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ABSTRACT

PODS:PHYSICAL OBJECTDEVICES

FranklinE. Sorenson
Departmenbf ComputerScience

Masterof Science

Computercontrol of electronichardware canbe a dif cult challengefor pro-
grammers.Often, they wastetime and misplaceeffort working throughlow-level imple-
mentationdetailsof electronicdevices,ratherthanusingthe devicesto accomplisthigher

level tasksandalgorithms.

In this work, we introducethe PhysicalObject Device (POD), an extensible
object-orientecervironmentthat allows simple control of electronicdevicesthroughan
object-orientednterface. Programmingoccursthroughthe useof libPOD, a simple, yet
powerful, library designedto simplify the use of PODsby programmers.By building
intelligenceinto electronicdevicesandby treatingthesedevicesashardwareobjects pro-

grammersaregivenauserinterfacedirectly targetedfor them.

We detail a numberof PODsthat we have constructedand demonstrate¢heir

usethroughseveral casestudies.Our work shavs that PODsprovide a e xible, modular



design,a familiar and uniform programmingervironment,and rapid designof comple

electronicsystems.
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Chapter 1

Intr oduction

1.1 Applications for Computer Control of Hardware

Deviceswhich performactionsor measuresomeelementof the ervironmentaroundthem
areusedhewily in ervironmentalmonitoringsystemsandrobotics. Commonrobotic de-
vicesincludemotorizedwheels grippinghandsandlight or distancesensorsWhencom-
binedwith acentralcontroller thesedevicesallow robotsandothersystemso interactwith
theworld aroundthem.

Examplesof how thesedevicesarecombinedarethe Mars Path nder and So-
journerRover combination.Thesesystemsontainseveralcamerasandlasersfor distance
measuremenseveraltemperatureensorswind socksto measuravind characteristicsand
pressuresensorandaccelerometert gatherusefulinformationduring their descenf1].
Robotssuchas Sojournerare speciallydesignedoy engineerdor the functionsthey will
perform[2].

While someroboticsystemdhave speci ¢ constraintsvhich requirecustomiza-
tion, mary othersmay be purchasedre-huilt. Additional sensorsand actuatorsmay be
purchase@ndattachedater Thisallowsarobotto beusedquickly in higherlevel applica-
tions, including machinelearningandcontrol algorithms,or for measuringervironmental
conditions.

Sensorandactuatorarealsousedin avarietyof systemsuchassecuritysys-
tems,computerroom monitoringdevices,andasernvironmentalmonitors. Commonsen-
sorsincludemotiondetectorandtemperatursensorsandactuatoroftenincludealarms,
sirenswarninglights,andmotors.Thesedevicesmay be purchasear engineeredbput are
dif cult to combineinto asinglesystem.



In situationdik e SojourneyNASA hadthetime, mongy, andexpertiseto design
andbuild an entirerobot systemfrom the groundup. The constraintsof the projectalso
requireda customsolution. However, researchersisually do not want to spenda large
amountof time on a projectto collectandassembleall the piecesthey needbeforethey
canbegin performingtheir higherlevel studies However, buying pre-huilt productscanbe
costly, andthe productmay not have the necessaryunctionality.

End usersoften want computersystemswith the ability to control thesevari-
ouselectronicdevices,andthey would bene t greatlyfrom a middle-of-the-roadsolution
thatallows device controlat theright level. They aregenerallyconcernedaboutthe time
andmoneg involved, andusually have expertisein elds otherthanelectronics.In these
casesa pre-huilt solutioncanbe very costly, andreverse-engineeringurrentproductsor
designingsomethingrom thegroundup requiresmoretime, work, andin-depthelectronic
knowledge.

1.2 Problemto Solve

Commonelectronicdevicesareoftenusedto measuresomeelementof their ervironment,
suchastemperaturepr performsomeaction, suchassoundingan alarmor turningon a
motor. Interfacinga computerwith electronicdevicescanbedif cult, sincetheinterfaces
of mary electronicdevicesarenot speci cally designedo interfacewith computers.

Connectingto thesedevices can require considerableslectronicsknowledge.
Often, the peopleinterestedn communicatingwith electronicdevicesare artists,indus-
trial designerspr technicalresearchersTheir main skills usuallylie in areasotherthan
electronics.They generallywantto concentraten building andusingtheir entire project,
ratherthantheindividual devices.

Toillustratethedif culty in connectingelectronicdevices,we useanelectronic
thermometeasan example. Somedevicesusevery high-level interfaces suchasa stand-
alonedigital wall thermometeor a large weatherstation. The wall thermometemay be
a self-containeddevice that displaysthe currenttemperatureon its own screen. Devices
likethisaregenerallynotintendedor directcommunicatiorwith acomputer Theweather
stationmay attachto a computey however it may require connectionthrougha special
computercard, andtheremay be little informationabouthow it communicatesvith the
softwareprovided by the manufcturer Thesenterfacesareintendedfor peoplewho want
stand-alonelevices,andarenot meantto beincorporatednto a users project.
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Eletronic devices are also designedwith low-level interfaces,with the inten-
tion of connectinghemto otherelectronicdevicesby engineersThis type of device often
requiredargeamountf additionallogic, andassumehattheuserhasanin-depthknowl-
edgeof circuit designandconstruction.Examplethermometersvith low-level interfaces
includedeviceswith 8 digital outputs,an SP1bus, anda singleanalogoutput. Someoff-
the-shelfdevicesandconstructiorkits help, thoughthey rarely remove the barriersposed
by the electronics Becausehesedevicesaimto sene peoplefamiliar with electricalcom-
ponentsandmicroprocessocommunicationsthe electronicsexperiencerequiredremains
achallengeto their use.

Theseare just a few low-level and high-level examplesto illustrate the dif -
culty of nding userinterfacesthat areappropriateor a variety of peoples needs.Even
for groupspossessinghe electronicsknowledgeto create attach,andprogramelectronic
devices,thatmaynotbewherethey wantto focustheir efforts. Marvin Minsky, co-founder
of the MIT Arti cial IntelligenceLaboratory recentlysaid,“The worstfad hasbeenthese
stupidlittle robots. . Graduatestudentsaarewasting3 yearsof their livessolderingandre-
pairingrobots,insteadof makingthemsmart.It' sreally shocking' [3]. As Minsky states,
mary interfacesrequiremorelow-level work thandesired.

Thesdow-levelinterfacesgnorealargegroupof people hamelythosewith the
goalof connectinghesedevicesto computersandusinga programminganguageo add
softwarefunctionality Making someof thesedeviceswork canmeanlearningelectronic
designtechniquessoldering,programmingand nding device driversthatprovide a pro-
gramminginterface.While someof thesechallengesanbe overcomeasawholethey can
becomesigni cant barriersto the useof electronicdevices.

We believe thatby building intelligenceinto the devicesthemseles,andby de-
signingthe electronicswith a commonhardwareinterfaceandsoftwarelibrary, program-
merscan easilyuseelectronicsdirectly in programsthey write. By providing an object-
orientedprogrammingramework thatencapsulatethe electronicdevicesandabstractshe
low-level details,programmerganfocuson the tasksthatthe device will be performing,
ratherthanthe electronics.A numberof projectshave attemptedo provide this interface,
andwe discusssomeof thesein the next section.
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1.3 Previous Work

Somework hasbeendonein anattempto simplify or standardizeommunicationbetween
acontrollerandvariousdevices. Thereareseveralkits which containvariousmotors,gears,
sensorsand connectingwires. Many of thesekits are hobbyistkits, or are designedo
connectto small microcontrollers.Somearedesignedor peoplespeci cally researching
robotics. While theseapproachesanbe usefulin someinstancesmary people nd that
they do not meettheir needsecausehey arestill dif cult to controlusingtheir computer

Exampleof hobbykits includeLego Mindstorms.TheseareLegokits contain-
ing acomputemodule(theRCX) andanumberof Technicgparts[4]. TheRCX containsa
microcontrollerwhich canbe programmedrom a PC, but canonly communicatedirectly
with a limited numberof attacheddevices(3 inputsand3 outputs). Despitetheselimita-
tions, Mindstormshave becomepopular andmary peoplehave designedensorandother
systemdor usewith them|[5].

Additionalmicrocontrollerbasedsolutionsncludethe OOPic(Object-Oriented
ProgrammabléntegratedCircuit) [6], a programmabld’1C microprocessothatcanfunc-
tion asa numberof differentobjects,including hardware circuits (digital 1/0, counters,
etc), processingyariablestorage andsystemobjects. Theseobjectssimplify connection
of the OOPicwith hardwaredevices,andallow several OOPicsto communicatg¢ogether
In an NSF SummerUndegraduatd-ellovship, studentsdesignedandbuilt a small robot
from variousparts[7]. The piecescontainedmicrocontrollersand were connectedwith
a serialcommunicatiorbus. One partactsasa master andgivescommandgo the other
modules.

Several modularsystemsinclude Robotix [8] and somework doneat Xerox
PARC. Robotixis “a motorizedmodularbuilding system”thatincludesmotors,grippers,
jaws, andwinches.Thesepartsarecontrolleddirectly througha hand-heldemotemodule,
so the systemis not programmableand doesnot apply higherlevel ideas. Much of the
modularrobotic work from Xerox PARC [9] hasfocusedon constructingrobotsfrom a
numberof similar parts,andprogramminghemto work togetherasa singlerobot.

Phidgets[10, 11, 12] comparephysicalinterfacesto widgetsusedin graphi-
cal userinterfaces. Phidgetsare designedo abstractthe physicaldevices, and hide the
implementatiorand constructiordetails. They exposetheir functionality throughan API,
andincludea simulationmodewherethe programmingnterfacemay be usedwithout an
attacheddevice. While Phidgetsare an attemptto simplify programmingtheir interface
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requiresthe useof Visual Basic, COM, andActiveX in Windows, makingthemcomple
devicesto work with.

While theseprojectshave solvedsomeof the problemsassociateavith control-
ling andusingelectronicdevices,they fall shortof providing aninterfacethatis botheasy
to program,andrequiredittle electronicknowledge.

Our solutionrelies on the use of programmablaemicrocontrollersto simplify
theinterfaceto complicatecdelectronicdevices. ThesePhysicalObjectDevices,or PODs,
have an object-orientednterfacethat makesthemeasyto use. We feel that this solution
is morecompletethanary of the previous work, andprovidesa usefuluserinterfacefor
programmersTheremainderof this work is outlinedasfollows: Chapter2 discussesur
solution. Chapter3 describeghe generalcharacteristicof PODs,and detailsthe PODs
thathave beenimplementedandhow they operate Chapterd presentseveralcasestudies
anddemonstratehow PODscanbe used.Chapter5 presentour conclusionsandfuture
work. Someadditionaldetailscanbefoundin the Appendices.






Chapter 2

Our Solution: PODs

2.1 PODsarea better approach

We have createdh new sortof device, which we call a PhysicalObjectDevice (POD),and
we have de ned a frameavork underwhich PODsoperate.A PODis anelectronicdevice
thatis controlledin anobject-orientednannerfrom a computer Whena POD s designed
andconstructedmary of thetechnicalelectronicdetailsareabstractedway, andthe POD
useris left with a simpleand familiar interface. PODsare generallysmall devices. An
examplePODis depictedn in Figure2.1.

Figure2.1: Pictureof aPOD.



Intelligenceis built into eachPOD throughthe useof small microcontrollers,
which allow a PODto belargely self contained EachPOD hasa smallonboardEEPFOM
thatallows the userto assignthe POD a name,andcertainothersettingsmay be retained
asappropriateo the particulardevice's need.PODsmay be usedin programshroughan
object-orientedC++ library calledlibPOD. Abstractingthe electronicdetailsandutilizing
a simple programminglibrary allows usersto integratethesesmartdevicesinto new or
existing programswithout requiringan in-depthknowledgeof electronicsandotherPOD
details.

EachPOD is physically connectedo the hostcomputerover a USB link, as
shawvn in Figure2.2. USB is commonlyfound on computerscanprovide powver to most
PODs,and allows the connectionof asmary as 127 devicesat onetime. This, in con-
junctionwith anobject-orientedoftwarelibrary, makesPODseasyto attachto nearlyary
computeyrandsimpli es the creationof programgo accesshem.

Computer

USBHUB
M

POD POD e POD

Figure2.2: ConnectingPODsto a computer If the computerhasenoughUSB ports,the
USB Hub maynotbenecessaty

The POD microcontrollerswhenusedwith the library routines,give PODsa
well-de ned API that userprogramsrunningon the hostcomputercanleverageto easily
communicatevith a POD.EachPOD respondsndividually, andcontainsall the methods
necessaryo functionindependentlyAdditionally, PODsaredesignedo actasobjects so
they maytake advantageof someof the propertiesof objectorienteddesign.
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We have designedhe POD hardwareabstractiorarchitecturdo be e xible and
object-orientedandhave focusedthis work on demonstratinghe usefulnes®f PODs,as
well ashow they caninteractwith eachotherandthe programmingernvironment. Though
we designedPODswith object-orientedprinciplesin mind, we have only implemented
someof the ideas,and have left the applicationof someof the more advancedprinciples
for otherresearcher3iVe have discussedomeof thesein moredetailin Section5.2.

2.2 Programming with PODsusing libPOD

We have implementedibPOD asa C++ library. This makes programmingsimpler by
abstractingway thelow-level detailsof communicatingvith the PODs,andhelpsto facil-
itatethe connectiorof multiple PODsto a singlecomputer This alsoallows userprograms
to communicatevith all connected®ODsby invoking simplemethods Currently libPOD
hasbeencompiledunderLinux andthe Windows Cygwin environment,and PODshave
beenusedin bothenvironments.This givesthe POD usergreat e xibility .

Using libPOD, eachPOD is representeds an objectthroughthe POD base
classandindividual PODtypesinheritfrom thatclass.libPOD providestwo mainobjects,
PODandPODElv, asdescribedn Section2.3.

To programusing libPOD, the POD userneedsonly to connectthe POD to
the computey compiletheir sourcecode,andlink in libPOD. Figure 2.3 containsa brief
example programthat demonstratesiow a single ThermometePOD might be usedto
monitorthetemperaturén asererroom.

PODEnNv *MyPODs
ThermometerPOD *Thermometer ;
int ReturnValue

float  Temperature ;

Thermometer = (ThermometerPOD *)
(MyPODs-> FindPODbyType (POD_TYPE_THERMOMETER

while (1)

ReturnValue = Thermometer -> GetTemperature (& Temperature );
if (Temperature > HIGH_TEMPERATURE

{ Send warning email to the system admin }

else { Everything is okay }

}

Figure2.3: Pseudo-cod& demonstrata simplePOD system.

After the libPOD environmenthasbeeninitialized, PODscan be queriedand
controlledthroughsimplemethodinvocations.This speedshe developmentof usercode,
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andhelpsPODsbe moreintegratedinto userprojects.libPOD manage$OD connections,
andtakescareof connectingo andcommunicatingvith the PODs,whetherit beasingle
POD,or mary PODs.

SincePODscommunicateusing low-level serial commandswith the control-
ling computer libPOD implementsthe lower-level communicatiorwith the POD micro-
controller It sendgherequestdor information,processetheresponsedransmitscon g-
urationandcommandsandlistensfor asynchronousalerts. To the user libPOD provides
a setof wrappermethoddor thesefunctions,andcanalsorespondo somegeneralcom-
mandsaswell. Thesegeneraimethodsseneto initialize the POD ervironment,andallow
theuserto queryandsearchor connectedPODs.

2.3 General Functionality of libPOD

In additionto theactionsperformedbehindthe sceneslibPOD alsoprovidesthe userwith
a numberof more visible methods. Thesemethodsfunction by helpingto identify and
controlthePODsconnectedThe PODervironmentis initialized duringthe constructoffor
the PODEIv object,a classthatcontainsandmanagesll connected®ODs. This involves
openingthe variousPOD devices and determiningwhat is connected. EachPOD may
thenbeaddressethdividually asa POD object,or throughmethodsaccessibléghroughthe
PODEIv object.

PODEIv may be initialized with a numberof options, suchas POD_ENV-
_OPTIONLTEXT_STATUS, which displaysa text-basedstatusreadoutwhendetectingat-
tachedPODs,POD.ENV_OPTION.GUI_STATUS, which displaysa GTK2 progressbar
whendetectingPODs,or POD OPTION.DONT_INIT, which tells it not to searchfor at-
tachedPODs. RefreshPODs(Inay still be calledto updatethe list of PODs,or Refresh-
POD() may be usedto updateeachPOD individually. The PODEv objectalsoprovides
thefollowing helpful methods:

 int PODE::GetNumberOfPODs();
Thiswill returnthenumberof valid PODscurrentlyconnected.

* int PODE::GetAlIPODs(POD*ReturnPODLIist)
Thisreturnsanarray(in ReturnPODListpf all thePODsconnectedReturnPODList
shouldbeanarrayMAXPODS long.

10



* POD*PODEnV::FindPODbyVpe(intPOD_TYPE, int Number)
This is usedto nd a POD of type POD_TYPE. The Numberparametemay be
ommitted,in which caseit defaultsto 0 (requestinghe rst POD of the speci ed
type). If nomatchingPOD canbefound,NULL will bereturned.

* POD*PODEn::FindPODbyName(inPOD.TYPE, char*PODName)
This is usedto searchfor a POD by the userde ned name,and may be usedwith
POD::SetNamandPOD::GetName.

* POD*PODEn::GetPOD(intPODNumber)
Returnsa POD by number

 int PODEv::RefreshPODs()
Thismethodrescanshesystenfor PODsthathave beenaddedyemoved,or changed.

* int PODEv::RefreshPOD(inPODNumber)
This methodrescanghe systemto seeif device #PODNumbehasbeenadded re-
moved,or changed.

Similarto thewaythatmostobject-orienteghrogrammingervironmentsequire
software objectsto have a default constructoreachPOD is requiredto respondo a few
basiccommandsasshowvn here:

int POD::GetVpe()
This methodreturnsthe PODType (asanint) of the POD.

 int POD::Get¥pe(charrPODTypeString)
This methodreturnsa string describingthe PODType (PODTypeStringshouldbe
longenoughto holdthedescription—POLCSIZE_ TYPENAME shouldbelongenough).

* int POD::Get\érsion(charVersionString)
Thismethodreturnsastringdescribingheversionof thecodeonthemicrocontroller

* int POD::GetURL(charReturnURL)
This returnsthe URL describingmoreinformationaboutthe POD (URL shouldbe
long enoughto hold the URL-POD.SIZE_URL shouldbelong enough).

11



* int POD::SetName(ch#tString)
Thiscanbeusedo setauserde ned namefor thePOD,andcanbeusefulwhenmul-
tiple PODsof the sametype areconnectedString may be up to POD_SIZE_NAME
byteslong).

* int POD::GetName(chaiString)
This methodis usedto returnthe userde ned namefor the POD (as setwith Set-
Name).StringshouldbeatleastPOD_SIZE_NAME byteslong.

* int POD::Is\alid()
Thismethodwill respondvith anonzerovalueif the PORT wassuccessfullyopened
andthePODrespondedaorrectly

* int POD::TestConnection()
This methodwill checkthe PODto make sureit is still responding.

* int POD::Test()
Thisis avirtual methodthatwill testor demonstratéghe PODin someway.

Eachof thesemethodsequestinformationfrom theassociate®@OD,or gathers
informationfrom thegeneraPODervironment.Thereturnvaluefor eachof thesemethods
is anintegerresult,with positive valuesindicatingsucces@andnegative valuesindicating
errors.Thedetailsof the methodsde ned for eachspeci c PODtypearegivenin the next
chapter

12



Chapter 3

Implementing PODs

3.1 General POD Information

We have focusedthis researcton demonstratinghe overall usefulnes®f PODs,andhow
the POD environmentsimpli es theinteractionbetweercomputersandelectronicdevices.
Section3.1.1discusseshe hardwarecommonto all of our PODs,while Section3.1.20out-
linesthe softwareassociateavith eachPOD. Thesedetailshelpto shav thatPODsde ne
a usefulandcorvenientprogrammingervironment. We have alsodevelopeda numberof
POD Developmentmethodsandtools (mentionedorie y in Section3.3).

3.1.1 Hardware Information

We have createdeachPOD asa 4-layer printed circuit board (PCB), giving the PODsa
clean,uniform look. To aid in their development,the PODsall utilize the samemicro-
controllerand USB-Serialdevice. Sincethey areintendedas prototypes,PODsare not
minimizedwith respecto sizeor componentount,but futurework couldshrinkandmin-
imize PODsandcodesize.

The PODshave beendesignedaroundthe Atmel ATMega8L microcontroller
The Atmel AVR microcontrollersare 8-bit processorbasedon a RISC architecture.The
ATMega8L comesin both surface-mountand DIP packagesandhasadequateeodeand
memorysizesfor mary projects.It alsohasa relatively smallpackagesize,andsupportsa
wide variety of on-chipfeaturesmakingit a practicalandcorvenientchip to work with.

On-chipfeaturesinclude 8 KB of Flashfor programstorage,1 KB of SRAM
for datastorage 512 bytesof EEPROM for persistanstorageand23 generalpurposd/O
ports. It supportsexternalinterruptsand PulseWidth Modulation(PWM), andcontainsa
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6 channelAnalogto Digital Cornverter(ADC), aswell asaninternalRC clock andvoltage
referencdor the ADC.

To allow programminghe PODmicrocontrollersafterconstructionye havein-
cludeda programmingheader Also, while the ATMega8L containsaninternal RC clock,
we have built the PODsusingan externaloscillatorrunninga 3.6864MHz. We chosethis
oscillatorfrequeng becauset producesaccuratedJART clock ratesup to approximately
230Kbps,giving usalargedegreeof freedomwhenchoosingnterfacespeedsTheoscilla-
tor is alsomorestablethantheinternalRC clock. We have includedadditionalinformation
onthis designdecisionin Section3.2.1.

To corvert betweenUSB andthe microcontrollerserial port, we utilized the
DLP DesignDLP-USB232MUSB-SerialUART Interface Module [13], which usesthe
FTDI FT232BM USB-UART chip [14], andcomesin a corvenient,breadboardabl®IP
package. It is capableof providing power throughthe USB bus, andthe onboardlevel
converterinterfaceswith both 3.3V and5V logic. Several examplePODsare shovn in
Figure3.1.

Figure 3.1: Pictureof several PODs. Top row, left to right: ThermometePOD, Light
Emitting Diode (LED) POD, ButtonsPOD. Bottomrow, left to right: Light SensoPOD,
Alarm POD, USB connector
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3.1.2 Software Information

Thecodeon eachPODwasdevelopedin C, andhasbeencompiledusinggccwith the avr
target. ThemicrocontrolleroneachPODcommunicateby usingits built-in UART, andthe
attacheccomputerrecevesthis communicatiorthrougha device driver thatinterpretsthe
connectiorasasimpleserialdevice. UnderLinux, thesedevicesbegin with /dev/ttyUSBO,
andunderWindows, they are COM ports(startingwith COMS5, for example). libPOD is
responsibldor openingtheappropriatalevice le anddoingthelow-level communication.

To assistin thedevelopmenbf the PODsthemseles,anumberof smallheader
les canbeincludedfor additionalfunctionality This simpli es the microcontrollerpro-
gramming,and makesthe POD-speci c codesimplerand easierto implementandread.
Detailsof thesecanbe foundin AppendixB. In thefollowing sectionswe discusssome
detailsassociateavith eachPOD usedin this work.

3.2 POD Implementations

During this project,we constructeca numberof PODs,andhave de ned a numberof de-
vicesthat could potentiallybe madeinto PODs. In this sectionwe discussletailsassoci-
atedwith eachof thePODsconstructedor thiswork. We brie y discusssomereasonghat
the particulardevicesmay be desirableandsomedif culties anendusermight facewhen
designingandbuilding sucha device without usingPODs.We describehe basicfunction-
ality of the POD, give its methodsanddiscussmplementatiordetailssuchaselectronic
partsusedduringthe POD's construction.For the ThermometePOD, we describeaddi-
tional detailsrelatedto its construction,ncluding a block diagramandthe circuit board
layout. For otherPODs,someof thesedetailsaregivenin AppendixB.
We have built thefollowing PODs:

* ThermometePOD
Measuresemperature

* Alarm POD
Soundsanaudiblealarm

* Motor ControlPOD
Providescontrolof motors
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 Light SensoPOD
Measuredight intensity

* Light Emitting Diode (LED) POD
TurnsonvariousLEDsto provide light or for useasstatusndicators

* Pover SensoiPOD
Detectsthe power statusof 110V AC power

» SonarDistanceRangePOD
Measureslistance

* Compas$’0OD
Tellswhatdirectionthe PODis pointing

» ButtonsPOD
Containsvariousbuttonsusedasinput

3.2.1 Thermometer POD
Measuring temperature with and without PODs

Therearea numberof situationsin which peoplemaywantto measurégemperaturérom
acomputemprogram.This canbevery usefulwhenmonitoringthetemperaturén a sener
room or other temperature-controlleérvironments,when tracking outsidetemperature
suchasin aweatherstation,or whenaddingthe currenttemperaturdo a local web-page.
Anyonedesiringto measurgemperaturavith a computerhasa numberof options,few of
whicharepractical.Mostrequireadetailedknowlegeof electroniadesignandconstruction.

As discussedn Sectionl1.2, commerciallyavailable electronicthermometers
areofteneitherstand-alonelevices,not intendedto beincorporatedn userbuilt projects,
or low-level electronicdevicesthatrequireconsiderablé&nowledgeregardingcircuit con-
structiontechniques.When an electronicthermometeiis constructedas a Thermometer
POD, the technicalimplementatiordetailsbecomehidden,leaving the userwith a clean
API thatexposesonly the necessaryunctions. This simplesoftwareinterfacerepresentsa
signi cant improvementfor the user asthey only requirea USB port andsomeprogram-
ming knowledge.
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Thermometer POD Interface and Methods

The ThermometePOD s a smallthermometecapableof reportingtemperaturen either
Fahrenheibr Celsius,asrequestedy a userprogram. The POD hasa valid temperature
rangefrom -40 F to +300 F. Generalinformationaboutthe ThermometePOD is shovn
in Table3.1.

Temperaturd&kange| -40 F- +300 F
Accuray F
Precision 0.25F

Power FromUSB

Table3.1: ThermometePOD GeneraData

In additionto thegeneraPOD methodsle nedin Section2.3,the Thermome-
ter POD addsthefollowing methods:

* int ThermometerPOD::Ge€mperature( oatTemperature)
This methodreturnsthe currenttemperaturen TemperatureThereturnvaluefrom
GetTemperaturéndicateswvhetheribPOD hadary problemgetrieving thetempera-
turefrom theactualPOD.Most of the POD methodseturnanint to communicate
errorstatus.

* int ThermometerPOD::SetUnits(chdnits)
This methodsetsthe currenttemperatureinitsto eitherF or C.

* int ThermometerPOD::GetUnits()
This methodreportsthe currenttemperatureinits (F or C).

Thermometer POD Implementation

In our project,we built the ThermometePODusingthe NationalSemiconductotM34DZ
[15]. TheLM34DZ isasmall,precisiontemperatureensorcontaininganintegrated-circuit
with anoutputvoltagelinearly proportionako thetemperaturelt requiresverylittle power,
andcanprovide accuratdemperaturesvertherange-40 Fto +300 F.
Duringimplementatiorof the ThermometePOD,we discoveredthatthe man-
ufacturers datasheetor the USB-to-Serialdevice wasincorrectin several places. Also,
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while the microcontrollerusedcontainsanon-chipRC (Resistance/Capacitanadck, its
susceptiblityto temperaturevariationsmadecommunicatiorwith the POD impossibleat
arything other than room temperature. Sincethis was an unreasonablémitation (par
ticularly for a thermometedevice), we createdall PODswith external oscillators. This
representanotherdetailthatis handledby the POD designersinceit allows all PODsto
have the sameernvironmentalrequirements.

A block diagramof the ThermometePOD is illustratedin Figure3.2. The
methodinvocationsaretranslatedn thelibPOD codeto commandpasseacrosshe USB
to the POD device. The USB interfaceon the POD recevesthesecommandsand sends
themvia a serialconnectiorto themicrocontroller Themicrocontrollerbasedoutinesare
thenexecutedandthe appropriateactionsaretaken. In the caseof the ThermometePOD,
this involvesreadingfrom the Analogto Digital Corverter changingthis readinginto the
appropriateunits,andreturningthis value.We includean examplemicrocontrollerroutine
to demonstratéhe GetTemperaturenethodin Figure3.3.

USB

from
compute

Figure3.2: Block diagramof the ThermometePOD. The shadedreademonstratewhich
componentsnake up the POD.
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void Process_Command_GetTemp ()
{
[* Temperature reading from GetReading (100 ths F) */
unsigned long TemperatureReading
[*  CurrentTemperature in appropriate units  */
unsigned long CurrentTemperature ;

TemperatureReading = ADC _GetReading (); /* Read the ADC*
[* convert to the appropriate units  */
CurrentTemperature =

TemperatureConvert  ( TemperatureReading , DisplayUnits );

UART\ TransmitByte (POD\_RESPONSE_ACK) ;
UART\_ TransmitWord (CurrentTemperature [/ 100) ; /* degrees */
UART\ TransmitByte (CurrentTemperature \% 100) ; /* 1/100 ths */

}

Figure3.3: Samplecodefrom the ThermometePOD microcontroller This demonstrates
the GetTemperaturenethod.

As previously mentionedthis POD wasfabricatedusinga 4-layerPrintedCir-
cuit Board(PCB) process.This PCBis illustratedin Figure3.4. A productionPOD could
bemademuchsmallerusingsurfacemounttechnologyremaoving the programmingheader
andremoving free spacefrom the board. Again, the intentof this work is to demonstrate
the conceptsandnot provide productionsizedPODs.

The next few sectionggive the APl andoverview of the otherPODsthat have
beencreated We have includedthe detailsof eachin AppendixB.

3.2.2 Alarm POD
Soundingan audible alarm

Audible alarmscan be a usefulmethodof corveying information. An alarmon a robot
could be a warningthatthe robotis closeby or moving, or could be usedto signalwhen
the robot hasreachedts goal. An alarmcould alsobe usedasa warningsuchaswhen
the power goesout, whena systemoverheatspr whena disk hasfailed. The Alarm POD
is designedo help abstracta numberof functionsthat might be calledwhensoundingan
alarmfrom acomputer

Alarm POD Interface and Methods

TheAlarm PODis anaudiblealarmthatcanbe usedto alertpeopleof problemsor corvey
moredetailedinformation. It cansoundalarmsat 3 differentpitches/wlumesallowing the
userto choosehow intrusive the soundis. The Alarm POD consistof asmallboardanda
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Figure3.4: PCBartwork for the ThermometePOD.

piezobeepethatsoundsatthevariouspitches. The PODis alsocapableof playingMorse
Codethroughthe beepelin orderto corvey moredetailedinformation. The Alarm POD
extendsthe basePOD classwith thefollowing methods:

* int AlarmPOD::SoundAlarm( oaDuration)
Thisturnsonthe Alarm POD oncefor aspeci ed Duration. The Durationparameter
representthe numberof secondgor fractionsof secondsjhatthealarmwill sound,
with amaximumof 2.5 seconds.

* int AlarmPOD::PlayMorse(chaiData)
This sendsa stringof characters$o the Alarm PODto be playedasMorseCode.

* int AlarmPOD::SetMorseSpeed(unsigrnethrSpeed)
¢ int AlarmPOD::SetMorsedne(unsignedharTone)

¢ int AlarmPOD::Quiet()
This silencegshePOD andcancelsary currentlysoundingalarms.
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Alarm POD Implementation

We built our Alarm POD using a small piezoelectricbuzzerthat soundswhen power is
applied. Sincethe soundcan be very loud and piercing, the power to the buzzercanbe
switchedthroughsereralresistorsenablingthe PODuserto choosehetonethatthealarm
shouldsound.Detailsaboutthe POD canbe foundin AppendixB.

3.2.3 Motor Control POD
Controlling a Motor

Motors are usedin a wide variety of applications,including mobile robots, robot arms,
cornveyor belts,andfans. They comein both AC and DC varieties,are generallyhigh-
power devices,andcanbedif cult to controlby computer The Motor ControlPOD helps
abstractway mary of thedetailesrequiredto controla motor.

Motor Control POD Interface and Methods

The Motor Control POD is a DC motor controllerthat canrun the motor eitherforward
or backward, and provides variable speedcontrol. For this work, Motor Control PODs
have beenattachedo two motorsfrom a smallremotecontrolledcar, sincethis provides
a convenientbaseon whichto build a robot. The POD canalsobe usedwith a numberof
othermotors.

Functions| Forward and backward motor control, with variable speed
control.

Paver | Logic is poweredfrom USB. The motorrequiresa separate
power supply

Table3.2: Motor ControlPOD GeneraData

In additionto the basePOD classmethods the Motor Control POD addsthe
following methods:

* int MotorControlPOD::SetSpeed(unsignethrSpeed)
This methodsetstherelative speedf the motor (from 0-stopto 255-full speed).
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* int MotorControlPOD::SetDirection(irDirection)
This methodsetsthe motor direction. The Direction agumentmay be MOTOR-
_DIRECTION.CLOCKWISEor MOTOR_DIRECTION_CW for clockwise,andMOTOR-
_DIRECTION.COUNTERCLOCKWISEor MOTOR_DIRECTION_CCWfor counter
clockwise.

* int MotorControlPOD::Clockwise(unsignexharSpeed)
Startsthe motor going clockwiseat the speci ed speedfull speedf the Speedpa-
rametelis omitted).

* int MotorControlPOD::ClockwiseSlow()
Startsthe motorgoing clockwiseslowly.

* int MotorControlPOD::CounterClockwise(unsigneltarSpeed)
Startsthe motor going counterclockwise at the speci ed speed(full speedif the
Speedparameters omitted).

* int MotorControlPOD::CounterClockwisBlow()
Startsthe motorgoing counterclockwiseslowly.

* int MotorControlPOD::Stop()
Stopsthe motorcompletely cancellingpreviouscommands.

Motor Control POD Implementation

TheMotor ControlPODuseghe STMicroelectronicd 298N Dual Full-Bridge Driver[16]
asanH-bridge. The L298N canhandlemotor supplyvoltagesup to 46 V, andcanhandle
upto 4 A of current.It acceptsI TL logic levelsfor the controlcircuitry, andcontainstwo
devices,thoughbothhave beertiedtogetheiin parallelto allow higherpowerandenhanced
heatdissipation.

We designedheMotor ControlPODwith the e xibility thatallowsit to beused
with avariety of differentmotorsandpower supplies.For the casestudiesanRC carhas
beenusedasabase andthe MotorControlPODshave beenattachedo its motors.We also
usedthe car's batteryasthe power source.For otherapplications anotherDC motorand
differentDC power supplycouldbe used.

Sincethe POD doesnot have any speedor positionencodingijt is not possible
to determinethe motor's RPM, thoughthis is clearly desirable. Futurework could add
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thesecapabilities,andinvestigatestandardnotorsand power supplies. Detailsaboutthe
PODcanbefoundin AppendixB.

3.2.4 Light SensorPOD
Sensingthe Light Level

It canbe handyto detectvariousintensitiesof light. This canbe helpful, for example,
whena robotis searchingor a bright portion of aroom, whenchartingweatherpatterns
thatincludethe amountof sunlightreceved, or to detectwhethersomeonéhasturnedon

alight in aroom. With this light intensityinformation, the controllercanturn the robot
to attemptto maximizethe light striking the sensor or the presenceof the light canbe

recordedor futurereference.

Light SensorPOD Interface and Methods

The Light SensorPOD is a simple sensoithat measureshe relative intensity of the light
falling onit. It canbe queriedfor theintensityof thelight, or alight threshholdcanbe set,
andthe POD canbe queriedasto whetherthelight is on or off (basedn thatthreshhold).

Functions| Measuresheintensityof thelight
Range | 0-1023
Powver | FromUSB

Table3.3: Light SensoiPOD GeneraData

TheLight SensoiPOD extendsthebasePOD classwith thefollowing methods:

* int LightSensorPOD::GetIntensity()
This methodreturnstherelative intensityof thelight (0-1023).

* int LightSensorPOD::SetThreshhold(ifttreshhold)
This methodsetsthe on/off threshholdf the sensaor

* int LightSensorPOD::GetThreshhold()
This methodrequestshe currentthreshholdsettingfrom the POD.
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* int LightSensorPOD::IsLightOn()
This methodis usedto askthe POD whetherthe light is on (the intensityis higher
thanthethreshhold).

Light SensorPOD Implementation

TheLight SensoPODcontainsa PhotonicdDetectordnc. PDV-P9007Photocel[17]. With
thistypeof photocell theresistancéncreaseastheamountof light strikingit decreasedn
brightlight, theresistancef thephotocelldropsto approximatelyl K , while in darkness
it is approximatelylO0OK . The Light SensoPOD measureshis changein resistance,
andproducesa valuecorrespondingo the intensityof the light present.This valuevaries
from O (darknessjo 1023(brightlight). Detailsaboutthe PODareshovn in AppendixB.

3.2.5 Light Emitting Diode (LED) POD
Light Emitting Diodes

Computercontrol of lights cansometimese helpful. The lights could be usedas status
indicators,or the lights canbe usedto illuminate an area. On a robot, the lights may be
usedto aid in navigation,andcouldbe combinedwith acamera.

LED Light POD Interface and Methods

The LED Light POD consistsof four ultrabrightwhite LEDs that may be switchedon as
desired.ThePODwasdesignedo provide light to illuminateasmallarea,andcanbeseen
easilyacrossadarkroom.

TheLED Light PODaddsthefollowing methodgo the POD baseclass:

* int LightPOD::AllOn()
This methodturnson all the LEDs.

* int LightPOD::AllOff()
This methodturnsoff all the LEDs.

¢ int LightPOD::TurnOn(intLED1, int LED2, int LED3, int LED4)
This canbe usedto turn on the LEDs individually, with O indicating off, and ary
othervaluemeaningon. If ary of the parameterareommitted,they areassumedo
be off.
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LED Light POD Implementation

Our initial POD implementationutilized four ultrabrightwhite LEDs. The LEDs were
not bright enoughto provide as much light aswe originally hoped,but did give some
illumination to theimmediatearea,andwerebright enoughto be seeneasilyacrossa dark
room. Sinceit is notasbrightaswe desiredjt is still usefulasabeacoright, but doesnot
provide enoughight to readby.

The LED Light POD doeshave promise,though,andwe belive thatthe POD
canbeusefulin anumberof differentways. By usingdifferentcoloredlights (red,green,
yellow, blue),we have foundthatthe POD becomes very nice statusindicator To make
this effective, we extendedthe LightPOD asa ColoredLightPODallowing usto individu-
ally turn onandoff thelights by color (ColoredLightPOD.Red(pr example).

Futurework to increasethe amountof light provided by the POD would also
increasehe PODsusefulnessThis couldbe donethroughthe additionof moreor brighter
LEDs, focusingthe light with a lensandre ector, or by using a technologyotherthan
LEDs. Whencombinedwith somecamerasinfrared LEDs canbe usedasa light source
that cannotbe seenby the naked eye. We have includeddetailsaboutthe Light POD in
AppendixB.

3.2.6 Power SensorPOD
Detecting AC Power Status

In mostsener rooms, a stablepower supplyis a missioncritical requirement. Though
mary senersmay be connectedo an UninterruptiblePower Supply (UPS),if the power
outagepersistsjt maybedesirableo shutdown the systemcorrectlybeforethe UPSruns
out of power. Knowledgeof the sourcepower statuscanbe invaluableto the computeror
the administrator Thoughmary UPS systemsare capableof reportingthe power status,
this statusmay be dif cult to accesfrom anadministrators program. In addition, mary
senerroomshave multiple seners,andaboxto attachadditionalsenersmaybeexpensve.
Working with wall currentcanalsobe dangerougor aninexperiencecircuit designer

Power SensorPOD Interface and Methods

ThePowver SensoPODis adevice thatis pluggedinto botha computerandthe AC power
line. Power statusis detectedjs shaovn on the boardwith red andgreenstatusindicators,
andcanbe communicatedo userprogramson the host. Assumingthatthe hostcomputer

25



is connectedo a separatgower source suchasan UninterruptiblePaver Supply (UPS),
the Powver SensoPOD canbe usedto detectthe power status giving a computertime to
shutdown or take the necessaryprecautions.

Functions| DetectsAC power status,and displaysstatuswith red and
greenLEDs.
Connector| Standard®C power connector

Paver | Logicfrom USB,connectiorto AC power mainsis required.

Table3.4: Paver SensoiPOD GeneraData

ThePowerSensoPODextendshePODbaseobjectwith thefollowing method:

* int PoverSensorPOD::GetR@rStatus()
Returnsl if AC poweris on,andO if poweris off.

Power SensorPOD Implementation

The corecomponenbf the Paver SensoPOD s the Fairchild MID400 AC Line Monitor
Logic-OutDevice [18]. The MID400 is a small AC line-to-logicinterfacedevice. It con-
sistsof back-to-baclopto-isolators.The POD alsousesa SchurterGSP1Appliancelnlet
[19] for the AC power sincePCpower cablesarevery common.Thisalsoallowsthe Paver
SensoPODto be attachedanddetachedvheneer desired andallows great e xibility of
location. The Paver SensorPOD also usesstandardgreenandred LEDs for the visual
power statusindicator Detailsaboutthe Pover SensoPOD canbefoundin AppendixB.

3.2.7 SonarDistanceRanger POD
DistanceMeasurement

Measuringthe distanceto objectscangive invaluableinformationabouta robot's environ-
ment. Distancemeasuremertanalsobe very helpful in mary otherapplicationssuchas
a securitysystemor whenparkingacarin agarageln generalacomputemeedso know
thedistanceo objectsto make informeddecisions.
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Sonar DistanceRanger POD Interface and Methods

The SonarDistanceRangerPOD is a self-containeddistancesensoy and can provide a
high-resolutionrmeasureof the rangeto objects. The distancecanbe requestedn either
centimeter®r inches,andsincethe device candetectmultiple echos the POD canreturn
thedistanceo ary of theclosestl7 objects,or all 17 canberequestedtthe sametime.

Functions | Measureslistance
Range | 3cm-6m
Precision | 1cm
Resolution| 1cm
Power FromUSB

Table3.5: SonarDistanceRangePOD GeneraData

TheSonamistanceRangePODextendsthe PODbaseclasswith thefollowing
additionalmethods:

* int SonarPOD::GetDistandea(int ObjectNumber)
This methodrequestshe distancan inchesto objectObjectNumberObjectNumber
is anoptionalargument,anddefaultsto zero,or the nearesbbjectdetected.

* int SonarPOD::GetDistancam(int ObjectNumber)
This methodrequestghe distancein centimetergo objectObjectNumber Object-
Numberis anoptionalargument,anddefaultsto zero,or the nearesbbjectdetected.

* int SonarPOD::GetAllDistances(int *Ranges)
This methodreturnsthe distanceto all objectsin inches.Rangeshouldbeanarray
of 17 integers.

* int SonarPOD::GetAllDistancesm(int*Ranges)
This methodreturnsthe distanceto all objectsin centimetersRangesshouldbe an
arrayof 17 integers.

Sonar DistanceRanger POD Implementation

The SonarDistanceRangerPOD is built usingthe DevantechSRF0O8UltrasonicRange
Finder[20]. TheSRF08is capableof detectingechosrom multiple objects,andcanreport
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the distancerangein microsecondsgentimeterspr inches. It alsoincludesa light sensor
thathasnot beenusedin this project. Futurework could demonstraténow multiple inher
itancecanwork with PODs,andthe POD could behae asboth a SonarDistanceRanger
PODanda Light SensoPOD.Detailsaboutthe SonarPOD canbefoundin AppendixB.

3.2.8 CompassPOD
Digital Compass

Electroniccompasseare often usedto detectthe headingof mobile robots,andcanbe a
greataid in navigation. In connectiorwith othersensorsandotherinformationaboutthe
ervironmentit' soperatingn, robotsmaybe ableto determinetheir positionor wherethey
shouldgo.

CompassPOD Interface and Methods

The CompassPOD is a digital compasghat can be usedto detectthe direction of the
largestmagneticux. It returnsahigh-resolutiorheadingandcanalsoreturnatext-based
descriptionof the heading.

Range | 0 -359.9 [21]
Accuray
Resolution| 0.1

Power FromUSB

Table3.6: Compas$OD GeneraData

The Compas$ 0D extendsthe POD baseclasswith the following methods:

» oat CompassPOD::GetHeading()
This methodreturnsa value correspondingo the compassearing(negative if an
erroroccurred).

» oat CompassPOD::GetHeading(ch&teadingString)
This methodreturnsa string descriptionof the heading(suchasNNW or S). Head-
ingStringshouldbeastringof characterstleast4 charactersong. For corvenience,
this methodalsoreturnsthevaluecorrespondindgo thecompasdearing.
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CompassPOD Implementation

The CompassPOD is built usingthe DevantechCMPS03Robot CompassModule [21],
a digital compasghat detectsthe horizontalcomponenif the prevailing magnetic ux.

It usesan| C busthatthe POD microcontrollerreads. This headinginformationis then
communicatedo libPOD. The CMPS03usestwo Philips KMZ51 magneticeld sensors
atright anglesto eachotherto determinethe currentheading.Detailsaboutthe Compass
PODcanbefoundin AppendixB.

3.2.9 Buttons POD
Input from Pushhuttons

Thoughmary computershave methodgo receve input from the user suchasthroughthe
useof akeyboardor mouse someelectronicsystemslo notrequirethe compleity or size
of akeyboard.In thesecasesafew simplepushluttonscanseneto meetall theinputneeds
of the system.Examplesof this includea buttonto resetthe systemor a buttonto silence
analarm. This could alsobe usedto implementtouchsensorsn variousapplications.In
thesecasessmall,simpledevicesmaybeall thatis necessary

Buttons POD Interface and Methods

The ButtonsPOD is a simple device designedo acceptinput from the user It contains
several pushluttonsandanon/off switch. The POD hasmethodgo determinethe number
of buttons,aswell asa methodto requesthe statusof each,asshown here:

* int ButtonsPOD::GetNumberOfButtons()
This methodreturnsthe numberof buttonson this particularPOD.

* int ButtonsPOD::GetStatus(iButtonNumber)
This methodreturnswhetherthe individual button is currently being pressed. A
returnvalue of TRUE indicatesa button or switch thatis currently pressedr On,
andFALSE indicategthatthe buttonor switchis Off or not pressed.

Buttons POD Implementation

TheButtonsPODis a slightly modi ed LED-Light PODboard.It hasseveralsmallpush-
buttons,aswell asan on/off switch connectedo the microcontrollers digital input pins,
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andthe statusof eachcanbeindividually requestedAdditional detailsaboutthe POD can
befoundin AppendixB.

We have describeda numberof PODsthatwe have built, aswell ashow they
operate Table3.7 shavsthedevicescreatecandtheir native interfaces.Thoughthevarious
interfacesmaybedisparateby building thesedevicesasPODs theseinterfaceshave been
replacedwvith a singlestandardJSB interfaceanda simpleAPI.

| POD | Interfaces usedon Micr ocontroller |
ThermometePOD One(1) analoginputport
Alarm POD Three(3) digital outputports
Motor ControlPOD Three(3) digital outputports
Light SensoiPOD One(1) analoginput port
LED Light POD Four (4) digital outputports
Pawver SensoiPOD One(1) digital inputport
SonamistanceRangePOD | Onel C input/outputbus
Compas$0D Onel Cinput/outputbus
ButtonsPOD Four (4) digital input ports

Table3.7: ThermometePOD GeneraData

3.3 InterconnectingPODs

Now thatwe have introducedibPOD andthe PODsthatwe createdor this work, we will
discusssomeof thegeneraldeasrelatedto connectingandusingPODs.In thissectionwe
describehardwareandsoftwareutilities thatareutilized whenconnectingandusingPODs.

While it is oftendesirableo controlanumberof PODsfrom asinglecomputey
mary computersdo not have enoughUSB ports. For example, mostlaptop computers
containonly oneor two. In thesecasesPODsmustbe connectedo an expansionUSB
hubh Onesuchhub thatwe foundto work quite well is shavn in Figure3.5. This hubis
physicallysmall,andexpandsoneUSB portto four. It canbeeitherbus-pavered(draving
power from the computelit' s attachedo) or self powered(containsa batteryor is attached
to anothemower source).Sincemostof our PODsrequirevery little power, we foundthe
bus-paveredmodeto be sufcient.

WhenPODsareattachedo the USB bus, the operatingsystemassigngdevice
or port numberson the controllingcomputer Becausehey canbe connectedn ary ordes
or removedandreattachedthe port numberanay bereassignedThe usermustbe ableto
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Figure3.5: Small4-portUSB huh

determinewhat PODsare attachedandto identify which PODsthey arecommunicating
with. Overcomingthis potentialconfusionis especiallyimportantwhenmultiple PODsof
thesameypeareattachedsuchassereralThermometePODsmonitoringthetemperature
in differentrooms,or multiple Motor ControlPODson arobot.

As mentionedbrie y in Section2.1, eachPOD may be assigneda nameby
theuser This may be donethroughthe SetName(char  *String) method,andeach
POD storesthis namein its onboardmemory This allows the programmeto determine
which device is which (provided the userassignghe namesuniquely). Using the Find-
PODByName()methodinside PODELv, the usercanrequesi particulardevice by name.
Sincethis nameis storedon the POD, it will be retainedevenif the PODis removed or
reattachedo a differentcomputer EachPOD alsoresponddo the Test() method,which
testsor demonstratethe PODin the mannerappropriatdor thatparticularPODtype. For
example,the Motor ControlPODwill demonstratéorwardandbackwardmotion,andthe
Compas$ODwill outputthe currentheading.

To helpthe POD userdetectandidentify connected®ODs,we have developed
a small applicationcalled PODEditthat detectsall connectedODsand allows the user
to individually testandidentify eachPOD. SinceeachPOD canbe assignedch namefor
identi cation, PODEditreadsthe existing nameanddisplaysit to the user The POD can
be tested,andthe namesof eachPOD may be changed.While the device, port number
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and POD numbermay changeas PODsareadded,changedandremoved, the namewill
remainconstantsinceit is storedon the POD.

PODEditis written in GTK2. Like libPOD, PODEditwill run undereither
Linux or Cygwin in Windows. As an exampleof how PODEdit might be used,a user
may have a numberof PODsattachedwith the resultingscreendisplayedin Figure 3.6.
As shavn, ThermometeiPODshave beendiscoveredat #9 and#10, and Motor Control
PODswerefound at#6 and#8. Sinceone of the Motor Control PODsrepresentshe left
wheel,andthe otherrepresentshe right wheel,it may be dif cult to determinewhich is
which. However, the Testbuttonscanbe usedto testeachwheel,assistinghe enduserin
determiningwhichis which, andin labelingeachPOD appropriately

The Thermometersnay be testedaswell, thoughsincethey do not have ary
visible output,they mayneedto betestedandlabeledwhenthey arethelone Thermometer
POD attached.In this example,we have labeledPOD #10to be “Frank's Of ce”. Again,
thesenameswill remainwith the particularPOD.
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Figure3.6: Screenshoof the PODEditprogram.
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Chapter 4

CaseStudies

In this chapter we presentthe resultsof several casestudiesinvolving both simple and
comple systemsconstructedvith PODs.The rst casestudyinvolvesathermometethat
canbeusedto nd thetemperatureat home,in a senerroom,or evenoutside. This case
studyshavshow PODscanbeusedn simplesystemsThesecondtasestudydemonstrates
theconstructiorof a Sener Roommonitoringsystem.t providesamorecomplex example
of how PODsareused,andextendsthe useof the thermometefrom casestudy 1 with a
numberof additionaldevices. Thethird casestudyshons how a numberof the sameparts
canalsobeusedo make arobot. ThisshavsthatPODsareextremelymodularand e xible,
andcanbeusedin avarietyof differentapplications.

For eachof the casestudies,we describethe systemto be constructedand
how it will function. We discussthe bene ts that PODsbring to that systems design
and constructionprocessand show that the systemis easily constructecor modi ed in
software.

While the casestudieswill show relatively simpleexamplesthey will demon-
stratea numberof valuablebene ts of usingPODs. By rst constructingthe PODsand
libPOD software, we have suppliedourseheswith a modularplatform that abstractghe
low-level electronics simpli es the constructionof thesesystemsand provideseasyre-
con guration. In addition,we shav that PODsare e xible andscalable andthatlibPOD
providesa corvenient,yet powerful, userinterfaceto the devices.
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4.1 The Processof SystemConstruction

To make for afair comparisorbetweertraditionalandPOD constructiormethodswe will
rst discusghetaskscommonto constructingraditionalelectronicmodulesandPODs.

For eachof the electroniccomponentsisedin the casestudies,a numberof
tasksmustbe performed.The usermust rst investigatevariousmethodsof performinga
particulartask, determinethe availability of suitableelectronicparts,anddeterminehow
bestto utilize themto accomplishthetargettask.

As previously shavn, thereareoftena numberof differentwaysin which vari-
ousfunctionsmaybeimplementedandeachof thesemustbeevaluatedor theirfeasability
andusefulnessn the desiredsystems.This may begin with internetsearchesindlooking
throughvariouselectronicsdesignbooks,and may resultin several possibleapproaches.
The userthenchoosesan option, orderselectronicparts,andawaits their delivery. When
thepartsarrive, they mustexperimenthroughbreadboardingp learnhow they mightwork
together how the electronicsare to be powered,and how the device interfaceswith the
computer

In designingandbuilding the electroniccomponentsthe usermustchoosethe
interfacesthatwill be used.As the electronicpartsmay communicatevith eachother or
with the controlling computey in a numberof differentways, the usershoulddesignthe
systemwith future needsin mind. For power, the device may have a batteryattacheda
power brick mustbe pluggedinto thewall, or it maydependn power from the controlling
computer

The partsare often solderedtogether andthe resultingcomponents testedto
ensurehatit performsits functionscorrectly Sometimesthistestingprocesseveals a ws
in the designor constructionof the device. The datasheetdescribingthe electronicparts
may beincompleteor inaccurate Whenthesedesignandconstructiorerrorsandinconsis-
tanciesarefound, someor all of the procesanustbe repeated.This design,construction,
andtestingprocesss thenrepeatedor eachof the otherdevicesto be built.

In the next several sections,we shav how choosingto implementa system
usingPODsreduceghe effort to constructdevicesandsystemsof devices. Thisis dueto
thefactthatwe paytheimplementatiorcostsonceinsteadof oncefor every systemdesign.
Additionally, PODshave a commoninterfacestandarcandan easyto useAPI. Choosing
PODsgivesgreat e xibility , without signi cantly limiting a users future choices.
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4.2 CaseStudy 1 - Thermometer Device

This casestudyimplementsa simple systeminvolving a singlethermometer Electronic
monitoringof temperatureanbe usefulin a variety of situations.Many web sitescontain
informationaboutcurrentweatheiconditions. Historicaltemperaturelatais oftencollected
for laterreferenceMonitoring of ervironmentalconditionscanhelppredictfutureweather
or identify the causeof an ervironmentalproblem. Temperaturenformationcanbe used
to warnof potentialproblemsn a climate-controlledarea.Noting peaktemperaturesver
time canhelpdeterminevhethera cooling systemis adequateRisinginsidetemperatures
during hot days,for example,may indicateweaknessem the cooling,andcouldindicate
theneedfor alargersystem.

The purposeof this casestudyis to graphthe currenttemperaturén our sener
room, usingatool calledMRTG. MRTG is often usedfor network traf c monitoringand
graphingbutits great e xibility allowsits usein anumberof applicationghatrequiredata
collectionandgraphing.UnderLinux, a cronjob startsevery 5 minutes,andMRTG calls
aprogramto getthetemperaturesecordshetemperatureandupdatessomegraphs.

To implementa simple system,suchasmonitoringandrecordingtemperature
ever 5 minutes,we simply chosean electronicthermometechip andusedit to construct
a ThermometePOD. After building andprogramminghe POD, which requiredapproxi-
matelythe samelevel of work thata customimplementatiorwould have required we just
pluggedin the device andwrote a simpleprogram. To demonstratgust how easyit is to
programusingPODs,we have includedthe entire sourcecodefor this simpleapplication
in Figure4.1. This codetook no morethan5 minutesto write andtest.

Our simplethermometerpplicationhasbeenrunningfor over 7 monthsin the
ComputerScienceDepartmensener room. We have includedone of the graphsgener
atedin Figure4.2, andthe web pagecanbe seenat http://stats.cs.byu.edu/
temperature/

While this systemis extremelysimple,it providesa powerful demonstratiorof
justhow easyPODscanmalke a project. After constructiorof the ThermometePOD, no
low-level codingis required,andonly a few shortlinesof C++ areneeded.The POD can
be easily moved from one computerto anothey andthe codecould quickly be rewritten
for usein otherapplications.This illustratesthe bene ts of usingPODs. While the POD
constructioreffort requiresthe samelevel of effort requiredto build a customsystemthe
PODdesignis easilyreusedandintegratedinto new systems.
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#include <stdio .h>
#include <libPOD .h>

int  main( int argc, char *argv[])

{
PODEnNv *MyPODs
ThermometerPOD * Thermometer ;
float  Temperature ;

MyPODs = new PODEnNY);

Thermometer = dynamic_cast <ThermometerPOD *>
(MyPODs-> FindPODbyType (POD_TYPE_THERMOMETER
if (Thermometer = NULL

Thermometer -> GetTemperature (& Temperature );
printt ("% f', Temperature );

else printf  ("0") ; /* if no Thermometer PODis connected */
printt  ("\n0 \nO\nO \n");

}

Figure4.1: Completesourcecodefor the Temperature&sensorsystemusedin CaseStudy
1 (the additional0's and newlines printedareto satisfy constraintgplacedby MRTG, the
datacollection,storageandgraphingprogram).
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Figure4.2: Samplemonthlygraphof thetemperaturén the ComputerScienceDepartment
sener room. Nearthe beginning of week 13, the Talmagebuilding experiencedsome
coolingproblemsyesultingin highertemperatureandthe spike in thegraph.
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4.3 CaseStudy 2 - Server Room Monitoring System

In this section,we investigatethe useof a numberof PODswithin a singlesystem.This
casestudywill utilize the ThermometePOD usedin casestudy 1, but combinest with
a numberof otherdevicesto form a more complex sener room or datacentemonitoring
system.

It is commonto carefullysecuremonitor, andcontrolvarioussystemsn adata-
centeror senerroomervironment.Knowledgeof variousconditionsallows the systemto
warnof problemsjnform peopleof statuschangesor recordstatistics.A complex system
may have variousinput andoutputdevices,andthe resultsof oneelementmaybe usedto
determinewhetherto performsomeaction.

In this casestudy we constructeca somavhat complex systemthat can nd
the currentroomtemperaturegdeterminewhetherthe lights areon or off, andwhetherthe
powerhasfailed. It will warnof problemghroughanaudiblealarm,andcanindicatestatus
throughvarious-colored EDs. If the systemdetectsatemperaturédigherthanthecon g-
uredthresholdemailwill be sentto a pagerandthealarmwill beep.A redlight will turn
on to indicatea high temperaturecondition. If the systemdetectsa power outage,simi-
lar thingswill happen(email page,audiblealarm,andvisual statusindicator). Additional
pageswill be sentperiodically andthe alarmandred light will continue,until the system
detectghat a systemadministratothasrespondedo the problemby turning on the lights
or clearingthe system.

This casestudyrequiresanumberof differentelectroniccomponents:

Lights

Alarm

Thermometer

Buttons

Light Sensor

Power Sensor

While USB supports127 devices, the processof scanningfor devices takes
time and additionalresources.libPOD hasbeendesignedto detectand organizeup to
16 devices, but supportfor 127 may easily be accomplishedy recompilingandcreating
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additionaldevice nodequnderLinux, thisis donewith mknod ttyUSB16 c¢ 188 16).
This practicallimitation of 16is sufcient for all the projectswe have donein this work.

Eachof the devicesusedin this casestudyrequiresrelatively little power, so
they canall be poweredby the controllingcomputer This helpskeepthe wiring to a min-
imum, and allows for a cleanlook to the project. BecauseeachPOD containsits own
microcontroller the device communicationis simpli ed. Eventhoughthe variouselec-
tronic componentdhave variousinterfaces,the controlling computeronly needsto com-
municatewith the microcontrollervia USB. This is enabledby the microcontrollerswe
chose.Thoughsmall,they containalarge numberof features.They cancommunicatevith
devicesthat outputanalogvalues,usea digital interface,usethe TWI (I C) protocol,or
communicateusing othermethods. This enablessachdevice to be a self-containedunit,
andallowedusto designandconstrucieachhardwaredevice individually.

After constructingeachPOD, all that wasnecessaryo build the sener room
monitorwasto createthe high level programrequiredto logically interconnecthemin the
desiredashion.ThelibPOD library helpedabstraceway thelow-level communicatiorde-
tails, which greatlysimpli ed thistask. Thesoftwarerequiredon the controllingcomputer
isillustratedin Figure4.3.

int  ShowSystemStatus (SystemPODsStruct &SystemPODs,
StatusStruct &Status )
{

int Error = FALSE
SystemPODs. Lights ->Green (ON); /* system operational */

Status .CurrentPower =

SystemPODs.PowerSensor -> GetPowerStatus () ;
if (! Status .CurrentPower )
{ I* power has failed *

printt (" Power OFF ") ;

SystemPODs.Lights -> Red(ON);

Error = TRUE;

if (Status .OldPower != Status .CurrentPower )

{ I* failed now */

SendEmail (" Power Failed ");

Status .AlertAcknowledged = FALSE
} }
else SystemPODs. Lights ->Red (OFF) ;
Status .OldPower = Status .CurrentPower

SystemPODs. Thermometer ->GetTemperature (Status
CurrentTemperature ) ;

if (Status . CurrentTemperature >
(MAX_TEMPERATURE HYSTERESIS)
{ * high */

printt (" Temperature HIGH ");
SystemPODs.Lights -> Yellow (ON); /* indicate high temp. */
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Error = TRUE;

if

(Status .OldTemperature <=
(MAX_TEMPERATURE HYSTERESIS)

{ I* new problem *

SendEmail (" High Temperature ");
Status .AlertAcknowledged = FALSE

Status .OldTemperature = Status .CurrentTemperature ;

else

}

[* temperature  normal *

SystemPODs.Lights -> Yellow (OFF);

if

(Status .CurrentTemperature <=
(MAX_TEMPERATURE HYSTERESIS)
Status .OldTemperature = Status .CurrentTemperature ;

Status .CurrentLightLevel =
SystemPODs.LightSensor  -> IsLightOn () ;

if (Error == TRUB /* problem ... sound the alarm */
{ /* unless alert has been acknowledged */
if ((Status .OldLightLevel == FALSE)
&& (Status .CurrentLightLevel == TRUE))
{
Status .AlertAcknowledged = TRUE;
printf  ("Acknowledged by lights being turned on\n ");
}
if (SystemPODs .Buttons -> GetStatus (BUTTON_PUSHBUTTQN
{
Status .AlertAcknowledged = TRUE;
printf  ("Acknowledged by button \n");
}
if (! Status .AlertAcknowledged )
&& SystemPODs.Buttons ->GetStatus (BUTTON_ONOFpH
{
SystemPODs.Alarm ->Sound (SOUND_LENGTH
printf  ("Alarm  ON \r);
}
else printf (" Alarm OFF \r ");
}
else
printf (" Status NORMAL \r ");
Status .AlertAcknowledged = TRUE
}
Status .OldLightLevel = Status .CurrentLightLevel ;
fflush  (stdout );

return (OK);

Figure4.3: Samplecodefrom the Sener Roommonitoringsystem.
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4.4 CaseStudy 3 - Mobile Robot System

As shawvn in the previous casestudies,PODssimplify the constructionof systemswith
their modulardesign,and by providing a methodto bridge the gap betweenhigh-level
programmingandthelow-level electronics BecauséODscaneasilybeaddedor removed,
the samecomponentsan be usedin a variety of differentsystems. This makes them
idealfor mary applicationsbecausencean electroniccomponentasbeendesignedas
a POD, thatdevice canbe usedinterchangablyn completelydifferentsystems.After the
desiredPODsareattachedandanew controlling programis written, the systemhastaken
acompletelynew form.

While the previous casestudiesfocusedon demonstratinghow PODsallow
for a consistanuserinterface,andsimplify the constructionof a system,this casestudy
demonstratebiow componentsuilt for one systemcan be usedinterchangablyto build
analternatesystem.Designinga separatesystemusingmary of the samepartsshowvs the

e xibility andpower of boththe electronicsandlibPOD.

Here,we presentthe constructionof a simple mobile robot. We usesomeof
the PODsbuilt for the othercasestudiesaswell asconstructingseveralmore.Our goalin
programmingherobotwasto havetherobotseekoutlight. While thisis abasictask,it will
show how quickly aprogrammercanmove from therobotbuilding stageto implementation
of interestingalgorithms. Again, we will not be designinga comple robot, but rather
demonstratinghe e xibility andpower of our modularPOD systemby building a simple
robotin justafew stepsandusingPODspreviously built for otherpurposes.

Our mobile robot moves aroundthe halls of the departmentandis designed
with a sonardistancerangerto helpit avoid runninginto walls or otherobjects.Therobot
hasseverallight sensorsothatit candetectareasof bright light, andit hasa compasgo
trackits heading.An alarmhasalsobeenattachedandsounds~vhentherobotis backing
andto indicateits status.

To provide a chassidor our robot, we disassembled remotecontrol vehicle,
andusedits baseasa platformto build on andattachthe partsto. We removedthe car's
superstructuregndreplacedt with a platformonwhichthebattery sensorsptherdevices,
andcomputercontrollerhave beenmounted.For mobility, we usedthe car's motors,since
they arepowerful enoughto move therobotaround,andaresecurelyattachedo the base.
We alsousedthe RC car'sinternalbatteryto powerthe motors.

For control, we choseto usea single boardcomputer(SBC), the Advantech
PCM-5824[22]. This compactcomputerruns a basicLinux operatingsystemoff of a
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laptopharddrive. It hasanetwork portandcanalsocommunicateverawirelesscard. The
SBChasserial,parallel,andUSB ports,andis capableof runningon+5 voltsfrom abattery
or othersource We mountedhis computeiinsidea custom-designeenclosureThis helps
insulateand containthe computerandcomponentandallows for easietmountingon top
of ourrobot. It recevesits power from a 6 Volt gell-cell batterymountedon therobot. We
testedseveralbatteriesbeforechoosingonethatprovidesalittle overtwo hoursof runtime
on ourcomputer

The sensorandotherelectronicshave alsobeeninsulatedandmountedto the
robot. Several small USB hubshelpto connectall the deviceswith the SBC. Exceptfor
the robot's motors,all the devicescandranv power directly from the USB bus. Because
the computerrunsa full Linux systemwe wereableto programit usingthe sametools,
libraries,andmethodgshatwe usedin the previous casestudies.After we hadeverything
in place,we wroteour programto testout our algorithmfor nding light.

Becausehe PODsmaybeattachedn ary order andto differentiatehevarious
motorsandsensorsye usedPODEditto testandlabel the devicesappropriately For ex-
ample,in ourrobot,the motor controlPODshave beenlabeledLeft andRight to simplify
theiridenti cation in theprogramgherobotruns.

Our robot follows a fairly simple light-seekingalgorithm, and performsrela-
tively well. Our programtook aboutan hourto write, thenanotherhour or two to delug
andimprove. While the entire codefor our robotis lengthy we wish to highlight several
sectionsof codethatillustrateinterestingpoints. We implementecdbur robotasan object
thatextendsthe PODEv classasdepictedn Figure4.4.

We haveincludeda pictureof thecompletedobotin Figure4.5,andthesource
codefor the light-seekingalgorithm our robot executesis displayedin Figure4.6. Our
robot currently checksthe light levels forward andto eachside. The robotthenturnsin
thedirectionof the greatestight, moving forwardif thatsensomeasureshe highestlight
intensity It will stopif therobotdetectghatthelight is decreasingn intensity or if it is
traveling forward,anddeterminest cannotsafelygo further.
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class Robot : public PODEnv

public :
Robot ();
int Forward (unsigned char Speed);
int Backward (unsigned char Speed);
int  Left ();
int  Right ();
int  Stop ();
float  Heading ();
int Distance () ;
int DisplayLightReadings 0;
int ChooseBrightest  (int  &Brightness );
int SeekBrightest () ;
protected

MotoerntroIPOD *LeftMotor
MotorControlPOD  *RightMotor ;

LightSensorPOD  *LeftSensor
LightSensorPOD  *CenterSensor
LightSensorPOD  *RightSensor ;

SonarPOD *Sonar ;
CompassPOD *Compass;

AlarmPOD *Alarm ;

private
POD

;‘FindPOD(int POD_Type, char *POD_Namg;

Figure4.4: Object-orientedrkobot.

44




Figure4.5: Pictureof ourworking robot.

int

{

Robot ::SeekBrightest 0

int
int
int
int
int
int

LastBrightest ;
Brightest
LastBrightness ;
Brightness
Distance ;

Done = FALSE

while (! Done)

{

Brightest = ChooseBrightest  (Brightness  );
if  (Brightest == LEFT)
{
if (LastBrightest I= LEFT)
{
Stop ();
Left ();
LastBrightest = Brightest ;
LastBrightness = Brightness ;

printt  ("Turning Left\ r");
fflush  (stdout );

}
else if (Brightest == RIGHT)
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if (LastBrightest I= RIGHT)
Stop ();
Right () ;
LastBrightest = Brightest ;
LastBrightness = Brightness ;

printf  ("Turning Right \r");
fflush  (stdout );

}
else /> forward */
{
if (LastBrightest I= FORWARD
Stop ();
Forward (SPEED);
}
else
t .
Distance = Sonar -> GetDistancelnches  ();
if (Distance <= DISTANCE_THRESHOLD
{
Stop ();
printt  ("Forward is brightest , but it 's close -range .
Stopping \ n");
Done = TRUE
}
if  ((Brightness + BRIGHTNESS THRESHOlD< LastBrightness )
[*  getting darker again */
{
Stop ();
printf  ("Getting darker again . Stopping \n")
Done = TRUE
}
b .
LastBrightest = Brightest ;
LastBrightness = Brightness ;
if (! Done) printf ("Forward \r");
fflush (stdout );
}
}
Stop() ;
printft  ("Forward  should now be brightest \n")
return (0);

Figure4.6: Samplecodedemonstratinghe algorithmthe robotfollows.
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4.5 Analysisand Comparisonof POD Bene ts

When comparingthe tasks,decisions, e xibility, and time requirementsvhen building

thesesystemsit is obviousthat PODsmake thingssimpler Many of the key implemen-
tation detailshave beendecided.The systemscaleseasily andeachPOD becomesasier
to build thanits predecessoAfter the PODshave beenbuilt, the usermerelyconnectshe
devices,andcanspendheir time working to perfecttheir softwarealgorithm.

Our casestudieshave demonstratethatPODsprovide agreatmary advantages
over traditionaldesignmethods.PODsallow for quick developmenthroughthe reuseof
modularhardware. The choiceto usePODsremoves mary detaileddecisionsbut does
not causesigni cant sacri ces. Oncebuilt, PODscanbe treatedasjust anothersoftware
object. PODsprovide a simpleanduniform userinterface,aswell asa e xible, modular
design.

As we have shovn, eachPODcanbeusedin avarietyof differentways. During
our work, we found a plethoraof additionalprojectsthat could beimplementedisingjust
thePODsthatwe hadcreated.Thefollowing list of suchprojectss obviouslynotcomplete,
but illustratesthe usefulnessindversatility of PODs.

» The Powver SensoPOD could be attachedo a switchandusedasa timeclock. An
employeecould ip the switch on whenthey arrive at work, thenturn it off again
whenthey clock outfor lunchor attheendof theday Thesystemcouldtally upthe
time spentworking eachday, andreportthis total for billing purposes.

* TheCompas$ODcouldbeattachedo adoorandcalibratedo detectwhenthedoor
is openandclosed. This could be usedto tell whensomeonentersthe room, and
couldeasilysene asaburgler alarmin avariety of situations.

» The SonarDistanceRangePOD could be mountedin sucha way asto work like a
motiondetectoyor to indicatethatsomeonas presenjust outsideadoor. Thismight
be usefulfor applicationssuchasairline security wherea pilot mustknow whena
personmight bedirectly outsidetheairplanecabindoor.

» A SonarDistanceRangerPOD andan Alarm POD could be usedtogetherto help
someonegarkingan unwieldy vehicle determinehow muchfartherto pull into the
garag€g(this couldbeimplementedn eitherthe garageor thevehicle).

A Light SensoPODplacedunderor behindanobjectcouldbeusedo warnsomeone
thatthe objecthasmovedor beentaken.
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* An Alarm PODcouldbeusedto reademailor give informationthroughMorsecode
to someonavho wasvisuallyimpairedor enjoys HamRadio.

» A smallpinwheelcouldbeattachedo theMotor ControlPOD,allowingit to function
asasmallfan,or asavisualindicatoror alert.

A Light SensoPOD placedalongsidea plantcouldhelpthegardnetell whetherthe
plantsaregettingthe appropriateamountof sunlight.

As statedearlier thislist is not exhaustve by any meanshput simply illustrates
theusefulnes®f PODsin creatingotherwisecomplex systems.

48



Chapter 5

Conclusionsand Futur e Work

5.1 Conclusions

In our work, we concernecursehes mainly with providing a userinterfaceto hardware
devicesfor programmers.Thesepeopleoften have higherlevel ideasandalgorithmsthat
they wouldlik eto implementandwould rathemotwork throughlow-level implementation
details. As the studyof algorithmsis the goal, time spentdesigningandbuilding custom
electronicamay betime wastedor misplaced.

We have createdobject-orientechardwaredevicesthatwe call PODs(Physical
ObjectDevices). We designedand constructeca numberof PODs,provided a C++ pro-
gramminglibrary that makestheir usesimple,anddemonstratedhe usefulnesof PODs
in severalcasestudies.Our work shavs thatobject-orientedvardwareis notonly possible,
but corvenientand useful. Our approachsimpli es and standardized®oth the hardware
andsoftwareinterfaces,andallows the userto focuson writing their programsto control
devices.ForthePODdesignereachnev PODbecomegasietto create andevenafterjust
afew PODshave beenbuilt, alarge variety of systemscanbe constructed.

Therearea numberof easilyidenti able bene tsthatPODsprovide:

» Fewer decisions- Most peopledon't really carehow their systemis poweredor
whetherit is connectedver USB, serial, or anotherinterface. They just wantthe
device to work. While therecertainly exist casesin which the builder may want
different choicesthan thosepicked by the POD designer PODsremove mary of
thesedetaileddecisionsandallow the majority to build without having to dealwith
thematall.
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* Modular design- The modulardesignof PODsmalkesbothindividual devicesand
entiresystemseasierto test, identify problemswith, andmodify. For example,if a
particularthermometesensobecomeslamagedn someway (watersometimegyets
into devicesplacedoutside) theusermayneedto desoldethetemperatureensoior
somepartof it, nd anew componentandresoldeiit. Thenewv sensomaynothave
the samepower, pinout, and spacerequirementspr may requiredifferently sized
resistorsUsing PODs,theworstcases thatanewvw PODis ordered andthe existing
PODis unpluggedrom the USB bus,andthe new oneconnectedn its place.Since
USB supportaupto 127devices,this modulardesignalsomalesit simpleto addnew
deviceslater, suchaswhenaddingthe LED lightsto anexistingmonitoringsystem.lt
is alsopossibleto swapoutonedevice for anothemwith slightly differentcapabilities.
This may comein handyif theinitial systemincludeda power sensoithatcouldtell
whetherthe power wason or off, andan updatedversionof the power sensoPOD
couldmonitorthecurrentline voltage,andwarn of spikesandbrownouts.

» Simple to program - PODsexhibit a numberof object-orientedsoftware design
principles.Encapsulatiofms demonstratethroughabstractingway thelow-level de-
tails. Eachnew objectinheritsfrom the basePOD object,andthe ColoredLightPOD
shavs how a POD canbe extended. The Testmethoddemonstratepolymorphism
by demonstratinghe PODin the appropriatevays. This object-orientednterfaceis
familiarto programmersandallows for very simpleprogramgo controlthe devices
in complex ways.Oncea POD hasbeenconstructedthe userdoesnot needto know
anything abouthow the electronicswork. The PODEIv accessnethodsprovide a
simpleuserinterfacethatrequiresonly a basicunderstanding@f object-orientegro-
gramming.

» Hardware Reuse- Lik e softwareobjects electronichardwarecanachiere greatben-
e ts by reusingpreviouswork. We have shovn thatthe object-orientedlevicesused
in eachcasestudycanbeusedn otherapplicationswith little or nomodi cation nec-
essary In addition,constructionof eachnew POD becomesasiey sincea number
of interfaceshave beencompleted.For example,the ButtonsPOD wasconstructed
out of a Light POD asan afterthoughtandthe SonarPOD and Compas$OD are
essentiallyphysicallyidentical (otherthanboardshape).Becausedhe interfacesfor
somelow-level devicesarethe same the circuit boardcanbe reusedfor a slightly
differentapplication.
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» Uniform Interface - Sinceall PODssharea commonlibrary, eachdevice becomes
a softwareobjectwith a similar userinterface. This userinterfacemakesa seamless
interactionbetweenhe hardware and software,andensureghat a usercanreplace
onePOD with a similar POD without muchwork. This uniform interfacebecomes
especiallyimportantwhenreplacingdevices or usinga new onefor the rst time.
For example,our currentdistancesensohasa precisionof 1 centimeterandarange
betweer centimeterand6 meters.Becausef its accurag andrange,t canbean
expensve device to purchase.BecausePODscall for the sameinterface,an inex-
pensve distancesensomwith differentcharacteristicgould easilyreplaceour more
expensve one.

» Rapid Development- Using PODssigni cantly cutsdown on the numberof steps
requiredfor theuserto move from theconceptuastageto theusagestage.Thisrapid
developmeniallows themto concentrat@n applyingalgorithmsanddoingresearch,
ratherthan investigatingpotential optionsand soldering. Sincethe userdoesnot
needto spendime working onthesdow-level details,they arefreeto work onthose
aspectshatthey nd moreinterestingandwheretheir skills lie.

 Flexibility - Using PODsin a systemdoesnot stopthe userfrom usingnon-POD
electronicdn their projects. While the userwill be at a disadwantageby not having
thegreatbene tsthatPODsbring, they arenotlimited in their options,andarefree
to do any extrawork they desire. This couldinvolve usingbothPODsan non-POD
systemsside-by-side.

5.2 FutureWork

5.2.1 Minimization and Miniaturization

We focusedon demonstratinghe conceptdbehindPODs,andhave not mademucheffort
to minimize the devicesin sizeor compleity. The PODswe built wereconstructedising
prototype4-layer PC Boardsandelectronicpartsthat we could solder While we did at-
temptto nd andusesmallercomponentsandto positionthemcloseto eachotheronthe
device,noneof the PODswe built couldbeconsidereaninimal. Here,we discussa few of
the considerationshat could be usedto minimize andminiaturizePODsin termsof size,
cost,andcomplexity.
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Themicrocontrollersve usedhave 23 programmabléO ports,6 of which can
alsosene asAnalogto Digital CorvertorchannelsNoneof our PODsrequiredmorethan
4 digital 10 ports,or 1 Analogto Digital Cornvertorchannel.In our prototypework, it was
clearlyto ouradvantageo have alot of extra portsthatwe mightnotuse,but asmallerand
simplermicrocontrollerwould mostlikely sufce. In mostcasesthis couldsare quiteabit
of money andspaceon the circuit board.

The ATMega8canhold up to 8 KB of programcodein its ash memory and
alsohasl KB of mainmemoryand512bytesof EEPROM. Sincewe did all of our micro-
controllerprogrammingusingcompiledC, andeverything t into the memoryconstraints,
we were glad to have the large capabilities. It is quite likely that using raw assembler
or utilizing differentprogrammingpracticeswould allow the POD designerto get avay
with usinga microcontrollerwith muchlessmemory This would consere spaceandsare
money.

Ourmicrocontrollerscontainabuilt-in clock, but becausef stability issueswe
did not useit, but insteadusedan externaloscillator The oscillatorwasmuchlargerthan
if we haduseda crystaland capacitorshowever it reducedchip count, therebymaking
thedesignsimpler We feel thatthe temperaturestability is important,andbelieve thatan
external clock continuesto be the bestsolution. A surface-mountrystaland capacitors
shouldbe usedto helpreducethe spaceequirements.

The ATMega8hasanonboardvoltagereferencecircuit for usewith the Analog
to Digital corvertors. We did not realizethis initally, andwe sentout our rst POD for
constructionwith a designthathadthreeadditionalcomponents$o performthis function.
After wediscoveredthebuilt-in voltagereferenceircuit, we utilizedit in all futuredesigns,
ratherthanusingthe circuit we hadoriginally designedWe foundthe voltagereferencdo
be suitablystableandaccurateandremoving the extra circuit saved signi cant spaceand
expense.

Whendesigningour PODs,we madeevery effort to nd through-holecompo-
nents. Thoughthey areusuallylarger thantheir surface-mountounterpartsandrequire
both sidesof the board,they are mucheasierto solder This alonesaved us mary hours
whenconstructingour PODs. For prototypework, we believe thesearereasonablérade-
offs, but for ary end-usedevices, it is more practicalto usethe smallercomponentsand
to have the partson both sidesof theboard.

We useda pre-huilt USB-Serialcorverter device that containeda numberof
componentsPlacingthesecomponentslirectly ontoour boardwould helpconsere space.
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The DLP boardalsocontaineda full-size USB B-connectar Therearesmallerconnectors
thatcouldbeused,evenfor USB, andthis couldcutdown onthe spacerequired.Alternate
interfacesexist, andsomeof thesearementionedn Section5.2.3.

5.2.2 InterestingPODsto Build in the Future

The PODswe built for this work merely scratchthe surface of what could be done. In
orderfor PODsto be a truly viable optionfor mary people,a POD mustexist for eachof
thedevicesdesired.Ideally, theuserwould be ableto do whatthey wantby nding aPOD
thatprovidesthe perfectsolution. During our work, we thoughtof a numberof devicesthat
we think would be usefulandinterestingto have. Someof thesearelistedhere:

» LCD Display

» KeyboardPOD (plugin regularkeyboard)
 Batterywith batterymonitor

* Watersensor

» Air 0w sensor

» Smolealarm

* Motion detector

» Doororwindow entrydetector

* Voicerecognitiondevice

» Motor with wheelencoder(or otherpositiondetectingdevice)
» GPSrecever

» Tachometer

» Scale(weightsensor)

» Accelerometer

* Pressurasensor

» Straingauge

» BarcodeReader
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5.2.3 InterestingDirectionsto gowith PODs

We enjoyedworking with USB for a numberof reasonslUSB is acommoninterface,and
thehardware (FTDI chip andDLP-Designboard)we usedgreatlysimpli ed its use.USB
provided power to mostof our PODs,andwe generallyfoundit to be very handyto use.
Devicesareeasyto addandremove atwill, andsomeof thelow-level detailswerealready
implementedor us.

However, USB doeshave somelimitations, suchas eachdevice requiring a
USB cable.Whenworking with anumberof PODs therecanbequiteafew USB hubsand
cablesconnectingeverythingtogether This often createsa large rat's nestof cablesthat
sometimesnustbe untangledr traced.Also, USB canonly go alimited distancefrom the
controllingcomputer

During our implementationyve found thatthe conceptdehindPODsare sim-
ple,andarenottied to USB. Theideasuponwhich PODsarebuilt would work well when
appliedto alternateinterfaces.A few of theseoptionscouldincludeconnectingo a POD
acrossa network, with the POD beingit's own networked device, or the POD connected
to somesener application. This would allow someseparatiorbetweenthe controlling
computerandthedevice.

Another interface that would be useful to pursueis wirelessradio systems.
Thereare a numberof possiblesystemscurrently existing, suchas Bluetooth[23], Zig-
bee[24], or small,individual transcieers,suchasRF Monolithics Virtual Wire® [25].

Becausave designedur PODsasprototypeswe simply usedthe serialports
createdhroughtheuseof the provideddevice driver (theftdi _sio moduleunderlinux).
SincetheUSB devicescouldbereprogrammedith alternatdJSB device numbersassign-
ing ourown uniquedevice numbergustfor PODswould allow other(non-POD)devicesto
usetheoriginaldriver. Thiscouldalsoprovide amoreuniforminterfacebetweenVindows
andLinux ervironments.

Someof the PODslend themselesquite well to graphicalstatusdisplay and
control interfaces. SincelibPOD hassomeGUI capability already(through GTK2), it
would not be dif cult to addfunctionality to allow a graphicaluserinterfaceto be built
on top of the individual PODs. A Compas$OD could take on a graphicalinterfacethat
pointednorth,or thetemperaturérom a ThermometePOD couldbedisplayedasagraph-
ical analogthermometer

Currentlyall PODsare synchronousandrequirepolling. We foundthis to be
acceptablén ourwork, butamoreelegantsolutionwould allow anasynchronousystemas
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well. This couldbeaccomplishedhroughcallbacksthroughsignals,or by multithreading
libPOD.

5.2.4 Object-Oriented Principles

While PODsarephysicaldevices,they implementandexhibit anumberof Object-Oriented
softwaredesignprinciples. As aresult,they arevery e xible. They behae like software
objects,and canbe treatedas such. EachPOD appliesthe principle of encapsulatiorno
abstracits internalworkingsandexposeonly the necessarynethods EachparticularPOD
typeinheritsa numberof propertiesrom the POD baseclass,andaddstheir own features
andcapabilities. This allows eachPOD type to leveragethe methodsand propertiesof a
POD,andsimpli es the creationof future PODs.Polymorphismis shavn throughseveral
methodsthat testand demonstrateachPOD type. In addition, PODELlv is a composite
classcontainingpotentiallyany numberof basePODsandderved POD classes.

We have includeda diagramof an exampleobjecthierarchyin Figure5.1. All
PODsusedin thiswork areshavn. ThedashedbjectsrepresenpotentialPODsthatcould
bebuilt. Thedashedinesindicatepossiblerelationshipetweerthe objects.Most PODs
arerelatively simpleextentionsof thebasePODclass.All PODsarederivedfrom thePOD
baseclass, eitherdirectly or indirectly. Thoughmary of the methodamplementrelatively
simplefunctions,our exampledemonstratea few waysin which PODsmaybecomeanore
complex andpowerful.

In this example,a BackupSensoPOD (usedto aid a driver in parking)could
be constructedisinga SonarPODandanAlarm POD.The POD couldbeimplementedas
eithera compositeclassor multiply-inheritedclass.A ThermostaPOD (or class)extends
a ThermometelPOD by addingthe ability to setalarmsandwarn whenthe temperature
leavesa speci edcomfortzone.A Motor ControlPOD may provide arudimentarycontrol
for a motor, understandingnly directionof spin, andits own measureof how fastit is
attemptingto rotate but afterattachinga wheelto the motor, a PoveredWheelPOD could
contrituteinformationaboutthe wheelradiusandcontrolover the actuallinearspeed.

By creatinga compositeclasscontaininga numberof motorizedwheels, a
movementplatform could be constructedasanindividual classin the hierarchy A control
device of thistypecouldactasanintermediarybetweerseseralPODs.It couldmanagehe
componenwheels abstractingway lower-level controldetails,andproviding higherlevel
functionsto users. Thesehighetrlevel functionscould involve commandgo move to the
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Figure5.1: ObjectHierarchyin libPOD. All PODsarederived from the POD baseclass,
eitherdirectly or indirectly. ThedashedbjectsandlinesindicatepotentialPODsandtheir
relationships.

56



left, or rotate. Implementingsucha systemin hardwareresultsin a physicalhierarchyof
devicessimilar to alogical hierarchyof softwareobjects.

5.3 Final Remarks

In this work, we have introducedthe PhysicalObjectDevice (POD),an extensibleobject-
orientedervironmentthat allows simple control and communicatiorwith electronicde-
vices. We have alsodescribedibPOD, a library designedo facilitatethe useof the PODs
by programmersWe believe thatthis simple, yet powerful, environmentsolvesmary of
the challengegacedwhenworking with electronicdevices. PODsprovide programmers
with a userinterfacedirectly targetedfor them.

Throughseveral casestudies,we have demonstratedhe useof PODsandlib-
PODin building bothsimpleandcomplex electronicsystemsThesecasestudieshave also
shavn a numberof greatbene ts of usingPODssuchasa e xible, modulardesign,afa-
miliar anduniform object-orientegorogrammingervironment,the easyreuseof hardware
objects,andtheability to rapidly developcomplex electronicdesigns.

Our work hasshawn that by building intelligenceinto electronicdevicesand
by treatingthesehardware objectssimilar to the way that software objectsare used,great
bene tscanberealized.Thesebene tsapplybothin thecreationof the PODsthemseles,
aswell asthe softwarethatusesthem. PODsarea usefulmethodfor computercontrol of
hardware.
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Appendix A

Toolsand Software Libraries

As with mary projectssuchasthis, nding andusingthecorrecttoolscanposeasigni cant
challenge.In this Appendix,we brie y describea numberof tools that we found to be
invaluable. Additional detailscanbe found at our web site at http://pel.cs.byu.
edu/"sorenson/Thesis/

ThecodeonthemicrocontrollersvaswrittenonalLinux machineandcompiled
usingthe AVR port of the GCCtools. Thesetoolscanbefoundat http://savannah.
nongnu.org/download/avr- libc/r eleas ed/ ,andinclude:

avr-binutils-2.14-1.i386.rpm

avr-gcc-3.3.1-1.i386.rpm

* avr-gcc-c++-3.3.1-1.i386.rpm

avr-gdb-6.0-1.i386.rpm

avr-libc-1.0-1.i386.rpm

avr-libc-docs-1.0-1.i386.rpm

Oncethesetools have beeninstalled,the microcontrollerbinariescanbe com-
piled. An exampleMake le is shaovn in FigureA.1.

EachPOD hasbeenbuilt with a programmingheaderandcanbe programmed
using UISP (Universal In-SystemProgrammer). This tool can be found at http://
savannah.nongnu.org/download/ uisp/ , andutilizes a parallel port program-
ming cable.
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CC=vr-gcc

STRIP=avr -strip

OBJCOP¥avr -objcopy

LIBS =-L/usr /avr /lib /avr4

DEVICE="atmega8 "

INCLUDES=- l/usr /avr [/include -l /root /programs /pods /Includes
CFLAGS-Wall - WI,$( LIBS)

# speed at which to write to flash (3125 is probably the minimum value )
#SPEED"- dt_wd_flash =3125"

TARGEFETemperature . hex
SUFFIXES: .c .out .hex

#.SECONDARY Temperature . out
.PRECIOUS: %.out

all : $(TARGET)

.out .hex:
$(OBJCOPY) -O ihex %< $@

.C. out:
$(CC) $(CFLAGS) - mmcu’(DEVICE) $(INCLUDES) $< -0 $@
$(STRIP) 3$@
erase :
uisp -v=3 -dprog= stk200 --erase
program :
make erase
uisp -dprog =stk200 -v=2 --upload if=$( TARGE]) --verify $(SPEED)
set_fuses :
# Internal 8Mhz
# uisp -v=3 -dprog =stk200 -- wr_fuse | =0xe4d
# External Oscillator
uisp -v=3 -dprog= stk200 --wr_fuse_|  =0xe0
reset :
uisp - dprog =stk200
clean :

@rm-f $(TARGET) *.out

FigureA.1: SampleMake le to compilecodefor themicrocontrollers.
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Becaus@ursingleboardcomputerdid not have amonitorattachedye foundit
helpful to usea programto generateaudiblebeepgo indicateits status.We usedthe beep
packagdocatedat http://www.johnath.com/beep/

We usedthe CAD software CadsoftEagle[26] to designthe schematicsaand
boardsfor our PODs.

To visualizehow our objectsinterrelatedwe usedthe tool Graph\iz, found at
http://www.graphviz.org/
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Appendix B

POD Detalls

At the very lowestlevel, PODscommunicataisinga simplebinarylanguageover the bus.
SincemostPOD userswill never needto know theintricatedetailsin orderto implement
or use PODs, thosewishing to seethesedetailsare referredto our web site at http:
/Ipel.cs.byu.edu/"sorenson/Th esis/

EachPOD knows andrespondgo a few generakommandsandPOD-speci ¢
commandsreaddedontothose.Thesegenerakommandsreshownn in TableB.1.

EachPODtype (ThermometerMotor Control,etc.) is assigned uniqueiden-
ti er to distinguishit from the othertypesof PODs. The POD typescurrentlyde ned are
shavn in TableB.2. ThistypeID maybefoundusingthe GetPOD Typecommand.

We createda C library to simplify the programmingof the microcontrollers
on the PODs. This library is accessedhroughsmall headerles. Theseheaderles are
depictedin TableB.3. Full sourcecodecanbe found at our web site at http://pel.
cs.byu.edu/"sorenson/Thesis/
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| Command Code |

Command | Details

0x0000

PING

This teststo make surethe PODis still responsie.

0x0001

GetPOD Type

This commandjueriesthe POD for its type (Types
areshavnin TableB.2).

0x0002

GetPODInfo

This command requests additional information
from the POD, suchasversioninformation.

0x0003

ResetPOD

Thisresetehe PODto the powerupstate.

0x0004

GetName

This methodrequestshe userassignechamefrom
the POD.

0x0005

SetName

This methodallowstheuserto assigna nameto the
POD.

TableB.1: GeneraPODcommands

| PODID | Description |

0x0001 | ThermometePOD (Section3.2.1)

0x0002 | Alarm (audible)(Section3.2.2)

0x0003 | Motor Control(Section3.2.3)

0x0004 | Light SensoilSection3.2.4)

0x0005 | LED-Light (Section3.2.5)

0x0006 | Power Sensol(Section3.2.6)

0x0007 | CompasgSection3.2.8)

0x0008 | SonarDistanceRanger(Section3.2.7)

0x0009 | Buttons(Section3.2.9)

TableB.2: POD TypelDs

| F

ile Name | Description |

Serial.h | Routinego implementhigherlevel communication
usingthe USART.

ADC.h | Routinesto simplify the useof the Analogto Digi-
tal Corverter(ADC).

Sleep.h | Routinesto placethe microcontrollerinto the vari-
oussleepmodes.

Delayh | Implementsnopdelayloops.

TWI.h Routinesto assistin communicationover the Two
Wire Interface(alsoknown asl C).

TableB.3: Headerles usedwhendevelopingPOD microcontrollercode.
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