3 and given fur-
ther evidencefor its validity. With this list of requiremens, we proceededwith the

implemertation of the PODs framework.

31



32



5 PODS FRAMEW ORK AR CHITECTURE AND IMPLEMENT ATION

We designedthe architecture for the PODs framework using the speci ¢ requiremerts
for an object-oriented hardware framework de ned in chapters 3 and 4. The frame-
work providesthe necessaryproperties and medanismsthat enableprogrammersto use
PODs just like they would software objects. SincePODs are separatefrom the host sys-
tem, the framework's primary responsibility is the implemenation of the message-send
medanism, which enablesrequeststo be made of the PODs by sending messageso
them. The PODs framework consistsof the libpods C++ library that runs on the host
and the PODs which connectto the host either directly via USB or TCP/IP network.

The host can be a desktop or embeddedcomputer.

Creating applications with the PODs framework is simple. The dewloper writes
a C++ program that links to the libpods library and runs on the host system. The
application is responsiblefor instantiating ead of the PODs it needsto useand issuing

requeststo them to perform the desiredtask.

As a concreteexample,considera PODs network that readsthe temperature in one
location and displays it on two di erent types of displays in separaterooms. Creat-
ing sud a network with the PODs framework is trivial. Three PODs are required: a
thermometer POD and two display PODs. In this casewe usethe obsener pattern.
Brie y stated, the obsener pattern requiresa subjet object (the thermometer) and one
or more observerobjects (the displays). Ead display is registeredwith the thermometer
and implemerts an update temp() method. Whene\er the thermometerreadsa newtem-
peratureit noti es eadt display by issuingan update request. The application deweloper

could implemert sud a network with the following lines of code:
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/I instantiate  the PODsused in the example network
thermo_proxy::pt r subject = thermo_proxy::cre ate() ;
thermo_observer_ proxy:: ptr observer_a = thermo_observer_p roxy: :c reate () ;
thermo_observer_ proxy:: ptr observer_b = thermo_observer_p roxy: :c reate () ;

/I register the observers with the subject
subject->add_obs erver (observer_a);
subject->add_obs erver (observer_b);

Sincethe PODs encapsulatethe behavior of the obsener pattern, oncethe PODs
have beeninstantiated and the displays have beenregisteredwith the thermometer,the
application has nothing elseto do but cortinue running and let the PODs do the rest.

Now considerhow sud a network would be implemerted without the PODs frame-
work. First, somehardware decisionswould have to be made. How are temperature
readingsgoingto be made? There are se\eral options, suc asa thermistor or a thermo-
coupleand ampli er circuit. The output of thesedevicesis typically a voltage between
0 and 5 volts. In order to convert this voltage into a temperature, it must be passed
into an analogto digital converter (ADC), which readsthe voltage and converts it into
an 8 or 16 bit integer. ADCs are commonly found on se\eral typesof microcortrollers.
The microcortroller must be con gured to read the ADC and perform the appropriate
conversionfrom the ADC integer output to a temperature. This con guration is typi-
cally accomplishedby setting various bits in seeral setup registers. Onceobtained, this
temperature value must be sernt to the application running on the host systemthat is
aware of the displays. Microcortrollers often comnunicate with other systemsthrough
a UART over low-speedserial lines. The UART must be con gured to transmit at the
right baud rate with the proper frame format, again con gured through seeral setup
registerson the microcortroller. In the simplest case,sud a devicewould cortinually
stream temperature readingsthrough the UART.

Now that the data is available at the host, someserial port programmingis required
to read it. The host must then transmit the temperature data to ead of the displays.

Thesedisplays are likely to be built in much the sameway as the thermometer, using
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a microcortroller to drive a simple LCD and a UART to receiwe temperature readings
from the host. Each of the display microcortrollers will commnunicate with a display
via 12C or similar protocol and transmit the appropriate cortrol codesto display the

charactersof the latest temperature reading.

Even as involved as this processis, it doesn't allow for any type of communication
with the temperature or display devicesother than simply readingand writing tempera-
ture values,and all the behavior must be implemernted in the application. Note alsothat
circuit boardsand power supplieswill needto be designedfor eat of the three devices,
taking into accour the speci ¢ voltage and currert requiremens of ead device. Even
for such a trivial network, the object-oriented PODs framework is clearly a much faster

and easierway to get the job done.

5.1 PODs Framew ork Implemen tation

There are v e key componerts to the PODs framework: the hardware PODs, the
connectionclassesthe messageclassesthe proxy classesand the POD manager. The
latter four are all part of the libpods C++ library, whoseprimary responsibility is to
managemessageassingbetweenPODs and the application. Each POD is a simple em-
beddeddevicebuilt from an Atmel ATMega8L microprocessorand a sensoror actuator.
The connection classesare responsible for abstracting the details of sendingmessages
betweenthe application running on the host and the PODs, aswell asdirectly between
PODs. The proxy classesprovide the application with an interface to the PODs. For
ewvery type of POD there is a correspnding proxy class. When the application calls a
POD method, it doessothrough the POD proxy, which createsa messagend sendsit to
the POD through the POD's connectionobject. The messagelassegprovide the ability
to encapsulaterequestsinto padets that can be delivered to and from PODs. They
alsoprovide the structuresthat enablePODs to deliver debugmessageand exceptions.

Lastly, the POD managermonitors the available POD connectionsand forwards mes-
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sagedo PODs through the appropriate connectionobject. Each of thesecomponerts is

discussedn detail belov and gure 5.1illustrates the relationshipsbetweenthem.

5.1.1 Physical Object Devices

PODs are small enbedded devicesthat de ne and implemert a set of operations.
The three PODs usedin the thermometer obsener exampleusethe Atmel ATMega8L
microprocessorand perform serial communication with the host over USB. For a more
detailed treatment on the hardware aspects of PODs, sud as circuit schematics and
circuit board layout, seeFrank Sorenson'shesis[13].

Eadch POD runs a simple C program which responds to requestsit decales from
messageser to it. Ead method implemerted by a POD has a unique id, which is
usedas a key in a table of function pointers. When a requestmessagas received (see
section 5.1.2) the method id is extracted and the appropriate function is located and
executed. This function performs sometask and may issuerequeststo other PODs on

the network to do so. When completed,the function createsa reply messagand sendsit
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bad to the requester. The software running on eady POD was designediargely around
the requiremens of inheritance and polymorphism as de ned by Vernon Mauery in his
thesis[14].

PODs abstract the details of embedded dewelopmen from the software deweloper,
allowing them to focus on the application. Becausethe ertire state and all operations
performedby ead POD are storedin the POD itself, they form an encapsulatedobject.
No behavior or state is de ned by the proxy class(seesection5.1.4). SincePODs cannot
respond to messagesinlessthey have beenprogrammedto do so, private data remains
private and public data is accessibleonly through the de ned interface. In this way, the
PODs framework meetsthe requiremens of encapsulationand information hiding.
5.1.2 Messages and Comm unication

The PODs framework usesa messaggassingsystemto allow PODsto communicate
with ead other and with the application. Messagesare made up of two parts: a 64-
byte padket with a headerand data segmehy and C++ messageclasseshat provide

corveniert accesdo the padket. The padket format is asfollows:

typedef struct packet s

{

uint8_t sync_seq[2];

uint8_t msg_id;

uint8_t from_pod_id;

uint8_t to_pod id;

uint8_t type;

uint8_t data[MAX_PAYLOABZE];
} packet_t;

There are four padet types (request, reply, debug, and exception) and four corre-
sponding C++ messagelassesall deriving from the messagdaseclass(see gure 5.1).
Eadh messagehas a unique id that is usedto pair it with related messagessud as
repliesto requestmessages.The from_pod.id eld is usedto identify the sourceof the
messagesoa reply canbe sen if necessaryThe to_pod_id eld is usedby the connection
objects and the POD managerto determinewherethe messagehouldbe delivered. The

to_pod_id canidertify the POD's proxy object, the POD manager,or another POD. The
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data segmen is usedto pad the parameterscarried with a message Thesemay include
the function id and argumerns to a method invocation in the caseof a requestmessage,
the return valuesof a method invocation in the caseof a reply messagean exceptionid
and string for exceptionmessagespr a simple string in the caseof a debugmessage.
PODs deal directly with the padket structure, while the libpods library interfaces
with the padket through the messageclasses. Parameters are padked into the data
segmen in big endianformat starting at index 0. The messagelassprovides pak and
unpadk methods for the following types: 8, 16, and 32 bit signedand unsignedintegers,
character arrays, object referencesand xed point precisionnumbers. Dewelopersusing
the PODs framework don't needto concernthemsehes with padking and unpadking
of parameters,becausethey are handled entirely by the proxy classesand the PODs.
Consider the request messageneededto register one of the display PODs with the
thermometer POD. The add.obsener() method id and the display handle are 32-bit
unsignedintegers; they eat would be paded by the proxy into the request message

with the following method:

void message::pack_ui nt32(uint32_t val)

{
if (pack_index_+4 >= MAX_PAYLOAD_E)Zthrow packet full_exc eptio n();
*(uint32_t*)(&pac ket . data[pack_index ]) = htonl(val);
pack index_ += 4;

When the POD receiwesthe requestpadet from the connectionobject, it will unpadk
the function id and call the function pointer it mapsto. That function will unpadk the
handle from the data segmenh and storeit with the other registereddisplays. When it's
time to update the displays, the handle will be usedin the to_pod.id eld of the padket
header. The connection classesand the POD manager are responsible for delivering
message$o their destinations (seesections5.1.3and 5.1.5).

The PODs framework provides a medanismto dynamically create exceptionsfrom

messagesWhen a physical object cannot complete a request, it returns an exception
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messagerather than a reply message. The receiving proxy then createsa software
exceptionfrom the information cortained in the exceptionmessageand throwsit. In the
caseof POD to POD comnmnunication (as opposedto application to POD), the exception
messages rst delivereddirectly to the requestingPOD (rather than its proxy). If the
requesting POD is unable to handle the exception, the exceptionis sert to the POD
manager,which createsand throwsthe exception,giving the application the opportunity
to handleit.

Messagesprovide the structures required by the PODs framework to implemen
message-sendparameter encaling, and exceptions,three of the medanisms deemed

necessaryn chapters 3 and 4.

5.1.3 Connection Classes

Eadh connectionclassis responsiblefor sendingmessageacrossa speci ¢ comnuni-
cation protocol betweenPODs and the host system. They remove the needfor dewelopers
to concernthemseheswith the speci cs of serial, network, USB, and/or other communi-
cation protocols. In the thermometer obsener example,ead of the PODs is connected
to the host via USB.

Eadh connectionclasshas a static open_pods() method that is run as a thread on
the host systemand watchesfor newly connectedPODs. Exactly oneconnectionobject
existsfor every POD in the system. When a new POD is discovered, a new connection
object is instantiated and sern to the POD managerwhereit waits to be claimedby a
newly instantiated proxy object. When a proxy in instantiated, it requestsa connection
object to its type of POD from the POD manager. If oneis available, the connection
is bound to that proxy and cannot be claimed by another; this is analogousto memory
only being allocated to one object. If the POD managercannot locate an available
connectionobject of the appropriate type, an exceptionis thrown. In the thermometer
obsener example,the PODs are pluggedinto the host sothat the connectionobjects can

be createdbeforethe PODs are instantiated in software via the the proxy constructors.
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Once a connection object is instantiated, its read_-messages(dmethod is run as a
separatethread. This thread cortinually readspadkets from the connectionto the POD.
When a new padket is received, the connectionobject createsa messagebject, cheks
the receier identi cation, and deliversthe messagéo either the proxy or another POD
by way of the POD manager. Messageganbe sern through the connectionobject to the
POD with the sendmessage()method by either the proxy or another POD via the POD
manager. For example, ead time the thermometer POD readsa new temperature, it
sendsan update messageto ead of the displays. These messagesare read by the
connectionobject and then handedo to the POD managerfor delivery to ead display
through their respective connectionobjects.

The PODs framework implemerts two types of connectionclassessacket.conn and
usbserialconn. The socket connectionclassusesPOSIX IPv4 sackets to communicate
with PODs. The open_pods() thread starts listening on port 16000and createsa new
sacket_conn on eath accept. At that point, padkets are sert and received through the
sacket using the sacket send() and recv() functions. The socket connectionclassenables
both virtual PODs (PODs implemerted in software) and physical PODs connectedto
the POD managerover an IPv4 network, opening up the possibility for wirelessPODs
and POD networks spanninglarge geographicalareas.

The USB serial connectionclassusesthe Linux kernel USB serial support to commu-
nicate with PODs connectedvia USB as devices/dev/tt yUSB[0-255].The open_pods()
thread loops through all unopenedttyUSB devicesand attempts to open them, when
successfula new usbserialconn object is instantiated. Reading and writing is done

through le read() and write() commandsto the ttyUSB devices.
5.1.4 Proxy Classes
The proxy classesprovide the application running on the host with an interface

to the PODs. When the application deweloper instantiates a POD, they are actually

instantiating a proxy object and assaiating it with the PODs connectionobject. Any
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requestsissuedto the POD are madevia the proxy object. When a method is invoked
on a proxy object, the proxy createsa messageby padking the function identi er and
eath parameterinto a requestmessageand sendingthat messagdo the POD through
the connectionobject. The POD receivesthe messagedetermineswhich operation to
execute,unpadks the argumerts, and executesthe operation. The POD then constructs
a reply padket, padks the appropriate return values, and sendsit badk through the
connectionobject to the proxy, which unpads the return value and returns it to the
original caller. Figure 5.2 illustrates the processof sendinga requestto a POD from a
software application and awaiting the reply.

As an example, considerthe caseof registering the display objects with the ther-

mometer, with all three proxy objects instantiated asthermo, display_a and display_b.

thermo->add_observ er( di spl ay_a);
thermo->add_observ er( di spl ay_b);

The add.obsener() method of the thermometer proxy createsa request message,
pads the display handleasa parameterand then sendsthe messagéo the POD through

the connectionobject. It then waits for the POD to senda reply messagecon rming
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the successfuregistration of the display and returns. The C++ code for the proxy's

add_obsener() method follows.

void thermo_proxy::ad d_observer(t hermo observer_ proxy:: ptr observer)

{

boost::mutex::sco ped_| ock scoped_lock(synch _mtex );

request_message:: ptr req_msg =

request_message::.c reate(THRRMQADD OBBERVR);
req_msg->pack handl e(observer->pod_handle () );

conn_->send_messae(re q_ms);

reply_message::pt r rep_msg = wait_for_response (r eq_msy->id () );

The PODs framework matchesreply messagdds with their correspnding request
id. When a connectionobject receivesa reply to a requestissuedby a proxy, it noti es
the proxy via the postresmnse() method. As shovn above, the proxy waits for a reply
to its requestbeforereturning. If noreply is received beforea settimeout, the operation

is assumedio have failed and an exceptionis thrown.

5.1.5 POD Manager

The POD manageris responsiblefor maintaining a map of all connectionobjects and
passingmessagebetweenPODs. On creationthe POD managercreatesthe open_pods()
thread for ead connectionclass. When thesethreads nd anewPOD (seesection5.1.3),

they createa newconnectionobject and passit to the POD manager. The POD manager
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assignghe new POD a uniqueiderti er, which we call a hande, and storesa pointer to
the connectionobject in a map keyed on its handle. When needed,the POD manager
can look up a connectionobject by its handle.

When the application makes a requestof a POD, it does so through the interface
provided by the POD's proxy object. The proxy object constructs the messageand
sendsit to the connection object directly, and the POD manageris newer involved.
PODs may also issue requeststo other PODs via the POD manager, without going
through the proxy objects. In this case,the POD generatesthe messageand sendsit
through its connectionobject, which will forward it alongto the POD manager. The
POD managerdeterminesthe receiving POD from the message'dlestination handle,
locatesits connectionobject in the map, and sendsthe request. The return padket is
sernt in the sameway. Figure 5.3 illustrates the POD manager'srole in the processof a

POD sendinga requestto another POD and receivingthe reply.

5.2 Results

As a proof of concept,we implemerted the thermometerobsener network referenced
throughout this chapter. Figure 5.4 diagramsthe objects usedin this example. Note
that ead proxy is related to a POD through a connectionobject. The thermometer
holds referencego the two displays, and the POD managerholds referenceso ewery
connectionobject.

The obsener PODs demonstratethe implemerts and extendsforms of inheritance as
well asmultiple inheritance becausehey both extenda display and implemert the ther-
mometerobsener interface, asillustrated in gure 5.1. The medanismsthe framework
employs for inheritance and polymorphism are a completethesisin and of themsehes.
For a thorough treatment of inheritance and polymorphism, pleaseseeVernon Mauery's
thesis[14].

Both application-to-POD and POD-to-POD comnunication are utilized in this ex-

ample. Application to POD comnunication is usedto create the objects and register
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the displays with the thermometer. Once the displays have been registeredwith the
thermometer, the examplerelies on POD to POD comnunication to update the dis-
plays. When the thermometer's state is updated by a new temperature reading, it uses
the messagsendmedanismto update ead of its displays. First the thermometerPOD
createsthe messageand padks the function identi er and the required parametersinto
the data segmen The messages then sent through the connectionobject, which for-
wards the messagdo the POD manager. The POD managerthen nds the connection
object correspnding to the target obsener POD iderti er and sendsthe messageo
the target obsener POD. The obsener POD extracts the function identier from the
messagend calls the appropriate function, passingthe messageas an argumen. The
function then unpadks the required parametersfrom the messageand executesthe ap-

propriate code. The POD then createsa reply padket and pads the required return
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Figure 5.5: Photograph of the examplenetwork

value and sendsit bad to the thermometer POD via the samemedanism. Note that
the proxy objects are not involved in POD to POD communication.

With ead of the object-oriented requiremens de ned in chapters 3 and 4 met, we
can implemert 22 of the 23 patterns discussedn chapter 4. Prototype is not possible
dueto the lack of deepcopy; aswasalready mertioned, this pattern is not of much value
when dealingwith physical objects. Becausethe supported patterns cover suc a broad
spectrum of object-orierted practices and techniques, the PODs framework provides
programmerswith a familiar object-oriented programming ernvironmert they canuseto
quickly dewelop systemsof physical objects.

5.3 Limitations

The thermometer obsener example demonstratesthe simplicity of deweloping ap-

plications with embeddeddevice networks with the PODs framework. As is always the

casein engineeringthere are sometrade-o s to usingthe PODs framework. Any generic
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framework will provide more functionality than is typically neededby any one applica-
tion, usually at the costof library sizeand systemresources.While this is certainly still
true of the PODs framework, most of the systemis implemerted in the libpods library,
which is small enoughto be run on a moderately powerful embeddedsystem. The PODs
framework doesrequire the presenceof a host systemthat can run the application and
the POD manager, but this may be excessie for somevery simple networks. In the
current implemertation, messagepadets are limited to 64 bytes in length. This has
beenmore than su cient for the PODs currertly implemerted but may be inadequate
for PODs dealing with lots of data. The current system could be modi ed without
too much e ort to support either multiple padet requestsor variable length padets.
Lastly, the PODs framework placesrigid demandson the hardware devicesusedwith it.
Howewer, sinceone of our primary goalswasto simplify the useof hardware devices,it
is logical that thoselikely to usethe PODs framework will not be interestedin creating

their own hardware devices,sothesedemandswill not be a concern.
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6 CONCLUSION

6.1 Research Summary

We have combined the traditional theoretical understandingof object-orierted pro-
gramming with the practical application of object-oriented designtechniquesto de ne
a working list of requiremerts for a functional object-oriernted framework with physical
objects. With this list we implemerted the PODs framework, which allows programmers
to usephysical objects in much the sameway they would software objects. The PODs
framework facilitates the dewelopmern of systemsusing networks of enbeddeddevicesby
treating ead enbeddeddeviceasan object. The PODs framework enablesprogrammers
to focus on deweloping the application and ignore the tedious details of circuit design,
commnunication protocols, and enbeddedsoftware. We implemerted an examplePODs
network using this framework to demonstratethe application of object-oriented design
techniquesto networks of embeddeddevices.

The PODs framework hasse\eral advantagesover related projects and products. No
restrictions are placed on the type or number of PODs that can be usedin a network.
PODs are not restricted to sensordevices,motor cortrol, input devices,or any other
type of physical object. Becauseof this, PODs are truly domain independen and fully
customizable,much in the spirit of object-oriented design. Unlike other systems,the
PODs framework not only providesa medanism for the application to issuerequeststo

the PODs, but alsoenablesPODs to issuerequestsdirectly to other PODs.

6.2 Future Work

The PODs framework is likely to be usefulin the areasof rapid prototyping, device

simulation, and various computer sciencereseart: topics that make use of hardware
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devicesbut do not deal directly with their speci cs. Future work involving PODs may

include:

PODs simulation environment

Real-time handling of POD messages
Asyndironous and deferredsyndironousrequests
Extended support for multiple bussesand protocols
POD network topologies,bandwidth, QoS

Miniaturization

With the conceptsof PODs and object-oriented designusing PODs rmly in place,
future researt topics sud as thesecan now be explored and systemsusing networks
of embeddeddevicescan be deweloped in lesstime, taking advantage of the abstraction

provided by the PODs framework.
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