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ABSTRACT

PODS:PHYSICAL OBJECTDEVICES

FranklinE. Sorenson

Departmentof ComputerScience

Masterof Science

Computercontrol of electronichardwarecanbe a dif�cult challengefor pro-

grammers.Often, they wastetime andmisplaceeffort working throughlow-level imple-

mentationdetailsof electronicdevices,ratherthanusingthedevicesto accomplishhigher-

level tasksandalgorithms.

In this work, we introducethe PhysicalObject Device (POD), an extensible

object-orientedenvironmentthat allows simple control of electronicdevices throughan

object-orientedinterface. Programmingoccursthroughthe useof libPOD, a simple,yet

powerful, library designedto simplify the useof PODsby programmers.By building

intelligenceinto electronicdevicesandby treatingthesedevicesashardwareobjects,pro-

grammersaregivenauserinterfacedirectly targetedfor them.

We detail a numberof PODsthat we have constructed,anddemonstratetheir

usethroughseveralcasestudies.Our work shows thatPODsprovide a �e xible, modular



design,a familiar anduniform programmingenvironment,andrapid designof complex

electronicsystems.
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Chapter 1

Intr oduction

1.1 Applications for Computer Control of Hardware

Deviceswhich performactionsor measuresomeelementof theenvironmentaroundthem

areusedheavily in environmentalmonitoringsystemsandrobotics.Commonroboticde-

vicesincludemotorizedwheels,grippinghands,andlight or distancesensors.Whencom-

binedwith acentralcontroller, thesedevicesallow robotsandothersystemsto interactwith

theworld aroundthem.

Examplesof how thesedevicesarecombinedaretheMarsPath�nder andSo-

journerRovercombination.Thesesystemscontainseveralcamerasandlasersfor distance

measurement,severaltemperaturesensors,wind socksto measurewind characteristics,and

pressuresensorsandaccelerometersto gatherusefulinformationduringtheir descent[1].

RobotssuchasSojournerarespeciallydesignedby engineersfor the functionsthey will

perform[2].

While someroboticsystemshavespeci�c constraintswhich requirecustomiza-

tion, many othersmay be purchasedpre-built. Additional sensorsandactuatorsmay be

purchasedandattachedlater. Thisallowsarobotto beusedquickly in higher-level applica-

tions,includingmachinelearningandcontrolalgorithms,or for measuringenvironmental

conditions.

Sensorsandactuatorsarealsousedin avarietyof systemssuchassecuritysys-

tems,computerroommonitoringdevices,andasenvironmentalmonitors. Commonsen-

sorsincludemotiondetectorsandtemperaturesensors,andactuatorsoftenincludealarms,

sirens,warninglights,andmotors.Thesedevicesmaybepurchasedor engineered,but are

dif�cult to combineinto asinglesystem.
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In situationslikeSojourner, NASA hadthetime,money, andexpertiseto design

andbuild an entirerobot systemfrom the groundup. The constraintsof the projectalso

requireda customsolution. However, researchersusuallydo not want to spenda large

amountof time on a projectto collect andassembleall the piecesthey needbeforethey

canbegin performingtheirhigher-level studies.However, buyingpre-built productscanbe

costly, andtheproductmaynot have thenecessaryfunctionality.

End usersoften want computersystemswith the ability to control thesevari-

ouselectronicdevices,andthey would bene�t greatlyfrom a middle-of-the-roadsolution

thatallows device controlat the right level. They aregenerallyconcernedaboutthe time

andmoney involved,andusuallyhave expertisein �elds otherthanelectronics.In these

cases,a pre-built solutioncanbevery costly, andreverse-engineeringcurrentproductsor

designingsomethingfrom thegrounduprequiresmoretime,work, andin-depthelectronic

knowledge.

1.2 Problemto Solve

Commonelectronicdevicesareoftenusedto measuresomeelementof their environment,

suchastemperature,or performsomeaction,suchassoundingan alarmor turning on a

motor. Interfacinga computerwith electronicdevicescanbedif�cult, sincetheinterfaces

of many electronicdevicesarenotspeci�cally designedto interfacewith computers.

Connectingto thesedevicescan requireconsiderableelectronicsknowledge.

Often, the peopleinterestedin communicatingwith electronicdevicesareartists,indus-

trial designers,or technicalresearchers.Their main skills usually lie in areasotherthan

electronics.They generallywantto concentrateon building andusingtheir entireproject,

ratherthantheindividualdevices.

To illustratethedif�culty in connectingelectronicdevices,weuseanelectronic

thermometerasanexample.Somedevicesusevery high-level interfaces,suchasa stand-

alonedigital wall thermometeror a large weatherstation. The wall thermometermaybe

a self-containeddevice that displaysthe currenttemperatureon its own screen.Devices

likethisaregenerallynot intendedfor directcommunicationwith acomputer. Theweather

stationmay attachto a computer, however it may requireconnectionthrougha special

computercard,andtheremay be little informationabouthow it communicateswith the

softwareprovidedby themanufacturer. Theseinterfacesareintendedfor peoplewhowant

stand-alonedevices,andarenotmeantto beincorporatedinto auser'sproject.
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Eletronicdevicesarealso designedwith low-level interfaces,with the inten-

tion of connectingthemto otherelectronicdevicesby engineers.This typeof deviceoften

requireslargeamountsof additionallogic,andassumesthattheuserhasanin-depthknowl-

edgeof circuit designandconstruction.Examplethermometerswith low-level interfaces

includedeviceswith 8 digital outputs,anSPIbus,anda singleanalogoutput. Someoff-

the-shelfdevicesandconstructionkits help,thoughthey rarely remove thebarriersposed

by theelectronics.Becausethesedevicesaim to servepeoplefamiliarwith electricalcom-

ponentsandmicroprocessorcommunications,theelectronicsexperiencerequiredremains

achallengeto their use.

Theseare just a few low-level andhigh-level examplesto illustrate the dif�-

culty of �nding userinterfacesthat areappropriatefor a varietyof people's needs.Even

for groupspossessingtheelectronicsknowledgeto create,attach,andprogramelectronic

devices,thatmaynotbewherethey wantto focustheirefforts. Marvin Minsky, co-founder

of theMIT Arti�cial IntelligenceLaboratory, recentlysaid,“The worstfadhasbeenthese

stupidlittle robots.. .Graduatestudentsarewasting3 yearsof their livessolderingandre-

pairingrobots,insteadof makingthemsmart.It' s really shocking.” [3]. As Minsky states,

many interfacesrequiremorelow-level work thandesired.

Theselow-level interfacesignorealargegroupof people,namelythosewith the

goalof connectingthesedevicesto computers,andusinga programminglanguageto add

softwarefunctionality. Making someof thesedeviceswork canmeanlearningelectronic

designtechniques,soldering,programming,and�nding device driversthatprovide a pro-

gramminginterface.While someof thesechallengescanbeovercome,asawholethey can

becomesigni�cant barriersto theuseof electronicdevices.

Webelievethatby building intelligenceinto thedevicesthemselves,andby de-

signingtheelectronicswith a commonhardwareinterfaceandsoftwarelibrary, program-

merscaneasilyuseelectronicsdirectly in programsthey write. By providing an object-

orientedprogrammingframework thatencapsulatestheelectronicdevicesandabstractsthe

low-level details,programmerscanfocuson the tasksthat thedevice will beperforming,

ratherthantheelectronics.A numberof projectshave attemptedto provide this interface,

andwediscusssomeof thesein thenext section.
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1.3 PreviousWork

Someworkhasbeendonein anattempttosimplify orstandardizecommunicationsbetween

acontrollerandvariousdevices.Thereareseveralkits whichcontainvariousmotors,gears,

sensors,andconnectingwires. Many of thesekits arehobbyistkits, or aredesignedto

connectto smallmicrocontrollers.Somearedesignedfor peoplespeci�cally researching

robotics. While theseapproachescanbeusefulin someinstances,many people�nd that

they do notmeettheir needsbecausethey arestill dif�cult to controlusingtheir computer.

Examplesof hobbykits includeLegoMindstorms.TheseareLegokits contain-

ing acomputermodule(theRCX) andanumberof Technicsparts[4]. TheRCX containsa

microcontrollerwhich canbeprogrammedfrom a PC,but canonly communicatedirectly

with a limited numberof attacheddevices(3 inputsand3 outputs).Despitetheselimita-

tions,Mindstormshavebecomepopular, andmany peoplehavedesignedsensorsandother

systemsfor usewith them[5].

Additionalmicrocontroller-basedsolutionsincludetheOOPic(Object-Oriented

ProgrammableIntegratedCircuit) [6], a programmablePIC microprocessorthatcanfunc-

tion asa numberof differentobjects,including hardware circuits (digital I/O, counters,

etc),processing,variablestorage,andsystemobjects.Theseobjectssimplify connection

of theOOPicwith hardwaredevices,andallow severalOOPicsto communicatetogether.

In an NSFSummerUndergraduateFellowship,studentsdesignedandbuilt a small robot

from variousparts[7]. The piecescontainedmicrocontrollersandwereconnectedwith

a serialcommunicationbus. Onepart actsasa master, andgivescommandsto theother

modules.

Several modularsystemsinclude Robotix [8] andsomework doneat Xerox

PARC. Robotix is “a motorizedmodularbuilding system”that includesmotors,grippers,

jaws,andwinches.Thesepartsarecontrolleddirectly throughahand-heldremotemodule,

so the systemis not programmable,anddoesnot apply higher-level ideas. Much of the

modularrobotic work from Xerox PARC [9] hasfocusedon constructingrobotsfrom a

numberof similar parts,andprogrammingthemto work togetherasasinglerobot.

Phidgets[10, 11, 12] comparephysicalinterfacesto widgetsusedin graphi-

cal userinterfaces. Phidgetsaredesignedto abstractthe physicaldevices,andhide the

implementationandconstructiondetails.They exposetheir functionality throughanAPI,

andincludea simulationmodewheretheprogramminginterfacemaybeusedwithout an

attacheddevice. While Phidgetsarean attemptto simplify programming,their interface

4



requirestheuseof VisualBasic,COM, andActiveX in Windows, makingthemcomplex

devicesto work with.

While theseprojectshavesolvedsomeof theproblemsassociatedwith control-

ling andusingelectronicdevices,they fall shortof providing aninterfacethatis botheasy

to program,andrequireslittle electronicsknowledge.

Our solution relies on the useof programmablemicrocontrollersto simplify

the interfaceto complicatedelectronicdevices. ThesePhysicalObjectDevices,or PODs,

have an object-orientedinterfacethat makesthemeasyto use. We feel that this solution

is morecompletethanany of the previous work, andprovidesa usefuluserinterfacefor

programmers.Theremainderof this work is outlinedasfollows: Chapter2 discussesour

solution. Chapter3 describesthe generalcharacteristicsof PODs,anddetailsthe PODs

thathavebeenimplementedandhow they operate.Chapter4 presentsseveralcasestudies

anddemonstrateshow PODscanbeused.Chapter5 presentsour conclusions,andfuture

work. Someadditionaldetailscanbefoundin theAppendices.
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Chapter 2

Our Solution: PODs

2.1 PODsare a better approach

We havecreateda new sortof device,which wecall a PhysicalObjectDevice (POD),and

we have de�ned a framework underwhich PODsoperate.A PODis anelectronicdevice

thatis controlledin anobject-orientedmannerfrom a computer. Whena PODis designed

andconstructed,many of thetechnicalelectronicdetailsareabstractedaway, andthePOD

useris left with a simpleand familiar interface. PODsaregenerallysmall devices. An

examplePODis depictedin in Figure2.1.

Figure2.1: Pictureof a POD.
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Intelligenceis built into eachPOD throughthe useof small microcontrollers,

whichallow aPODto belargely self contained.EachPODhasasmallonboardEEPROM

thatallows theuserto assignthePODa name,andcertainothersettingsmayberetained

asappropriateto theparticulardevice's need.PODsmaybeusedin programsthroughan

object-orientedC++ library calledlibPOD.Abstractingtheelectronicdetailsandutilizing

a simple programminglibrary allows usersto integratethesesmartdevices into new or

existing programswithout requiringan in-depthknowledgeof electronicsandotherPOD

details.

EachPOD is physicallyconnectedto the hostcomputerover a USB link, as

shown in Figure2.2. USB is commonlyfoundon computers,canprovide power to most

PODs,andallows the connectionof asmany as127 devicesat one time. This, in con-

junctionwith anobject-orientedsoftwarelibrary, makesPODseasyto attachto nearlyany

computer, andsimpli�es thecreationof programsto accessthem.

USBHUB

POD POD . . . POD

Computer

Figure2.2: ConnectingPODsto a computer. If thecomputerhasenoughUSB ports,the
USB Hubmaynotbenecessary.

The POD microcontrollers,whenusedwith the library routines,give PODsa

well-de�ned API thatuserprogramsrunningon thehostcomputercanleverageto easily

communicatewith a POD.EachPODrespondsindividually, andcontainsall themethods

necessaryto functionindependently. Additionally, PODsaredesignedto actasobjects,so

they maytakeadvantageof someof thepropertiesof objectorienteddesign.
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WehavedesignedthePODhardwareabstractionarchitectureto be�e xible and

object-oriented,andhave focusedthis work on demonstratingtheusefulnessof PODs,as

well ashow they caninteractwith eachotherandtheprogrammingenvironment.Though

we designedPODswith object-orientedprinciplesin mind, we have only implemented

someof the ideas,andhave left the applicationof someof themoreadvancedprinciples

for otherresearchers.Wehavediscussedsomeof thesein moredetail in Section5.2.

2.2 Programming with PODsusing libPOD

We have implementedlibPOD as a C++ library. This makes programmingsimpler by

abstractingawaythelow-level detailsof communicatingwith thePODs,andhelpsto facil-

itatetheconnectionof multiplePODsto asinglecomputer. Thisalsoallowsuserprograms

to communicatewith all connectedPODsby invokingsimplemethods.Currently, libPOD

hasbeencompiledunderLinux andthe Windows Cygwin environment,andPODshave

beenusedin bothenvironments.ThisgivesthePODusergreat�e xibility .

Using libPOD, eachPOD is representedas an object throughthe POD base

class,andindividualPODtypesinherit from thatclass.libPODprovidestwo mainobjects,

PODandPODEnv, asdescribedin Section2.3.

To programusing libPOD, the POD userneedsonly to connectthe POD to

the computer, compiletheir sourcecode,andlink in libPOD. Figure2.3 containsa brief

exampleprogramthat demonstrateshow a single ThermometerPOD might be usedto

monitorthetemperaturein aserver room.

PODEnv *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-codeto demonstratea simplePODsystem.

After the libPOD environmenthasbeeninitialized, PODscanbe queriedand

controlledthroughsimplemethodinvocations.This speedsthedevelopmentof usercode,
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andhelpsPODsbemoreintegratedinto userprojects.libPODmanagesPODconnections,

andtakescareof connectingto andcommunicatingwith thePODs,whetherit bea single

POD,or many PODs.

SincePODscommunicateusing low-level serialcommandswith the control-

ling computer, libPOD implementsthe lower-level communicationwith the POD micro-

controller. It sendstherequestsfor information,processestheresponses,transmitscon�g-

urationandcommands,andlistensfor asynchronousalerts.To theuser, libPOD provides

a setof wrappermethodsfor thesefunctions,andcanalsorespondto somegeneralcom-

mandsaswell. Thesegeneralmethodsserve to initialize thePODenvironment,andallow

theuserto queryandsearchfor connectedPODs.

2.3 GeneralFunctionality of libPOD

In additionto theactionsperformedbehindthescenes,libPOD alsoprovidestheuserwith

a numberof morevisible methods. Thesemethodsfunction by helping to identify and

controlthePODsconnected.ThePODenvironmentis initializedduringtheconstructorfor

thePODEnv object,a classthatcontainsandmanagesall connectedPODs.This involves

openingthe variousPOD devices and determiningwhat is connected.EachPOD may

thenbeaddressedindividually asaPODobject,or throughmethodsaccessiblethroughthe

PODEnv object.

PODEnv may be initialized with a numberof options, suchas POD ENV-

OPTION TEXT 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()maystill be calledto updatethe list of PODs,or Refresh-

POD()maybeusedto updateeachPODindividually. ThePODEnv objectalsoprovides

thefollowing helpfulmethods:

• int PODEnv::GetNumberOfPODs();

Thiswill returnthenumberof valid PODscurrentlyconnected.

• int PODEnv::GetAllPODs(POD*ReturnPODList)

Thisreturnsanarray(in ReturnPODList)of all thePODsconnected.ReturnPODList

shouldbeanarrayMAXPODSlong.

10



• POD*PODEnv::FindPODbyType(intPOD TYPE, int Number)

This is usedto �nd a POD of type POD TYPE. The Numberparametermay be

ommitted,in which caseit defaults to 0 (requestingthe �rst POD of the speci�ed

type). If nomatchingPODcanbefound,NULL will bereturned.

• POD*PODEnv::FindPODbyName(intPOD TYPE,char*PODName)

This is usedto searchfor a POD by the user-de�ned name,andmay be usedwith

POD::SetNameandPOD::GetName.

• POD*PODEnv::GetPOD(intPODNumber)

ReturnsaPODby number.

• int PODEnv::RefreshPODs()

Thismethodrescansthesystemfor PODsthathavebeenadded,removed,orchanged.

• int PODEnv::RefreshPOD(intPODNumber)

This methodrescansthesystemto seeif device #PODNumberhasbeenadded,re-

moved,or changed.

Similarto thewaythatmostobject-orientedprogrammingenvironmentsrequire

softwareobjectsto have a default constructor, eachPOD is requiredto respondto a few

basiccommands,asshown here:

• int POD::GetType()

ThismethodreturnsthePODType(asanint) of thePOD.

• int POD::GetType(char*PODTypeString)

This methodreturnsa string describingthe PODType (PODTypeStringshouldbe

longenoughtoholdthedescription–PODSIZE TYPENAME shouldbelongenough).

• int POD::GetVersion(char*VersionString)

Thismethodreturnsastringdescribingtheversionof thecodeonthemicrocontroller.

• int POD::GetURL(char*ReturnURL)

This returnstheURL describingmoreinformationaboutthePOD(URL shouldbe

longenoughto hold theURL–PODSIZE URL shouldbelongenough).

11



• int POD::SetName(char*String)

Thiscanbeusedtosetauser-de�nednamefor thePOD,andcanbeusefulwhenmul-

tiple PODsof thesametypeareconnected(Stringmaybeup to POD SIZE NAME

byteslong).

• int POD::GetName(char*String)

This methodis usedto returnthe user-de�ned namefor the POD (assetwith Set-

Name).Stringshouldbeat leastPOD SIZE NAME byteslong.

• int POD::IsValid()

Thismethodwill respondwith anonzerovalueif thePORT wassuccessfullyopened

andthePODrespondedcorrectly.

• int POD::TestConnection()

Thismethodwill checkthePODto makesureit is still responding.

• int POD::Test()

This is avirtual methodthatwill testor demonstratethePODin someway.

Eachof thesemethodsrequestsinformationfromtheassociatedPOD,orgathers

informationfrom thegeneralPODenvironment.Thereturnvaluefor eachof thesemethods

is an integer result,with positive valuesindicatingsuccessandnegative valuesindicating

errors.Thedetailsof themethodsde�ned for eachspeci�c PODtypearegivenin thenext

chapter.

12



Chapter 3

Implementing PODs

3.1 GeneralPOD Inf ormation

We have focusedthis researchon demonstratingtheoverall usefulnessof PODs,andhow

thePODenvironmentsimpli�es theinteractionbetweencomputersandelectronicdevices.

Section3.1.1discussesthehardwarecommonto all of our PODs,while Section3.1.2out-

linesthesoftwareassociatedwith eachPOD.Thesedetailshelpto show thatPODsde�ne

a usefulandconvenientprogrammingenvironment.We have alsodevelopeda numberof

PODDevelopmentmethodsandtools(mentionedbrie�y in Section3.3).

3.1.1 Hardware Inf ormation

We have createdeachPOD asa 4-layerprintedcircuit board(PCB), giving the PODsa

clean,uniform look. To aid in their development,the PODsall utilize the samemicro-

controllerandUSB-Serialdevice. Sincethey are intendedasprototypes,PODsarenot

minimizedwith respectto sizeor componentcount,but futurework couldshrinkandmin-

imizePODsandcodesize.

The PODshave beendesignedaroundthe Atmel ATMega8Lmicrocontroller.

TheAtmel AVR microcontrollersare8-bit processorsbasedon a RISCarchitecture.The

ATMega8L comesin both surface-mountandDIP packages,andhasadequatecodeand

memorysizesfor many projects.It alsohasa relatively smallpackagesize,andsupportsa

wide varietyof on-chipfeatures,makingit apracticalandconvenientchip to work with.

On-chipfeaturesinclude8 KB of Flashfor programstorage,1 KB of SRAM

for datastorage,512bytesof EEPROM for persistantstorage,and23 generalpurposeI/O

ports. It supportsexternalinterruptsandPulseWidth Modulation(PWM), andcontainsa
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6 channelAnalogto Digital Converter(ADC), aswell asaninternalRC clockandvoltage

referencefor theADC.

Toallow programmingthePODmicrocontrollersafterconstruction,wehavein-

cludeda programmingheader. Also, while theATMega8LcontainsaninternalRC clock,

we have built thePODsusinganexternaloscillatorrunninga 3.6864MHz. We chosethis

oscillatorfrequency becauseit producesaccurateUART clock ratesup to approximately

230Kbps,givingusalargedegreeof freedomwhenchoosinginterfacespeeds.Theoscilla-

tor is alsomorestablethantheinternalRCclock. Wehaveincludedadditionalinformation

on thisdesigndecisionin Section3.2.1.

To convert betweenUSB and the microcontrollerserial port, we utilized the

DLP DesignDLP-USB232MUSB-SerialUART InterfaceModule [13], which usesthe

FTDI FT232BM USB-UART chip [14], andcomesin a convenient,breadboardableDIP

package.It is capableof providing power throughthe USB bus, and the onboardlevel

converter interfaceswith both 3.3V and5V logic. Several examplePODsareshown in

Figure3.1.

Figure 3.1: Pictureof several PODs. Top row, left to right: ThermometerPOD, Light
Emitting Diode(LED) POD,ButtonsPOD.Bottomrow, left to right: Light SensorPOD,
Alarm POD,USBconnector.
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3.1.2 Software Inf ormation

Thecodeon eachPODwasdevelopedin C, andhasbeencompiledusinggccwith theavr

target.ThemicrocontrolleroneachPODcommunicatesby usingits built-in UART, andthe

attachedcomputerreceivesthis communicationthrougha device driver that interpretsthe

connectionasasimpleserialdevice. UnderLinux, thesedevicesbegin with /dev/ttyUSB0,

andunderWindows, they areCOM ports(startingwith COM5, for example). libPOD is

responsiblefor openingtheappropriatedevice�le anddoingthelow-level communication.

To assistin thedevelopmentof thePODsthemselves,anumberof smallheader

�les canbe includedfor additionalfunctionality. This simpli�es themicrocontrollerpro-

gramming,andmakesthe POD-speci�ccodesimplerandeasierto implementandread.

Detailsof thesecanbefound in AppendixB. In the following sections,we discusssome

detailsassociatedwith eachPODusedin thiswork.

3.2 POD Implementations

During this project,we constructeda numberof PODs,andhave de�ned a numberof de-

vicesthatcouldpotentiallybemadeinto PODs.In this section,we discussdetailsassoci-

atedwith eachof thePODsconstructedfor thiswork. Webrie�y discusssomereasonsthat

theparticulardevicesmaybedesirableandsomedif�culties anendusermight facewhen

designingandbuilding suchadevicewithoutusingPODs.Wedescribethebasicfunction-

ality of thePOD,give its methods,anddiscussimplementationdetailssuchaselectronic

partsusedduring thePOD's construction.For theThermometerPOD,we describeaddi-

tional detailsrelatedto its construction,including a block diagramandthe circuit board

layout.For otherPODs,someof thesedetailsaregivenin AppendixB.

Wehavebuilt thefollowing PODs:

• ThermometerPOD

Measurestemperature

• Alarm POD

Soundsanaudiblealarm

• Motor ControlPOD

Providescontrolof motors
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• Light SensorPOD

Measureslight intensity

• Light EmittingDiode(LED) POD

TurnsonvariousLEDs to provide light or for useasstatusindicators

• PowerSensorPOD

Detectsthepowerstatusof 110V AC power

• SonarDistanceRangerPOD

Measuresdistance

• CompassPOD

TellswhatdirectionthePODis pointing

• ButtonsPOD

Containsvariousbuttonsusedasinput

3.2.1 Thermometer POD

Measuring temperature with and without PODs

Therearea numberof situationsin which peoplemaywant to measuretemperaturefrom

a computerprogram.This canbeveryusefulwhenmonitoringthetemperaturein a server

room or other temperature-controlledenvironments,when tracking outsidetemperature

suchasin a weatherstation,or whenaddingthecurrenttemperatureto a local web-page.

Anyonedesiringto measuretemperaturewith a computerhasa numberof options,few of

whicharepractical.Mostrequireadetailedknowlegeof electronicdesignandconstruction.

As discussedin Section1.2, commerciallyavailableelectronicthermometers

areofteneitherstand-alonedevices,not intendedto beincorporatedin user-built projects,

or low-level electronicdevicesthatrequireconsiderableknowledgeregardingcircuit con-

structiontechniques.Whenan electronicthermometeris constructedasa Thermometer

POD, the technicalimplementationdetailsbecomehidden,leaving the userwith a clean

API thatexposesonly thenecessaryfunctions.Thissimplesoftwareinterfacerepresentsa

signi�cant improvementfor theuser, asthey only requirea USB port andsomeprogram-

mingknowledge.
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Thermometer POD Interface and Methods

TheThermometerPODis a small thermometercapableof reportingtemperaturein either

Fahrenheitor Celsius,asrequestedby a userprogram.ThePODhasa valid temperature

rangefrom -40
�

F to +300
�

F. GeneralinformationabouttheThermometerPOD is shown

in Table3.1.

TemperatureRange -40
�

F - +300
�

F
Accuracy

��� �

F
Precision 0.25

�

F
Power FromUSB

Table3.1: ThermometerPODGeneralData

In additionto thegeneralPODmethodsde�ned in Section2.3,theThermome-

terPODaddsthefollowing methods:

• int ThermometerPOD::GetTemperature(�oat*Temperature)

This methodreturnsthecurrenttemperaturein Temperature.Thereturnvaluefrom

GetTemperatureindicateswhetherlibPODhadany problemsretrieving thetempera-

turefrom theactualPOD.Most of thePODmethodsreturnanint to communicate

errorstatus.

• int ThermometerPOD::SetUnits(charUnits)

Thismethodsetsthecurrenttemperatureunitsto eitherF or C.

• int ThermometerPOD::GetUnits()

Thismethodreportsthecurrenttemperatureunits(F or C).

Thermometer POD Implementation

In ourproject,webuilt theThermometerPODusingtheNationalSemiconductorLM34DZ

[15]. TheLM34DZ is asmall,precisiontemperaturesensorcontaininganintegrated-circuit

with anoutputvoltagelinearlyproportionalto thetemperature.It requiresverylittle power,

andcanprovideaccuratetemperaturesover therange-40
�

F to +300
�

F.

During implementationof theThermometerPOD,wediscoveredthattheman-

ufacturer's datasheetfor the USB-to-Serialdevice wasincorrectin several places. Also,

17



while themicrocontrollerusedcontainsanon-chipRC (Resistance/Capacitance)clock, its

susceptiblityto temperaturevariationsmadecommunicationwith the POD impossibleat

anything other than room temperature.Sincethis was an unreasonablelimitation (par-

ticularly for a thermometerdevice), we createdall PODswith externaloscillators. This

representsanotherdetail that is handledby thePODdesigner, sinceit allows all PODsto

have thesameenvironmentalrequirements.

A block diagramof the ThermometerPOD is illustratedin Figure 3.2. The

methodinvocationsaretranslatedin thelibPODcodeto commandspassedacrosstheUSB

to the POD device. The USB interfaceon the POD receivesthesecommandsandsends

themvia aserialconnectionto themicrocontroller. Themicrocontroller-basedroutinesare

thenexecutedandtheappropriateactionsaretaken. In thecaseof theThermometerPOD,

this involvesreadingfrom theAnalogto Digital Converter, changingthis readinginto the

appropriateunits,andreturningthis value.We includeanexamplemicrocontrollerroutine

to demonstratetheGetTemperaturemethodin Figure3.3.

USB

from

computer

DLP-USB232M
USB� - � Serialconverter

USB
Serial

�

�

�	

ATMega8

microcontroller

�

UART

ADC

LM34

Thermometer

Figure3.2: Block diagramof theThermometerPOD.Theshadedareademonstrateswhich
componentsmakeup thePOD.
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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 theThermometerPODmicrocontroller. This demonstrates
theGetTemperaturemethod.

As previously mentioned,this PODwasfabricatedusinga 4-layerPrintedCir-

cuit Board(PCB)process.This PCBis illustratedin Figure3.4. A productionPODcould

bemademuchsmallerusingsurfacemounttechnology, removing theprogrammingheader,

andremoving freespacefrom theboard.Again, the intentof this work is to demonstrate

theconceptsandnotprovideproductionsizedPODs.

Thenext few sectionsgive theAPI andoverview of theotherPODsthathave

beencreated.We have includedthedetailsof eachin AppendixB.

3.2.2 Alarm POD

Soundingan audible alarm

Audible alarmscanbe a usefulmethodof conveying information. An alarmon a robot

couldbea warningthat the robot is closeby or moving, or couldbeusedto signalwhen

the robot hasreachedits goal. An alarmcould alsobe usedasa warningsuchaswhen

thepower goesout,whena systemoverheats,or whena disk hasfailed. TheAlarm POD

is designedto helpabstracta numberof functionsthatmight becalledwhensoundingan

alarmfrom acomputer.

Alarm POD Interface and Methods

TheAlarm PODis anaudiblealarmthatcanbeusedto alertpeopleof problemsor convey

moredetailedinformation.It cansoundalarmsat3 differentpitches/volumes,allowing the

userto choosehow intrusivethesoundis. TheAlarm PODconsistsof asmallboardanda
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Figure3.4: PCBartwork for theThermometerPOD.

piezobeeperthatsoundsat thevariouspitches.ThePODis alsocapableof playingMorse

Codethroughthe beeperin orderto convey moredetailedinformation. The Alarm POD

extendsthebasePODclasswith thefollowing methods:

• int AlarmPOD::SoundAlarm(�oatDuration)

This turnsontheAlarm PODoncefor aspeci�edDuration.TheDurationparameter

representsthenumberof seconds(or fractionsof seconds)thatthealarmwill sound,

with amaximumof 2.5seconds.

• int AlarmPOD::PlayMorse(char*Data)

Thissendsastringof charactersto theAlarm PODto beplayedasMorseCode.

• int AlarmPOD::SetMorseSpeed(unsignedcharSpeed)

• int AlarmPOD::SetMorseTone(unsignedcharTone)

• int AlarmPOD::Quiet()

ThissilencesthePODandcancelsany currentlysoundingalarms.
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Alarm POD Implementation

We built our Alarm POD usinga small piezoelectricbuzzerthat soundswhenpower is

applied. Sincethe soundcanbe very loud andpiercing, the power to the buzzercanbe

switchedthroughseveralresistors,enablingthePODuserto choosethetonethatthealarm

shouldsound.DetailsaboutthePODcanbefoundin AppendixB.

3.2.3 Motor Control POD

Controlling a Motor

Motors areusedin a wide variety of applications,including mobile robots,robot arms,

conveyor belts,and fans. They comein both AC andDC varieties,are generallyhigh-

powerdevices,andcanbedif�cult to controlby computer. TheMotor ControlPODhelps

abstractawaymany of thedetailesrequiredto controla motor.

Motor Control POD Interface and Methods

The Motor Control POD is a DC motor controller that canrun the motor either forward

or backward, andprovidesvariablespeedcontrol. For this work, Motor Control PODs

have beenattachedto two motorsfrom a small remotecontrolledcar, sincethis provides

a convenientbaseon which to build a robot. ThePODcanalsobeusedwith a numberof

othermotors.

Functions Forward and backward motor control, with variablespeed
control.

Power Logic is poweredfrom USB. Themotor requiresa separate
powersupply.

Table3.2: Motor ControlPODGeneralData

In additionto the basePOD classmethods,the Motor Control POD addsthe

following methods:

• int MotorControlPOD::SetSpeed(unsignedcharSpeed)

Thismethodsetstherelativespeedof themotor(from 0-stopto 255-full speed).
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• int MotorControlPOD::SetDirection(intDirection)

This methodsetsthe motor direction. The Direction argumentmay be MOTOR-

DIRECTION CLOCKWISEorMOTOR DIRECTION CWfor clockwise,andMOTOR-

DIRECTION COUNTERCLOCKWISEorMOTOR DIRECTION CCWfor counter-

clockwise.

• int MotorControlPOD::Clockwise(unsignedcharSpeed)

Startsthemotorgoingclockwiseat thespeci�ed speed(full speedif theSpeedpa-

rameteris omitted).

• int MotorControlPOD::ClockwiseSlow()

Startsthemotorgoingclockwiseslowly.

• int MotorControlPOD::CounterClockwise(unsignedcharSpeed)

Startsthe motor going counter-clockwiseat the speci�ed speed(full speedif the

Speedparameteris omitted).

• int MotorControlPOD::CounterClockwiseSlow()

Startsthemotorgoingcounter-clockwiseslowly.

• int MotorControlPOD::Stop()

Stopsthemotorcompletely, cancellingpreviouscommands.

Motor Control POD Implementation

TheMotor ControlPODusestheSTMicroelectronicsL298NDualFull-BridgeDriver[16]

asanH-bridge.TheL298N canhandlemotorsupplyvoltagesup to 46 V, andcanhandle

up to 4 A of current.It acceptsTTL logic levelsfor thecontrolcircuitry, andcontainstwo

devices,thoughbothhavebeentiedtogetherin parallelto allow higherpowerandenhanced

heatdissipation.

WedesignedtheMotor ControlPODwith the�e xibility thatallowsit to beused

with a varietyof differentmotorsandpower supplies.For thecasestudies,anRC carhas

beenusedasabase,andtheMotorControlPODshavebeenattachedto its motors.Wealso

usedthecar's batteryasthepower source.For otherapplications,anotherDC motorand

differentDC powersupplycouldbeused.

SincethePODdoesnot have any speedor positionencoding,it is not possible

to determinethe motor's RPM, thoughthis is clearly desirable. Futurework could add
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thesecapabilities,andinvestigatestandardmotorsandpower supplies.Detailsaboutthe

PODcanbefoundin AppendixB.

3.2.4 Light SensorPOD

Sensingthe Light Level

It canbe handyto detectvariousintensitiesof light. This canbe helpful, for example,

whena robot is searchingfor a bright portion of a room,whenchartingweatherpatterns

that includetheamountof sunlightreceived,or to detectwhethersomeonehasturnedon

a light in a room. With this light intensity information,the controllercanturn the robot

to attemptto maximizethe light striking the sensor, or the presenceof the light canbe

recordedfor futurereference.

Light SensorPOD Interface and Methods

The Light SensorPOD is a simplesensorthatmeasuresthe relative intensityof the light

falling on it. It canbequeriedfor theintensityof thelight, or a light threshholdcanbeset,

andthePODcanbequeriedasto whetherthelight is on or off (basedon thatthreshhold).

Functions Measurestheintensityof thelight
Range 0 - 1023
Power FromUSB

Table3.3: Light SensorPODGeneralData

TheLight SensorPODextendsthebasePODclasswith thefollowing methods:

• int LightSensorPOD::GetIntensity()

Thismethodreturnstherelative intensityof thelight (0-1023).

• int LightSensorPOD::SetThreshhold(intThreshhold)

Thismethodsetstheon/off threshholdof thesensor.

• int LightSensorPOD::GetThreshhold()

Thismethodrequeststhecurrentthreshholdsettingfrom thePOD.
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• int LightSensorPOD::IsLightOn()

This methodis usedto askthePOD whetherthe light is on (the intensityis higher

thanthethreshhold).

Light SensorPOD Implementation

TheLight SensorPODcontainsaPhotonicDetectorsInc. PDV-P9007Photocell[17]. With

thistypeof photocell,theresistanceincreasesastheamountof light strikingit decreases.In

bright light, theresistanceof thephotocelldropsto approximately1 K 
 , while in darkness

it is approximately100 K 
 . The Light SensorPOD measuresthis changein resistance,

andproducesa valuecorrespondingto the intensityof the light present.This valuevaries

from 0 (darkness)to 1023(bright light). DetailsaboutthePODareshown in AppendixB.

3.2.5 Light Emitting Diode (LED) POD

Light Emitting Diodes

Computercontrol of lights cansometimesbe helpful. The lights could be usedasstatus

indicators,or the lights canbe usedto illuminate an area. On a robot, the lights may be

usedto aid in navigation,andcouldbecombinedwith acamera.

LED Light POD Interface and Methods

TheLED Light PODconsistsof four ultrabrightwhite LEDs thatmaybeswitchedon as

desired.ThePODwasdesignedto provide light to illuminateasmallarea,andcanbeseen

easilyacrossadarkroom.

TheLED Light PODaddsthefollowing methodsto thePODbaseclass:

• int LightPOD::AllOn()

Thismethodturnsonall theLEDs.

• int LightPOD::AllOff()

Thismethodturnsoff all theLEDs.

• int LightPOD::TurnOn(intLED1, int LED2, int LED3, int LED4)

This canbe usedto turn on the LEDs individually, with 0 indicatingoff, andany

othervaluemeaningon. If any of theparametersareommitted,they areassumedto

beoff.
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LED Light POD Implementation

Our initial POD implementationutilized four ultrabright white LEDs. The LEDs were

not bright enoughto provide as much light as we originally hoped,but did give some

illumination to theimmediatearea,andwerebrightenoughto beseeneasilyacrossa dark

room.Sinceit is notasbrightaswedesired,it is still usefulasabeaconlight, but doesnot

provideenoughlight to readby.

The LED Light POD doeshave promise,though,andwe belive that the POD

canbeusefulin a numberof differentways.By usingdifferentcoloredlights (red,green,

yellow, blue),we have foundthat thePODbecomesa very nicestatusindicator. To make

this effective,we extendedtheLightPODasa ColoredLightPOD,allowing usto individu-

ally turn onandoff thelights by color (ColoredLightPOD.Red()for example).

Futurework to increasethe amountof light providedby the POD would also

increasethePODsusefulness.Thiscouldbedonethroughtheadditionof moreor brighter

LEDs, focusingthe light with a lens and re�ector, or by using a technologyother than

LEDs. Whencombinedwith somecameras,infraredLEDs canbe usedasa light source

that cannotbe seenby the naked eye. We have includeddetailsaboutthe Light POD in

AppendixB.

3.2.6 Power SensorPOD

DetectingAC Power Status

In most server rooms,a stablepower supply is a missioncritical requirement.Though

many serversmay be connectedto an UninterruptiblePower Supply(UPS),if the power

outagepersists,it maybedesirableto shutdown thesystemcorrectlybeforetheUPSruns

out of power. Knowledgeof thesourcepower statuscanbeinvaluableto thecomputeror

the administrator. Thoughmany UPSsystemsarecapableof reportingthe power status,

this statusmaybe dif�cult to accessfrom anadministrator's program.In addition,many

serverroomshavemultipleservers,andaboxtoattachadditionalserversmaybeexpensive.

Workingwith wall currentcanalsobedangerousfor aninexperiencedcircuit designer.

Power SensorPOD Interface and Methods

ThePowerSensorPODis adevice thatis pluggedinto bothacomputerandtheAC power

line. Power statusis detected,is shown on theboardwith redandgreenstatusindicators,

andcanbecommunicatedto userprogramson thehost.Assumingthatthehostcomputer
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is connectedto a separatepower source,suchasanUninterruptiblePower Supply(UPS),

thePower SensorPODcanbeusedto detectthepower status,giving a computertime to

shutdown or take thenecessaryprecautions.

Functions DetectsAC power status,anddisplaysstatuswith red and
greenLEDs.

Connector StandardPCpowerconnector.
Power Logic from USB,connectionto AC powermainsis required.

Table3.4: PowerSensorPODGeneralData

ThePowerSensorPODextendsthePODbaseobjectwith thefollowingmethod:

• int PowerSensorPOD::GetPowerStatus()

Returns1 if AC power is on,and0 if power is off.

Power SensorPOD Implementation

Thecorecomponentof thePower SensorPODis theFairchild MID400 AC Line Monitor

Logic-OutDevice [18]. TheMID400 is a smallAC line-to-logic interfacedevice. It con-

sistsof back-to-backopto-isolators.ThePODalsousesa SchurterGSP1ApplianceInlet

[19] for theAC powersincePCpowercablesareverycommon.ThisalsoallowsthePower

SensorPODto beattachedanddetachedwhenever desired,andallows great�e xibility of

location. The Power SensorPOD alsousesstandardgreenandred LEDs for the visual

powerstatusindicator. DetailsaboutthePowerSensorPODcanbefoundin AppendixB.

3.2.7 SonarDistanceRanger POD

DistanceMeasurement

Measuringthedistanceto objectscangive invaluableinformationabouta robot'senviron-

ment.Distancemeasurementcanalsobevery helpful in many otherapplications,suchas

a securitysystemor whenparkingacarin a garage.In general,acomputerneedsto know

thedistanceto objectsto make informeddecisions.
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Sonar DistanceRangerPOD Interface and Methods

The SonarDistanceRangerPOD is a self-containeddistancesensor, andcanprovide a

high-resolutionmeasureof the rangeto objects. The distancecanbe requestedin either

centimetersor inches,andsincethedevice candetectmultiple echos,thePODcanreturn

thedistanceto any of theclosest17 objects,or all 17 canberequestedat thesametime.

Functions Measuresdistance
Range 3cm- 6m

Precision 1cm
Resolution 1cm

Power FromUSB

Table3.5: SonarDistanceRangerPODGeneralData

TheSonarDistanceRangerPODextendsthePODbaseclasswith thefollowing

additionalmethods:

• int SonarPOD::GetDistancein(int ObjectNumber)

Thismethodrequeststhedistancein inchesto objectObjectNumber. ObjectNumber

is anoptionalargument,anddefaultsto zero,or thenearestobjectdetected.

• int SonarPOD::GetDistancecm(intObjectNumber)

This methodrequeststhe distancein centimetersto objectObjectNumber. Object-

Numberis anoptionalargument,anddefaultsto zero,or thenearestobjectdetected.

• int SonarPOD::GetAllDistancesin(int *Ranges)

This methodreturnsthedistanceto all objectsin inches.Rangesshouldbeanarray

of 17 integers.

• int SonarPOD::GetAllDistancescm(int *Ranges)

This methodreturnsthedistanceto all objectsin centimeters.Rangesshouldbean

arrayof 17 integers.

Sonar DistanceRangerPOD Implementation

The SonarDistanceRangerPOD is built using the DevantechSRF08UltrasonicRange

Finder[20]. TheSRF08is capableof detectingechosfrom multipleobjects,andcanreport
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thedistancerangein microseconds,centimeters,or inches.It alsoincludesa light sensor

thathasnot beenusedin this project.Futurework coulddemonstratehow multiple inher-

itancecanwork with PODs,andthePODcouldbehave asbotha SonarDistanceRanger

PODandaLight SensorPOD.DetailsabouttheSonarPODcanbefoundin AppendixB.

3.2.8 CompassPOD

Digital Compass

Electroniccompassesareoftenusedto detecttheheadingof mobile robots,andcanbea

greataid in navigation. In connectionwith othersensorsandotherinformationaboutthe

environmentit' soperatingin, robotsmaybeableto determinetheirpositionor wherethey

shouldgo.

CompassPOD Interface and Methods

The CompassPOD is a digital compassthat can be usedto detectthe direction of the

largestmagnetic�ux. It returnsahigh-resolutionheading,andcanalsoreturna text-based

descriptionof theheading.

Range 0
�

- 359.9
�

[21]
Accuracy

���
�

Resolution 0.1
�

Power FromUSB

Table3.6: CompassPODGeneralData

TheCompassPODextendsthePODbaseclasswith thefollowing methods:

• �oat CompassPOD::GetHeading()

This methodreturnsa valuecorrespondingto the compassbearing(negative if an

erroroccurred).

• �oat CompassPOD::GetHeading(char*HeadingString)

This methodreturnsa stringdescriptionof theheading(suchasNNW or S). Head-

ingStringshouldbeastringof charactersat least4 characterslong. For convenience,

thismethodalsoreturnsthevaluecorrespondingto thecompassbearing.
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CompassPOD Implementation

The CompassPOD is built usingthe DevantechCMPS03RobotCompassModule [21],

a digital compassthat detectsthe horizontalcomponentof the prevailing magnetic�ux.

It usesan I � C bus that the POD microcontrollerreads.This headinginformationis then

communicatedto libPOD. TheCMPS03usestwo PhilipsKMZ51 magnetic�eld sensors

at right anglesto eachotherto determinethecurrentheading.DetailsabouttheCompass

PODcanbefoundin AppendixB.

3.2.9 Buttons POD

Input fr om Pushbuttons

Thoughmany computershave methodsto receive input from theuser, suchasthroughthe

useof akeyboardor mouse,someelectronicsystemsdonot requirethecomplexity or size

of akeyboard.In thesecases,afew simplepushbuttonscanserveto meetall theinputneeds

of thesystem.Examplesof this includea buttonto resetthesystemor a buttonto silence

analarm. This couldalsobeusedto implementtouchsensorsin variousapplications.In

thesecases,small,simpledevicesmaybeall thatis necessary.

Buttons POD Interface and Methods

The ButtonsPOD is a simpledevice designedto acceptinput from the user. It contains

severalpushbuttonsandanon/off switch. ThePODhasmethodsto determinethenumber

of buttons,aswell asa methodto requestthestatusof each,asshown here:

• int ButtonsPOD::GetNumberOfButtons()

Thismethodreturnsthenumberof buttonson thisparticularPOD.

• int ButtonsPOD::GetStatus(intButtonNumber)

This methodreturnswhetherthe individual button is currently being pressed. A

returnvalueof TRUE indicatesa button or switch that is currentlypressedor On,

andFALSE indicatesthatthebuttonor switchis Off or notpressed.

Buttons POD Implementation

TheButtonsPODis a slightly modi�ed LED-Light PODboard.It hasseveralsmallpush-

buttons,aswell asan on/off switch connectedto the microcontroller's digital input pins,
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andthestatusof eachcanbeindividually requested.AdditionaldetailsaboutthePODcan

befoundin AppendixB.

We have describeda numberof PODsthatwe have built, aswell ashow they

operate.Table3.7showsthedevicescreatedandtheirnativeinterfaces.Thoughthevarious

interfacesmaybedisparate,by building thesedevicesasPODs,theseinterfaceshavebeen

replacedwith a singlestandardUSB interfaceandasimpleAPI.

POD Interfacesusedon Micr ocontroller
ThermometerPOD One(1) analoginputport
Alarm POD Three(3) digital outputports
Motor ControlPOD Three(3) digital outputports
Light SensorPOD One(1) analoginputport
LED Light POD Four (4) digital outputports
PowerSensorPOD One(1) digital inputport
SonarDistanceRangerPOD OneI � C input/outputbus
CompassPOD OneI

�
C input/outputbus

ButtonsPOD Four (4) digital inputports

Table3.7: ThermometerPODGeneralData

3.3 Inter connectingPODs

Now thatwe have introducedlibPOD andthePODsthatwe createdfor this work, we will

discusssomeof thegeneralideasrelatedto connectingandusingPODs.In thissection,we

describehardwareandsoftwareutilities thatareutilizedwhenconnectingandusingPODs.

While it is oftendesirableto controlanumberof PODsfrom asinglecomputer,

many computersdo not have enoughUSB ports. For example,most laptop computers

containonly oneor two. In thesecases,PODsmustbe connectedto an expansionUSB

hub. Onesuchhub thatwe found to work quitewell is shown in Figure3.5. This hub is

physicallysmall,andexpandsoneUSBport to four. It canbeeitherbus-powered(drawing

power from thecomputerit' sattachedto) or selfpowered(containsabatteryor is attached

to anotherpower source).Sincemostof our PODsrequirevery little power, we foundthe

bus-poweredmodeto besuf�cient.

WhenPODsareattachedto theUSB bus,theoperatingsystemassignsdevice

or port numberson thecontrollingcomputer. Becausethey canbeconnectedin any order,

or removedandreattached,theport numbersmaybereassigned.Theusermustbeableto
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Figure3.5: Small4-portUSB hub.

determinewhatPODsareattached,andto identify which PODsthey arecommunicating

with. Overcomingthis potentialconfusionis especiallyimportantwhenmultiple PODsof

thesametypeareattached,suchasseveralThermometerPODsmonitoringthetemperature

in differentrooms,or multipleMotor ControlPODsona robot.

As mentionedbrie�y in Section2.1, eachPOD may be assigneda nameby

theuser. This maybedonethroughtheSetName(char *String) method,andeach

POD storesthis namein its onboardmemory. This allows the programmerto determine

which device is which (provided the userassignsthe namesuniquely). Using the Find-

PODByName()methodinsidePODEnv, theusercanrequesta particulardevice by name.

Sincethis nameis storedon the POD, it will be retainedeven if the POD is removed or

reattachedto a differentcomputer. EachPOD alsorespondsto theTest()method,which

testsor demonstratesthePODin themannerappropriatefor thatparticularPODtype.For

example,theMotor ControlPODwill demonstrateforwardandbackwardmotion,andthe

CompassPODwill outputthecurrentheading.

To helpthePODuserdetectandidentify connectedPODs,we have developed

a small applicationcalledPODEdit that detectsall connectedPODsandallows the user

to individually testandidentify eachPOD.SinceeachPOD canbe assigneda namefor

identi�cation, PODEditreadstheexisting nameanddisplaysit to theuser. ThePODcan

be tested,andthe namesof eachPOD may be changed.While the device, port number,
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andPOD numbermaychangeasPODsareadded,changed,andremoved, thenamewill

remainconstant,sinceit is storedon thePOD.

PODEdit is written in GTK2. Like libPOD, PODEdit will run undereither

Linux or Cygwin in Windows. As an exampleof how PODEdit might be used,a user

may have a numberof PODsattached,with the resultingscreendisplayedin Figure3.6.

As shown, ThermometerPODshave beendiscoveredat #9 and#10, andMotor Control

PODswerefoundat #6 and#8. Sinceoneof theMotor ControlPODsrepresentsthe left

wheel,andtheotherrepresentsthe right wheel,it maybe dif�cult to determinewhich is

which. However, theTestbuttonscanbeusedto testeachwheel,assistingtheenduserin

determiningwhich is which,andin labelingeachPODappropriately.

The Thermometersmay be testedaswell, thoughsincethey do not have any

visibleoutput,they mayneedto betestedandlabeledwhenthey aretheloneThermometer

PODattached.In this example,we have labeledPOD#10to be“Frank's Of�ce”. Again,

thesenameswill remainwith theparticularPOD.
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Figure3.6: Screenshotof thePODEditprogram.
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Chapter 4

CaseStudies

In this chapter, we presentthe resultsof several casestudiesinvolving both simpleand

complex systemsconstructedwith PODs.The�rst casestudyinvolvesa thermometerthat

canbeusedto �nd thetemperatureat home,in a server room,or evenoutside.This case

studyshowshow PODscanbeusedin simplesystems.Thesecondcasestudydemonstrates

theconstructionof aServerRoommonitoringsystem.It providesamorecomplex example

of how PODsareused,andextendstheuseof the thermometerfrom casestudy1 with a

numberof additionaldevices.Thethird casestudyshowshow a numberof thesameparts

canalsobeusedto makearobot.ThisshowsthatPODsareextremelymodularand�e xible,

andcanbeusedin avarietyof differentapplications.

For eachof the casestudies,we describethe systemto be constructed,and

how it will function. We discussthe bene�ts that PODsbring to that system's design

andconstructionprocess,andshow that the systemis easilyconstructedor modi�ed in

software.

While thecasestudieswill show relatively simpleexamples,they will demon-

stratea numberof valuablebene�ts of usingPODs. By �rst constructingthe PODsand

libPOD software,we have suppliedourselveswith a modularplatform that abstractsthe

low-level electronics,simpli�es the constructionof thesesystems,andprovideseasyre-

con�guration. In addition,we show thatPODsare�e xible andscalable,andthat libPOD

providesaconvenient,yet powerful, userinterfaceto thedevices.
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4.1 The Processof SystemConstruction

To make for a fair comparisonbetweentraditionalandPODconstructionmethods,wewill

�rst discussthetaskscommonto constructingtraditionalelectronicmodulesandPODs.

For eachof the electroniccomponentsusedin the casestudies,a numberof

tasksmustbeperformed.Theusermust�rst investigatevariousmethodsof performinga

particulartask,determinethe availability of suitableelectronicparts,anddeterminehow

bestto utilize themto accomplishthetargettask.

As previously shown, thereareoftenanumberof differentwaysin which vari-

ousfunctionsmaybeimplemented,andeachof thesemustbeevaluatedfor theirfeasability

andusefulnessin thedesiredsystems.This maybegin with internetsearchesandlooking

throughvariouselectronicsdesignbooks,andmay result in several possibleapproaches.

Theuserthenchoosesanoption,orderselectronicparts,andawaits their delivery. When

thepartsarrive,they mustexperimentthroughbreadboardingto learnhow they mightwork

together, how the electronicsare to be powered,andhow the device interfaceswith the

computer.

In designingandbuilding theelectroniccomponents,theusermustchoosethe

interfacesthatwill beused.As theelectronicpartsmaycommunicatewith eachother, or

with the controlling computer, in a numberof differentways,the usershoulddesignthe

systemwith future needsin mind. For power, the device may have a batteryattached,a

powerbrick mustbepluggedinto thewall, or it maydependonpower from thecontrolling

computer.

Thepartsareoftensolderedtogether, andthe resultingcomponentis testedto

ensurethatit performsits functionscorrectly. Sometimes,this testingprocessreveals�a ws

in thedesignor constructionof thedevice. Thedatasheetsdescribingtheelectronicparts

maybeincompleteor inaccurate.Whenthesedesignandconstructionerrorsandinconsis-

tanciesarefound,someor all of theprocessmustberepeated.This design,construction,

andtestingprocessis thenrepeatedfor eachof theotherdevicesto bebuilt.

In the next several sections,we show how choosingto implementa system

usingPODsreducestheeffort to constructdevicesandsystemsof devices. This is dueto

thefactthatwepaytheimplementationcostsonceinsteadof oncefor everysystemdesign.

Additionally, PODshave a commoninterfacestandardandaneasyto useAPI. Choosing

PODsgivesgreat�e xibility , withoutsigni�cantly limiting auser's futurechoices.
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4.2 CaseStudy 1 - Thermometer Device

This casestudyimplementsa simplesysteminvolving a singlethermometer. Electronic

monitoringof temperaturecanbeusefulin a varietyof situations.Many websitescontain

informationaboutcurrentweatherconditions.Historicaltemperaturedatais oftencollected

for laterreference.Monitoringof environmentalconditionscanhelppredictfutureweather

or identify thecauseof anenvironmentalproblem. Temperatureinformationcanbeused

to warnof potentialproblemsin a climate-controlledarea.Noting peaktemperaturesover

time canhelpdeterminewhethera coolingsystemis adequate.Risinginsidetemperatures

duringhot days,for example,may indicateweaknessesin thecooling,andcould indicate

theneedfor a largersystem.

Thepurposeof this casestudyis to graphthecurrenttemperaturein our server

room,usinga tool calledMRTG. MRTG is oftenusedfor network traf�c monitoringand

graphing,but its great�e xibility allowsits usein anumberof applicationsthatrequiredata

collectionandgraphing.UnderLinux, a cronjob startsevery 5 minutes,andMRTG calls

aprogramto getthetemperature,recordsthetemperature,andupdatessomegraphs.

To implementa simplesystem,suchasmonitoringandrecordingtemperature

ever 5 minutes,we simply chosean electronicthermometerchip andusedit to construct

a ThermometerPOD.After building andprogrammingthePOD,which requiredapproxi-

matelythesamelevel of work thata customimplementationwould have required,we just

pluggedin thedevice andwrotea simpleprogram.To demonstratejust how easyit is to

programusingPODs,we have includedtheentiresourcecodefor this simpleapplication

in Figure4.1. Thiscodetooknomorethan5 minutesto write andtest.

Our simplethermometerapplicationhasbeenrunningfor over7 monthsin the

ComputerScienceDepartmentserver room. We have includedoneof the graphsgener-

atedin Figure4.2, andthe web pagecanbe seenat http://stats.cs.byu.edu/

temperature/ .

While this systemis extremelysimple,it providesa powerful demonstrationof

just how easyPODscanmake a project. After constructionof theThermometerPOD,no

low-level codingis required,andonly a few shortlinesof C++ areneeded.ThePODcan

be easilymoved from onecomputerto another, andthe codecould quickly be rewritten

for usein otherapplications.This illustratesthebene�ts of usingPODs.While thePOD

constructioneffort requiresthesamelevel of effort requiredto build a customsystem,the

PODdesignis easilyreusedandintegratedinto new systems.
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#include <stdio .h>
#include <libPOD .h>

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

PODEnv *MyPODs;
ThermometerPOD * Thermometer ;
float Temperature ;

MyPODs = new PODEnv();

Thermometer = dynamic_cast <ThermometerPOD *>
(MyPODs-> FindPODbyType (POD_TYPE_THERMOMETER)) ;

if (Thermometer != NULL)
{

Thermometer -> GetTemperature (& Temperature );
printf ("\% f", Temperature );

}
else printf ("0") ; /* if no Thermometer POD is connected */
printf ("\n0 \n0\n0 \n");

}

Figure4.1: Completesourcecodefor theTemperatureSensorsystemusedin CaseStudy
1 (theadditional0's andnewlinesprintedareto satisfyconstraintsplacedby MRTG, the
datacollection,storage,andgraphingprogram).

Figure4.2: Samplemonthlygraphof thetemperaturein theComputerScienceDepartment
server room. Near the beginning of week 13, the Talmagebuilding experiencedsome
coolingproblems,resultingin highertemperaturesandthespike in thegraph.
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4.3 CaseStudy 2 - Server RoomMonitoring System

In this section,we investigatetheuseof a numberof PODswithin a singlesystem.This

casestudywill utilize the ThermometerPOD usedin casestudy1, but combinesit with

a numberof otherdevicesto form a morecomplex server roomor datacentermonitoring

system.

It is commonto carefullysecure,monitor, andcontrolvarioussystemsin adata-

centeror server-roomenvironment.Knowledgeof variousconditionsallows thesystemto

warnof problems,inform peopleof statuschanges,or recordstatistics.A complex system

mayhave variousinput andoutputdevices,andtheresultsof oneelementmaybeusedto

determinewhetherto performsomeaction.

In this casestudy, we constructeda somewhat complex systemthat can �nd

thecurrentroomtemperature,determinewhetherthe lights areon or off, andwhetherthe

powerhasfailed.It will warnof problemsthroughanaudiblealarm,andcanindicatestatus

throughvarious-coloredLEDs. If thesystemdetectsa temperaturehigherthanthecon�g-

uredthreshold,emailwill besentto a pager, andthealarmwill beep.A redlight will turn

on to indicatea high temperaturecondition. If the systemdetectsa power outage,simi-

lar thingswill happen(emailpage,audiblealarm,andvisualstatusindicator). Additional

pageswill besentperiodically, andthealarmandredlight will continue,until thesystem

detectsthata systemadministratorhasrespondedto theproblemby turningon the lights

or clearingthesystem.

Thiscasestudyrequiresanumberof differentelectroniccomponents:

• Lights

• Alarm

• Thermometer

• Buttons

• Light Sensor

• PowerSensor

While USB supports127 devices, the processof scanningfor devices takes

time and additionalresources.libPOD hasbeendesignedto detectand organizeup to

16 devices,but supportfor 127mayeasilybeaccomplishedby recompilingandcreating
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additionaldevicenodes(underLinux, thisis donewith mknod ttyUSB16 c 188 16).

Thispracticallimitation of 16 is suf�cient for all theprojectswehavedonein thiswork.

Eachof the devicesusedin this casestudyrequiresrelatively little power, so

they canall bepoweredby thecontrollingcomputer. This helpskeepthewiring to a min-

imum, and allows for a cleanlook to the project. BecauseeachPOD containsits own

microcontroller, the device communicationis simpli�ed. Even thoughthe variouselec-

tronic componentshave variousinterfaces,the controlling computeronly needsto com-

municatewith the microcontrollervia USB. This is enabledby the microcontrollerswe

chose.Thoughsmall,they containa largenumberof features.They cancommunicatewith

devicesthat outputanalogvalues,usea digital interface,usethe TWI (I � C) protocol,or

communicateusingothermethods.This enableseachdevice to be a self-containedunit,

andallowedusto designandconstructeachhardwaredevice individually.

After constructingeachPOD,all that wasnecessaryto build the server room

monitorwasto createthehigh level programrequiredto logically interconnectthemin the

desiredfashion.ThelibPODlibrary helpedabstractawaythelow-level communicationde-

tails,whichgreatlysimpli�ed this task.Thesoftwarerequiredon thecontrollingcomputer

is illustratedin 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 )
{ /* power has failed */

printf (" Power OFF ") ;
SystemPODs.Lights -> Red(ON);
Error = TRUE;
if (Status .OldPower != Status .CurrentPower )
{ /* 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 */
printf (" Temperature HIGH ");
SystemPODs.Lights -> Yellow (ON) ; /* indicate high temp . */
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Error = TRUE;
if (Status .OldTemperature <=

(MAX_TEMPERATURE- HYSTERESIS))
{ /* 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 == TRUE) /* 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_PUSHBUTTON))
{

Status .AlertAcknowledged = TRUE;
printf ("Acknowledged by button \n ");

}

if ((! Status .AlertAcknowledged )
&& SystemPODs.Buttons ->GetStatus (BUTTON_ONOFF))

{
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 theServer Roommonitoringsystem.
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4.4 CaseStudy 3 - Mobile Robot System

As shown in the previous casestudies,PODssimplify the constructionof systemswith

their modulardesign,and by providing a methodto bridge the gap betweenhigh-level

programmingandthelow-levelelectronics.BecausePODscaneasilybeaddedor removed,

the samecomponentscan be usedin a variety of different systems. This makes them

ideal for many applications,becauseoncean electroniccomponenthasbeendesignedas

a POD,thatdevice canbeusedinterchangablyin completelydifferentsystems.After the

desiredPODsareattached,andanew controllingprogramis written, thesystemhastaken

acompletelynew form.

While the previous casestudiesfocusedon demonstratinghow PODsallow

for a consistantuserinterface,andsimplify the constructionof a system,this casestudy

demonstrateshow componentsbuilt for onesystemcanbe usedinterchangablyto build

analternatesystem.Designinga separatesystemusingmany of thesamepartsshows the

�e xibility andpowerof boththeelectronicsandlibPOD.

Here,we presentthe constructionof a simplemobile robot. We usesomeof

thePODsbuilt for theothercasestudies,aswell asconstructingseveralmore.Ourgoalin

programmingtherobotwastohavetherobotseekoutlight. While thisis abasictask,it will

show how quickly aprogrammercanmovefrom therobotbuilding stageto implementation

of interestingalgorithms. Again, we will not be designinga complex robot, but rather

demonstratingthe�e xibility andpower of our modularPODsystemby building a simple

robotin justa few steps,andusingPODspreviouslybuilt for otherpurposes.

Our mobile robot movesaroundthe halls of the department,and is designed

with a sonardistancerangerto helpit avoid runninginto walls or otherobjects.Therobot

hasseveral light sensorssothat it candetectareasof bright light, andit hasa compassto

track its heading.An alarmhasalsobeenattached,andsoundswhentherobot is backing

andto indicateits status.

To provide a chassisfor our robot,we disassembleda remotecontrol vehicle,

andusedits baseasa platform to build on andattachthepartsto. We removedthecar's

superstructure,andreplacedit with aplatformonwhich thebattery, sensors,otherdevices,

andcomputercontrollerhavebeenmounted.For mobility, weusedthecar's motors,since

they arepowerful enoughto move therobotaround,andaresecurelyattachedto thebase.

WealsousedtheRC car's internalbatteryto power themotors.

For control, we choseto usea singleboardcomputer(SBC), the Advantech

PCM-5824[22]. This compactcomputerruns a basicLinux operatingsystemoff of a
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laptopharddrive. It hasanetwork portandcanalsocommunicateoverawirelesscard.The

SBChasserial,parallel,andUSBports,andis capableof runningon+5voltsfromabattery

or othersource.Wemountedthiscomputerinsideacustom-designedenclosure.Thishelps

insulateandcontainthecomputerandcomponentsandallows for easiermountingon top

of our robot. It receivesits power from a6 Volt gell-cell batterymountedon therobot.We

testedseveralbatteriesbeforechoosingonethatprovidesa little over two hoursof runtime

on ourcomputer.

Thesensorsandotherelectronicshave alsobeeninsulatedandmountedto the

robot. Several small USB hubshelp to connectall the deviceswith the SBC.Exceptfor

the robot's motors,all the devicescandraw power directly from the USB bus. Because

the computerrunsa full Linux system,we wereableto programit usingthe sametools,

libraries,andmethodsthatwe usedin thepreviouscasestudies.After we hadeverything

in place,we wroteourprogramto testoutouralgorithmfor �nding light.

BecausethePODsmaybeattachedin any order, andto differentiatethevarious

motorsandsensors,we usedPODEditto testandlabel thedevicesappropriately. For ex-

ample,in our robot,themotorcontrolPODshavebeenlabeledLeft andRight to simplify

their identi�cation in theprogramstherobotruns.

Our robot follows a fairly simple light-seekingalgorithm,andperformsrela-

tively well. Our programtook aboutanhour to write, thenanotherhouror two to debug

andimprove. While theentirecodefor our robot is lengthy, we wish to highlight several

sectionsof codethat illustrateinterestingpoints. We implementedour robotasan object

thatextendsthePODEnv class,asdepictedin Figure4.4.

Wehave includedapictureof thecompletedrobotin Figure4.5,andthesource

codefor the light-seekingalgorithm our robot executesis displayedin Figure4.6. Our

robot currentlychecksthe light levels forward andto eachside. The robot thenturnsin

thedirectionof thegreatestlight, moving forwardif thatsensormeasuresthehighestlight

intensity. It will stopif the robotdetectsthat the light is decreasingin intensity, or if it is

traveling forward,anddeterminesit 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 ();

int ChooseBrightest (int &Brightness );
int SeekBrightest () ;

protected :
MotorControlPOD *LeftMotor ;
MotorControlPOD *RightMotor ;

LightSensorPOD *LeftSensor ;
LightSensorPOD *CenterSensor ;
LightSensorPOD *RightSensor ;

SonarPOD *Sonar ;
CompassPOD *Compass ;

AlarmPOD *Alarm ;
private :

POD *FindPOD ( int POD_Type, char *POD_Name);
};

Figure4.4: Object-orientedRobot.
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Figure4.5: Pictureof ourworking robot.

int Robot ::SeekBrightest ()
{

int LastBrightest ;
int Brightest ;
int LastBrightness ;
int Brightness ;
int Distance ;
int Done = FALSE;

while (! Done)
{

Brightest = ChooseBrightest (Brightness );

if (Brightest == LEFT)
{

if (LastBrightest != LEFT)
{

Stop ();
Left ();

}
LastBrightest = Brightest ;
LastBrightness = Brightness ;
printf ("Turning Left\ r");
fflush (stdout );

}

else if (Brightest == RIGHT)
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{
if (LastBrightest != RIGHT)
{

Stop ();
Right () ;

}
LastBrightest = Brightest ;
LastBrightness = Brightness ;
printf ("Turning Right \r");
fflush (stdout );

}

else /* forward */
{

if (LastBrightest != FORWARD)
{

Stop ();
Forward (SPEED);

}
else
{

Distance = Sonar -> GetDistanceInches ();
if (Distance <= DISTANCE_THRESHOLD)
{

Stop ();
printf ("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;

}
}
LastBrightest = Brightest ;
LastBrightness = Brightness ;
if (! Done) printf ("Forward \r");
fflush (stdout );

}
}

Stop() ;
printf ("Forward should now be brightest \n") ;
return (0);

}

Figure4.6: Samplecodedemonstratingthealgorithmtherobotfollows.
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4.5 Analysisand Comparisonof POD Bene�ts

When comparingthe tasks,decisions,�e xibility , and time requirementswhen building

thesesystems,it is obvious thatPODsmake thingssimpler. Many of thekey implemen-

tationdetailshave beendecided.Thesystemscaleseasily, andeachPODbecomeseasier

to build thanits predecessor. After thePODshavebeenbuilt, theusermerelyconnectsthe

devices,andcanspendtheir timeworking to perfecttheir softwarealgorithm.

OurcasestudieshavedemonstratedthatPODsprovideagreatmany advantages

over traditionaldesignmethods.PODsallow for quick developmentthroughthereuseof

modularhardware. The choiceto usePODsremovesmany detaileddecisions,but does

not causesigni�cant sacri�ces. Oncebuilt, PODscanbe treatedasjust anothersoftware

object. PODsprovide a simpleanduniform userinterface,aswell asa �e xible, modular

design.

As wehaveshown,eachPODcanbeusedin avarietyof differentways.During

our work, we founda plethoraof additionalprojectsthatcouldbeimplementedusingjust

thePODsthatwehadcreated.Thefollowing list of suchprojectsis obviouslynotcomplete,

but illustratestheusefulnessandversatilityof PODs.

• ThePower SensorPODcouldbeattachedto a switchandusedasa timeclock. An

employeecould �ip the switch on whenthey arrive at work, thenturn it off again

whenthey clockout for lunchor at theendof theday. Thesystemcouldtally up the

timespentworkingeachday, andreportthis total for billing purposes.

• TheCompassPODcouldbeattachedto adoorandcalibratedto detectwhenthedoor

is openandclosed.This could be usedto tell whensomeoneentersthe room,and

couldeasilyserveasaburgleralarmin avarietyof situations.

• TheSonarDistanceRangerPODcouldbemountedin sucha way asto work like a

motiondetector, or to indicatethatsomeoneis presentjustoutsideadoor. Thismight

beusefulfor applicationssuchasairline security, wherea pilot mustknow whena

personmight bedirectlyoutsidetheairplanecabindoor.

• A SonarDistanceRangerPOD andan Alarm POD could be usedtogetherto help

someoneparkingan unwieldy vehicledeterminehow muchfartherto pull into the

garage(thiscouldbeimplementedin eitherthegarageor thevehicle).

• A Light SensorPODplacedunderorbehindanobjectcouldbeusedtowarnsomeone

thattheobjecthasmovedor beentaken.
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• An Alarm PODcouldbeusedto reademailor giveinformationthroughMorsecode

to someonewho wasvisually impairedor enjoysHamRadio.

• A smallpinwheelcouldbeattachedto theMotor ControlPOD,allowing it to function

asasmallfan,or asavisualindicatoror alert.

• A Light SensorPODplacedalongsideaplantcouldhelpthegardnertell whetherthe

plantsaregettingtheappropriateamountof sunlight.

As statedearlier, this list is not exhaustiveby any means,but simply illustrates

theusefulnessof PODsin creatingotherwisecomplex systems.
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Chapter 5

Conclusionsand Futur eWork

5.1 Conclusions

In our work, we concernedourselvesmainly with providing a userinterfaceto hardware

devicesfor programmers.Thesepeopleoftenhave higher-level ideasandalgorithmsthat

they wouldliketo implement,andwouldrathernotwork throughlow-level implementation

details. As thestudyof algorithmsis thegoal, time spentdesigningandbuilding custom

electronicsmaybetimewastedor misplaced.

We have createdobject-orientedhardwaredevicesthatwe call PODs(Physical

ObjectDevices). We designedandconstructeda numberof PODs,provideda C++ pro-

gramminglibrary that makestheir usesimple,anddemonstratedthe usefulnessof PODs

in severalcasestudies.Ourwork showsthatobject-orientedhardwareis notonly possible,

but convenientanduseful. Our approachsimpli�es andstandardizesboth the hardware

andsoftwareinterfaces,andallows theuserto focuson writing their programsto control

devices.For thePODdesigner, eachnew PODbecomeseasierto create,andevenafterjust

a few PODshavebeenbuilt, a largevarietyof systemscanbeconstructed.

Thereareanumberof easilyidenti�able bene�tsthatPODsprovide:

• Fewer decisions- Most peopledon't really carehow their systemis poweredor

whetherit is connectedover USB, serial,or anotherinterface. They just want the

device to work. While therecertainly exist casesin which the builder may want

different choicesthan thosepicked by the POD designer, PODsremove many of

thesedetaileddecisions,andallow themajority to build without having to dealwith

thematall.
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• Modular design- Themodulardesignof PODsmakesboth individual devicesand

entiresystemseasierto test,identify problemswith, andmodify. For example,if a

particularthermometersensorbecomesdamagedin someway(watersometimesgets

into devicesplacedoutside),theusermayneedto desolderthetemperaturesensoror

somepartof it, �nd anew component,andresolderit. Thenew sensormaynothave

the samepower, pinout, and spacerequirements,or may requiredifferently sized

resistors.UsingPODs,theworstcaseis thatanew PODis ordered,andtheexisting

PODis unpluggedfrom theUSB bus,andthenew oneconnectedin its place.Since

USBsupportsupto 127devices,thismodulardesignalsomakesit simpleto addnew

deviceslater, suchaswhenaddingtheLED lightstoanexistingmonitoringsystem.It

is alsopossibleto swapoutonedevicefor anotherwith slightly differentcapabilities.

This maycomein handyif theinitial systemincludeda power sensorthatcouldtell

whetherthepower wason or off, andanupdatedversionof thepower sensorPOD

couldmonitorthecurrentline voltage,andwarnof spikesandbrownouts.

• Simple to program - PODsexhibit a numberof object-orientedsoftware design

principles.Encapsulationis demonstratedthroughabstractingawaythelow-levelde-

tails. Eachnew objectinheritsfrom thebasePODobject,andtheColoredLightPOD

shows how a POD canbe extended.TheTestmethoddemonstratespolymorphism

by demonstratingthePODin theappropriateways.This object-orientedinterfaceis

familiar to programmers,andallowsfor verysimpleprogramsto controlthedevices

in complex ways.OnceaPODhasbeenconstructed,theuserdoesnotneedto know

anything abouthow the electronicswork. The PODEnv accessmethodsprovide a

simpleuserinterfacethatrequiresonly abasicunderstandingof object-orientedpro-

gramming.

• HardwareReuse- Likesoftwareobjects,electronichardwarecanachievegreatben-

e�ts by reusingpreviouswork. Wehaveshown thattheobject-orienteddevicesused

in eachcasestudycanbeusedin otherapplicationswith little or nomodi�cation nec-

essary. In addition,constructionof eachnew POD becomeseasier, sincea number

of interfaceshave beencompleted.For example,theButtonsPODwasconstructed

out of a Light POD asan afterthought,andthe SonarPOD andCompassPOD are

essentiallyphysicallyidentical(otherthanboardshape).Becausethe 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

interactionbetweenthehardwareandsoftware,andensuresthata usercanreplace

onePODwith a similar PODwithout muchwork. This uniform interfacebecomes

especiallyimportantwhenreplacingdevicesor usinga new onefor the �rst time.

For example,ourcurrentdistancesensorhasaprecisionof 1 centimeter, anda range

between3 centimetersand6 meters.Becauseof its accuracy andrange,it canbean

expensive device to purchase.BecausePODscall for the sameinterface,an inex-

pensive distancesensorwith differentcharacteristicscouldeasilyreplaceour more

expensiveone.

• Rapid Development - UsingPODssigni�cantly cutsdown on thenumberof steps

requiredfor theuserto movefrom theconceptualstageto theusagestage.Thisrapid

developmentallowsthemto concentrateon applyingalgorithmsanddoingresearch,

ratherthan investigatingpotentialoptionsand soldering. Sincethe userdoesnot

needto spendtimeworkingontheselow-level details,they arefreeto work onthose

aspectsthatthey �nd moreinteresting,andwheretheir skills lie.

• Flexibility - Using PODsin a systemdoesnot stopthe userfrom usingnon-POD

electronicsin their projects.While theuserwill beat a disadvantageby not having

thegreatbene�ts thatPODsbring, they arenot limited in their options,andarefree

to do any extra work they desire.This could involve usingbothPODsannon-POD

systemsside-by-side.

5.2 Futur eWork

5.2.1 Minimization and Miniaturization

We focusedon demonstratingtheconceptsbehindPODs,andhave not mademucheffort

to minimizethedevicesin sizeor complexity. ThePODswe built wereconstructedusing

prototype4-layerPC Boardsandelectronicpartsthat we could solder. While we did at-

temptto �nd andusesmallercomponents,andto positionthemcloseto eachotheron the

device,noneof thePODswebuilt couldbeconsideredminimal. Here,wediscussa few of

theconsiderationsthatcouldbeusedto minimizeandminiaturizePODsin termsof size,

cost,andcomplexity.

51



Themicrocontrollerswe usedhave 23 programmableIO ports,6 of which can

alsoserveasAnalogto Digital Convertorchannels.Noneof ourPODsrequiredmorethan

4 digital IO ports,or 1 Analogto Digital Convertorchannel.In ourprototypework, it was

clearlyto ouradvantageto havea lot of extraportsthatwemightnotuse,but asmallerand

simplermicrocontrollerwouldmostlikely suf�ce. In mostcases,thiscouldsavequiteabit

of money andspaceon thecircuit board.

TheATMega8canhold up to 8 KB of programcodein its �ash memory, and

alsohas1 KB of mainmemoryand512bytesof EEPROM. Sincewedid all of ourmicro-

controllerprogrammingusingcompiledC, andeverything�t into thememoryconstraints,

we were glad to have the large capabilities. It is quite likely that using raw assembler,

or utilizing differentprogrammingpracticeswould allow the POD designerto get away

with usingamicrocontrollerwith muchlessmemory. Thiswouldconservespaceandsave

money.

Ourmicrocontrollerscontainabuilt-in clock,but becauseof stability issues,we

did not useit, but insteadusedanexternaloscillator. Theoscillatorwasmuchlarger than

if we haduseda crystalandcapacitors,however it reducedchip count, therebymaking

thedesignsimpler. We feel that thetemperaturestability is important,andbelieve thatan

externalclock continuesto be the bestsolution. A surface-mountcrystalandcapacitors

shouldbeusedto helpreducethespacerequirements.

TheATMega8hasanonboardvoltagereferencecircuit for usewith theAnalog

to Digital convertors. We did not realizethis initally, andwe sentout our �rst POD for

constructionwith a designthathadthreeadditionalcomponentsto performthis function.

After wediscoveredthebuilt-in voltagereferencecircuit,weutilizedit in all futuredesigns,

ratherthanusingthecircuit wehadoriginally designed.We foundthevoltagereferenceto

besuitablystableandaccurate,andremoving theextra circuit savedsigni�cant spaceand

expense.

Whendesigningour PODs,we madeevery effort to �nd through-holecompo-

nents. Thoughthey areusuallylarger thantheir surface-mountcounterparts,andrequire

both sidesof the board,they aremucheasierto solder. This alonesaved us many hours

whenconstructingour PODs.For prototypework, we believe thesearereasonabletrade-

offs, but for any end-userdevices,it is morepracticalto usethesmallercomponents,and

to have thepartson bothsidesof theboard.

We useda pre-built USB-Serialconverterdevice that containeda numberof

components.Placingthesecomponentsdirectlyontoourboardwouldhelpconservespace.
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TheDLP boardalsocontaineda full-size USB B-connector. Therearesmallerconnectors

thatcouldbeused,evenfor USB,andthiscouldcutdown onthespacerequired.Alternate

interfacesexist, andsomeof thesearementionedin Section5.2.3.

5.2.2 Inter estingPODsto Build in the Futur e

The PODswe built for this work merelyscratchthe surfaceof what could be done. In

orderfor PODsto bea truly viableoptionfor many people,a PODmustexist for eachof

thedevicesdesired.Ideally, theuserwouldbeableto dowhatthey wantby �nding aPOD

thatprovidestheperfectsolution.Duringourwork,wethoughtof anumberof devicesthat

we think wouldbeusefulandinterestingto have. Someof thesearelistedhere:

• LCD Display

• KeyboardPOD(plug in regularkeyboard)

• Batterywith batterymonitor

• Watersensor

• Air �o w sensor

• Smokealarm

• Motion detector

• Dooror window entrydetector

• Voicerecognitiondevice

• Motor with wheelencoder(or otherpositiondetectingdevice)

• GPSreceiver

• Tachometer

• Scale(weightsensor)

• Accelerometer

• Pressuresensor

• Straingauge

• BarcodeReader
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5.2.3 Inter estingDir ectionsto gowith PODs

We enjoyedworking with USB for a numberof reasons.USB is a commoninterface,and

thehardware(FTDI chip andDLP-Designboard)we usedgreatlysimpli�ed its use.USB

providedpower to mostof our PODs,andwe generallyfound it to bevery handyto use.

Devicesareeasyto addandremoveatwill, andsomeof thelow-level detailswerealready

implementedfor us.

However, USB doeshave somelimitations, suchas eachdevice requiring a

USBcable.Whenworkingwith anumberof PODs,therecanbequiteafew USBhubsand

cablesconnectingeverythingtogether. This often createsa large rat's nestof cablesthat

sometimesmustbeuntangledor traced.Also, USBcanonly goa limited distancefrom the

controllingcomputer.

During our implementation,we foundthat theconceptsbehindPODsaresim-

ple,andarenot tied to USB.Theideasuponwhich PODsarebuilt would work well when

appliedto alternateinterfaces.A few of theseoptionscould includeconnectingto a POD

acrossa network, with the POD beingit' s own networkeddevice, or the POD connected

to someserver application. This would allow someseparationbetweenthe controlling

computerandthedevice.

Another interface that would be useful to pursueis wirelessradio systems.

Therearea numberof possiblesystemscurrentlyexisting, suchasBluetooth[23], Zig-

bee[24], or small,individual transcievers,suchasRF MonolithicsVirtual Wire® [25].

Becausewe designedour PODsasprototypes,we simply usedtheserialports

createdthroughtheuseof theprovideddevicedriver(theftdi sio moduleunderlinux).

SincetheUSBdevicescouldbereprogrammedwith alternateUSBdevicenumbers,assign-

ing ourown uniquedevicenumbersjust for PODswouldallow other(non-POD)devicesto

usetheoriginaldriver. ThiscouldalsoprovideamoreuniforminterfacebetweenWindows

andLinux environments.

Someof the PODslend themselvesquite well to graphicalstatusdisplayand

control interfaces. SincelibPOD hassomeGUI capability already(throughGTK2), it

would not be dif�cult to addfunctionality to allow a graphicaluserinterfaceto be built

on top of the individual PODs. A CompassPODcould take on a graphicalinterfacethat

pointednorth,or thetemperaturefrom aThermometerPODcouldbedisplayedasagraph-

ical analogthermometer.

Currentlyall PODsaresynchronous,andrequirepolling. We found this to be

acceptablein ourwork,but amoreelegantsolutionwouldallow anasynchronoussystemas
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well. Thiscouldbeaccomplishedthroughcallbacks,throughsignals,or by multithreading

libPOD.

5.2.4 Object-Oriented Principles

While PODsarephysicaldevices,they implementandexhibit anumberof Object-Oriented

softwaredesignprinciples. As a result,they arevery �e xible. They behave like software

objects,andcanbe treatedassuch. EachPOD appliesthe principle of encapsulationto

abstractits internalworkingsandexposeonly thenecessarymethods.EachparticularPOD

typeinheritsa numberof propertiesfrom thePODbaseclass,andaddstheir own features

andcapabilities.This allows eachPOD type to leveragethe methodsandpropertiesof a

POD,andsimpli�es thecreationof futurePODs.Polymorphismis shown throughseveral

methodsthat testanddemonstrateeachPOD type. In addition,PODEnv is a composite

class,containingpotentiallyany numberof basePODsandderivedPODclasses.

We have includeda diagramof anexampleobjecthierarchyin Figure5.1. All

PODsusedin thiswork areshown. ThedashedobjectsrepresentpotentialPODsthatcould

bebuilt. Thedashedlinesindicatepossiblerelationshipsbetweentheobjects.Most PODs

arerelatively simpleextentionsof thebasePODclass.All PODsarederivedfrom thePOD

baseclass,eitherdirectly or indirectly. Thoughmany of themethodsimplementrelatively

simplefunctions,ourexampledemonstratesa few waysin whichPODsmaybecomemore

complex andpowerful.

In this example,a BackupSensorPOD(usedto aid a driver in parking)could

beconstructedusingaSonarPODandanAlarm POD.ThePODcouldbeimplementedas

eithera compositeclassor multiply-inheritedclass.A ThermostatPOD(or class)extends

a ThermometerPOD by addingthe ability to setalarmsandwarn whenthe temperature

leavesaspeci�edcomfortzone.A Motor ControlPODmayprovidearudimentarycontrol

for a motor, understandingonly directionof spin, and its own measureof how fast it is

attemptingto rotate,but afterattachingawheelto themotor, aPoweredWheelPODcould

contributeinformationaboutthewheelradiusandcontrolover theactuallinearspeed.

By creatinga compositeclasscontaininga numberof motorizedwheels,a

movementplatformcouldbeconstructedasanindividualclassin thehierarchy. A control

deviceof this typecouldactasanintermediarybetweenseveralPODs.It couldmanagethe

componentwheels,abstractingawaylower-level controldetails,andproviding higher-level

functionsto users.Thesehigher-level functionscould involve commandsto move to the
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SonarPOD

POD

ThermometerPOD

MotorControlPOD

CompassPOD

LightSensorPOD

PowerSensorPOD

LightPOD

ButtonsPOD

AlarmPOD

ColoredLightPOD

ThermostatPOD

GPSPOD

LCDPOD

SmokeDetectorPOD

SmokeAlarmPOD

BackupSensorPOD

Figure5.1: ObjectHierarchyin libPOD. All PODsarederivedfrom thePODbaseclass,
eitherdirectlyor indirectly. ThedashedobjectsandlinesindicatepotentialPODsandtheir
relationships.
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left, or rotate. Implementingsucha systemin hardwareresultsin a physicalhierarchyof

devicessimilar to a logicalhierarchyof softwareobjects.

5.3 Final Remarks

In this work, we have introducedthePhysicalObjectDevice (POD),anextensibleobject-

orientedenvironmentthat allows simple control andcommunicationwith electronicde-

vices.We have alsodescribedlibPOD,a library designedto facilitatetheuseof thePODs

by programmers.We believe that this simple,yet powerful, environmentsolvesmany of

the challengesfacedwhenworking with electronicdevices. PODsprovide programmers

with auserinterfacedirectly targetedfor them.

Throughseveralcasestudies,we have demonstratedtheuseof PODsandlib-

PODin building bothsimpleandcomplex electronicsystems.Thesecasestudieshavealso

shown a numberof greatbene�ts of usingPODssuchasa �e xible, modulardesign,a fa-

miliar anduniform object-orientedprogrammingenvironment,theeasyreuseof hardware

objects,andtheability to rapidly developcomplex electronicdesigns.

Our work hasshown that by building intelligenceinto electronicdevicesand

by treatingthesehardwareobjectssimilar to theway thatsoftwareobjectsareused,great

bene�tscanberealized.Thesebene�tsapplybothin thecreationof thePODsthemselves,

aswell asthesoftwarethatusesthem.PODsarea usefulmethodfor computercontrolof

hardware.
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Appendix A

Toolsand Software Libraries

As with many projectssuchasthis,�nding andusingthecorrecttoolscanposeasigni�cant

challenge. In this Appendix,we brie�y describea numberof tools that we found to be

invaluable.Additional detailscanbe foundat our web site at http://pel.cs.byu.

edu/˜sorenson/Thesis/ .

ThecodeonthemicrocontrollerswaswrittenonaLinux machine,andcompiled

usingtheAVR portof theGCCtools.Thesetoolscanbefoundathttp://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

Oncethesetoolshave beeninstalled,themicrocontrollerbinariescanbecom-

piled. An exampleMake�le is shown in FigureA.1.

EachPODhasbeenbuilt with a programmingheader, andcanbeprogrammed

using UISP (Universal In-SystemProgrammer). This tool can be found at http://

savannah.nongnu.org/download/ uisp/ , and utilizes a parallel port program-

mingcable.
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CC=avr-gcc
STRIP=avr -strip
OBJCOPY=avr -objcopy
LIBS =-L/usr /avr /lib /avr4
DEVICE="atmega8 "
INCLUDES=- I/usr /avr /include -I /root /programs /pods /Includes
CFLAGS=-Wall - Wl,$( LIBS)

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

TARGET=Temperature . hex

.SUFFIXES : .c .out .hex

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

all : $(TARGET)

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

.c. out:
$(CC) $(CFLAGS) - mmcu=$(DEVICE ) $(INCLUDES) $< -o $@
$(STRIP ) $@

erase :
uisp - v=3 - dprog= stk200 --erase

program :
make erase
uisp - dprog =stk200 -v=2 --upload if=$( TARGET) --verify $(SPEED)

set_fuses :
# Internal 8Mhz
# uisp -v=3 -dprog =stk200 -- wr_fuse_l =0xe4
# External Oscillator

uisp - v=3 - dprog= stk200 --wr_fuse_l =0xe0

reset :
uisp - dprog =stk200

clean :
@rm -f $(TARGET) *.out

FigureA.1: SampleMake�le to compilecodefor themicrocontrollers.
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Becauseoursingleboardcomputerdid nothaveamonitorattached,wefoundit

helpful to usea programto generateaudiblebeepsto indicateits status.We usedthebeep

packagelocatedathttp://www.johnath.com/beep/ .

We usedthe CAD softwareCadsoftEagle[26] to designthe schematicsand

boardsfor ourPODs.

To visualizehow our objectsinterrelated,we usedthetool GraphViz, foundat

http://www.graphviz.org/ .
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Appendix B

POD Details

At thevery lowestlevel, PODscommunicateusinga simplebinarylanguageover thebus.

SincemostPODuserswill never needto know the intricatedetailsin orderto implement

or usePODs,thosewishing to seethesedetailsare referredto our web site at http:

//pel.cs.byu.edu/˜sorenson/Th esis/ .

EachPODknows andrespondsto a few generalcommands,andPOD-speci�c

commandsareaddedontothose.Thesegeneralcommandsareshown in TableB.1.

EachPODtype(Thermometer, Motor Control,etc.) is assigneda uniqueiden-

ti�er to distinguishit from theothertypesof PODs.ThePODtypescurrentlyde�ned are

shown in TableB.2. This typeID maybefoundusingtheGetPODTypecommand.

We createda C library to simplify the programmingof the microcontrollers

on the PODs. This library is accessedthroughsmall header�les. Theseheader�les are

depictedin TableB.3. Full sourcecodecanbe found at our web site at http://pel.

cs.byu.edu/˜sorenson/Thesis/ .
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CommandCode Command Details
0x0000 PING This teststo makesurethePODis still responsive.
0x0001 GetPODType This commandqueriesthePODfor its type(Types

areshown in TableB.2).
0x0002 GetPODInfo This command requestsadditional information

from thePOD,suchasversioninformation.
0x0003 ResetPOD This resetsthePODto thepowerupstate.
0x0004 GetName This methodrequeststheuser-assignednamefrom

thePOD.
0x0005 SetName Thismethodallowstheuserto assignanameto the

POD.

TableB.1: GeneralPODcommands

POD ID Description
0x0001 ThermometerPOD(Section3.2.1)
0x0002 Alarm (audible)(Section3.2.2)
0x0003 Motor Control(Section3.2.3)
0x0004 Light Sensor(Section3.2.4)
0x0005 LED-Light (Section3.2.5)
0x0006 PowerSensor(Section3.2.6)
0x0007 Compass(Section3.2.8)
0x0008 SonarDistanceRanger(Section3.2.7)
0x0009 Buttons(Section3.2.9)

TableB.2: PODTypeIDs

File Name Description
Serial.h Routinesto implementhigher-level communication

usingtheUSART.
ADC.h Routinesto simplify theuseof theAnalogto Digi-

tal Converter(ADC).
Sleep.h Routinesto placethemicrocontrollerinto thevari-

oussleepmodes.
Delay.h Implementsnopdelayloops.
TWI.h Routinesto assistin communicationover the Two

Wire Interface(alsoknown asI
�
C).

TableB.3: Header�les usedwhendevelopingPODmicrocontrollercode.
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