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Abstract

In this paperwe describea low costembeddedvision sys-
tem, the CMUcam2. The CMUcam2is the secondgen-
erationof the CMUcamsystemandattemptsto overcome
theshortcomingsof theoriginal systemaswell asimprove
uponandaddto its functionality. The goal of the system
is to provide simplevision capabilitiesto small embedded
systemsin theform of anintelligentsensor. Thesystemuti-
lizesalow costCMOScolorcameramodule,aframebuffer
chip andall imagedatais processedby a low costmicro-
controller. The systemincludesthe original functionality
of color blob tracking,but improvesuponit with tracking
speedsof up to 50 framesper second. New functionality
includesframedifferencing,edgedetection,andcolor his-
togramming. Other improvementswere also madeto fa-
cilitate communicationwith slower speedprocessors,asis
oftenthecasein avarietyof roboticsapplications,including
miniaturerobotics,hobbyroboticsandaerialrobots.

1 Intr oduction

In many applicationsrelatively simplecomputervision al-
gorithmshave proved themselves to be extremely useful,
[3], [5], [6], [8], [13], [15]. It hasbeenchallengingto im-
plementeven thesesimple computervision algorithmsin
embeddedsystemswhichutilize smallmicrocontrollersbe-
causetraditional vision systemimplementationsrequirea
camera,a framegrabber, anda high speedprocessor. The
goal of the systemdevelopedhereis to provide this func-
tionality in a small low power packageandprovide a low
bandwidthdatastreamto ahostprocessor. Thishasbecome
possiblebecauseof theavailability of low costCMOScolor
cameramodulesandhigh speed,low costmicrocontrollers.

In our previous system,the CMUcam,we attemptedto
usethe minimal amountof hardwarewhich could imple-
mentbasicfunctionality. This systemprocessedpixels"on
the�y" usingvery little memorywhichplacedcertainlimi-
tationsontheimageprocessingalgorithms.TheCMUcam2

extendstheCMUcam's functionalityby includinga frame
buffer chip which decouplesthepixel captureandprocess-
ing operations.This in combinationwith a morecapable
microcontrollerallowesfor morecomplex and�e xible pro-
cessing.

The systemdescribedin this paper has been imple-
mentedandis fully functional. A fully assembledversion
of the systemis available from multiple commercialven-
dorsfor a costof $199.[10]

2 SystemAr chitecture

Our vision systemis designedto provide high-level infor-
mationthat is extractedfrom a cameraimageandcommu-
nicatedto an externalprocessor. For exampletheexternal
processorin a mobile robotsystemcouldcon�gure thevi-
sion system's color tracking modeto streamthe centroid
locationof aparticularboundedsetof RGBvalues.Thevi-
sionsystemwould processthedatain real time andoutput
high-level information. In the following sectionswe de-
scribethedetailsof our hardwareandsoftwaresystemand
compareour new systemto thepreviousversion.

2.1 Hardware

The hardwarefor our original systemconsistedof a three
chipdesign:aCMOScamerachip,amicrocontroller, anda
simpleRS232level shifter. Our new designaddsa fourth
chip, a frame buffer. In this designthe camerais con-
necteddirectly to theframebuffer chip. Theprocessortrig-
gersa framegrabandtheframebuffer chip storesthedata
streamedfrom the camerawithout further interventionby
theprocessor. Oncethedatais in theframebuffer, thepro-
cessorcan synchronouslyclock the dataout of the frame
buffer as needed.The microcontrollerprocessesthe data
streamandextractsuserde�ned informationthat is sentto
the outsideworld via an asynchronousserial interfaceim-
plementedin software.Thecompletevisionsystemis 2.20"
x 2.20" andlessthan2" deepwith thecameramoduleand
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Figure1: Thecontrollerboardmatedwith theCMOSsen-
sor.

lensattached,seeFigures1 and2. Thesystemoperatesat
5 volts anddraws 170 milliamperesof currentwhile fully
active.

The imageinput to the systemis provided by an Om-
nivision OV6620 or OV7620 CMOS cameraon a chip.[9]
The CMOS camerais mountedon a carrier boardwhich
includesa lensandsupportingpassive components.By it-
self, the boardis free runningandwill outputa streamof
8 bit RGB or YCrCb colorpixels.Synchronizationsignals,
includinga pixel clock, arethenusedto readout dataand
indicatenew framesand horizontal lines. When usedin
concjuntionwith our system,theOV6620supportsresolu-
tions of up to 352 x 288 with a maximumrefreshrateof
50 framespersecond(fps) andtheOV7620supportsreso-
lutionsof up to 240x 160with a maximumrefreshrateof
60 fps. Cameraparameterssuchascolor saturation,bright-
ness,contrast,white balance,exposuretime, gainandout-
put modesare programmableusing a standardserial I2C
interface.An analogmonochromeoutputexiststhatcanbe
usedfor externalmonitoringof theimage.Unliketheorigi-
nalCMUcamwhichusedanonstandardframerate,making
this outputdif�cult to use,the currentsystemgeneratesa
standardvideosignal.

Themainmicrocontrollerusedto processthevideodata
is a UbicomSX52 operatingat 75 MHz.[14] The SX52 is
a RISC processorandoperatesat 75 MIPS including sin-
gle cycle I/O operations. It has a 4096 word �ash pro-
grammableEEPROM and262 bytesof SRAM. Although
thecomputationalcapabilitiesof thisprocessorarethesame
asthe SX28 usedin the original CMUcam,the SX52 has
twice the ROM andRAM, aswell asadditionalI/O ports
which permittedusto includeextra functionality. Thepro-
cessorhasvery few hardwareperipherals,but hasfastand
deterministicinterruptsand �e xible I/O ports that allow
softwareto emulatestandardhardwareperipheralsin a vir-

tual manner. Using these"virtual peripherals",we imple-
menteda serial UART port, standardhobby servo PWM
output ports, LED statusfunctionsand a pushbutton in-
put. It is alsopossible,usinga pass-throughPC104style
connector, to join multiplevisionboardsonasinglecamera
bus. This allows for parallelprocessingof the imagedata
in what we call slave mode. Using this "slave mode"two
microprocessorscan be attachedto the output of a single
CMOScamera,allowing two differentimageoperationsto
be performedin a fully synchronizedfashion. The frame
buffer is the AL422B manufacturedby Averlogic. It con-
tains384K bytesof storagein a FIFO con�guration. [1]
The FIFO natureof the memorymeansthat the processor
is limited to sequentialaccessesto theimagebuffer. An in-
ternaladdresscounterkeepstrackof thecurrentlocationin
theimage.Theimagebuffer memoryis dualportedallow-
ing thecamerato simultaneouslywrite to thememorywhile
theprocessoris readingfrom it.

We chosethe Averlogic FIFO for threemain reasons.
First, the interfaceis very simple. TheFIFO hasvery few
control pins, which is critical whendealingwith a micro-
controllerwith limited I/O capabilities.Secondly, theFIFO
cannow managethe datatransferfrom the camerato the
framebuffer at the level of a singleframeinsteadof a sin-
gle pixel. This allows thetransferto take placemuchfaster
thantheprocessorwouldbeableto handleon its own. This
decouplingalsoallowsusto do morecomplicatedprocess-
ing on eachpixel. A third bene�t of the imagebuffering is
that thecameracanoperateat full framerate. Runningthe
cameraat full framerateyields betterautomaticgain and
exposureperformancedueto the factorydefault tuning of
the system. An unexpectedbene�t from the framebuffer
was an increasein the processingspeedper frame. This
happenedbecausein theoriginalCMUcamthepixel timing
hadto be suchthat the timing conditionsweremet for the
worstcasepaththroughthecode.In thenew designthepro-
cessoraccessespixelsasit needsthemandthereforetiming
is nolongerconstrainedto theworstcase.Thedisadvantage
is thelack of randomaccessto thedata,theadditionalcost
of thecomponentaswell astheextra power consumption.
Eventhoughwe arelimited to sequentialdataaccessmuch
like in theoriginal CMUcam,we now alsohave theability
to resetthe readpointer of the FIFO without overwriting
data.Thisallowsmultipleprocessingfunctionsto becalled
on thesamebufferedimage.

In many embeddedapplicationspower consumptionis
an importantfactorandit is oftenadvantageousto beable
to shutdownsystemswhenthey arenotneeded.To facilitate
power savings we provide supportto sleepthe processor,
theoscillator, andthecameramodule.This is advantageous
in securityor batterypoweredsensingenvironmentswhen
thecamerais usedat very low duty cycles. During normal
operation,thecameraconsumes850mWof power. Whenin
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sleepmode,this is reducedto 505mW, andin a deepsleep
modewherethe oscillator is disabled,this can be further
reducedto 420mW.

Figure 2: Detail of the assembledmicrocontrollerboard,
2.20” � 2.20”. Visible arethemicrocontrollerin themid-
dle, theframebuffer in theupperright, theclock oscillator
in the upperleft and the RS232level shifter in the lower
right.

2.2 Firmwar e

Themainchallengesof theoriginal CMUcamdesignwere
limited RAM andROM in theprocessoraswell asthestrict
code timing requirementsnecessitatedby processingthe
data"on the �y ." The stringenttiming requirementswere
greatlyamelioratedby theadditionof theframebuffer, be-
causetheprocessorno longerhasa strict deadlinerequired
for eachpixel capture.However, we still paid closeatten-
tion to ef�ciency in order to maximize imageprocessing
speed.Even with the increasedRAM andROM available
in our system,spacewas still extremely limited. In our
never endingdesireto maximize the functionality of the
system,we utilized 99.87%of theROM. And becausethe
framebuffer did not supportrandomaccess,stateinforma-
tion neededto be storedin the processor's RAM which is
muchtoo small (262 bytes)for even a singlerow of pixel
data.

All �rmw arefor the vision boardwaswritten in C and
compiledusingthe ByteCraftSXC compiler. Whencom-
piledthecurrent�rmw arerequires4087wordsof ROM and
atsomepointsutilizesall but 2 bytesof theSX52'sRAM.

2.2.1 Color Blob Tracking

The color blob tracking algorithm allows the user to en-
ter a minimumandmaximumboundfor eachof eitherthe
threeRGBor YCrCbchannelvalues,dependingonhow the
camerais con�gured. Eachpixel in thebuffer is compared
againstthe userspeci�ed bounds. The coordinatesof the

pixelsthatfall within thecolorboundsarecomparedagainst
previously storedcoordinatesto generatea boundingbox.
This simplemethodrequiresthat the CMUcam2storelit-
tle global informationabouttheimage.Thestoreddatain-
cludestheupperleft x1, y1 coordinateandthe lower right
x2, y2 coordinatethatenclosepixelswhichsatisfythecolor
bounds.Wealsocounthow many pixelsactuallyfall within
thecolor boundaries.Oncetheentireframehasbeenpro-
cessed,someadditionalpostprocessingoperationsareper-
formed.In particular, ascaledratiobetweenthetotalsumof
pixels within the color boundariesandthe actualareacal-
culatedby the boundingbox is computed.This valuecan
then be usedas a con�dencemeasureindicating whether
thereis only onecompactobjectbeingtracked which �lls
the boundingbox or multiple small detections. The sys-
temalsoaccumulatesthex andy positionsof eachdetected
pixel. Theseaccumulatedsumsarethendividedby thetotal
numberof detectedpixels to calculatethe centroidof the
trackedobject.Onceit hasreceivedanentireframeof data,
the systemcan return the x,y coordinatesof the centroid,
the four coordinatesof color boundingbox, thenumberof
detectedpixelsaswell asa con�dencevaluefor theobject
tracked. Thecameracanbeput into "line mode"which in
turn returnsa binary imageof thepixelsbeingtracked. As
shown in �gure 3,anothervariationonline modereturnsthe
minimumandmaximumtrackedpixel aswell asa centroid
for eachrow. This modeof operationis particularlyuseful
for applicationssuchasline following.

Figure3: The left imageshows a framedumpof a redob-
ject. The right imageshows the sameimagebeing pro-
cessedwith line modeenabled.Theyellow linesshow the
horizontalstartingandendingpositionsof theobject,while
themagentadotsshow thecentroidof eachline.

2.2.2 Color Statistics

Thevisionsystemalsoincludesa color statisticacquisition
function. This function keepsa runningsum of the indi-
vidual color channelcomponents.Uponcompletionof the
frame,it dividestheseaccumulatedvaluesby thetotalnum-
ber of pixels returningthe meancolor. It also returnsan
approximationof the absolutedeviation from the meanof
eachcolor. This canbe usedto quantify thespreadof the

3



colorsaboutthemean.Whenusedin conjunctionwith other
featuressuchaswindowing, describedfollowing, thecolor
statisticscanbeusedfor determiningthecolor of anobject
ata speci�c locationin the�eld of view.

In orderto providearichersetof colorrelateddata,there
is alsoa histogramfunction. The histogramoperational-
lows theuserto determinethedistributionof a color across
the image. The histogramcontains28 bins eachholding
the numberof pixels that occurredwithin that bin's range
of color values. So bin 0 on channel0 would containthe
numberof redpixelsthatwerebetween16and23 in value.

2.2.3 Frame Differ encing

Figure4: The left imageshows an exampleof a reference
frame. The right imageshows a bitmap of a handbeing
movedin front of thescene.

The CMUcam2incorporatesthe ability to identify dif-
ferencesbetweenthecurrentimageanda referenceframe.
This is useful when attemptingto locatemotion given a
�x ed cameraposition. Whenin framedifferencingmode,
theCMUcam2tessellatestheimageinto an8 by 8 grid. All
of the pixels for a userde�ned channelin eachsquareare
averagedcreatinga referencelow resolutionimage.Figure
4 shows an exampleof suchan image. Whennew frames
arecaptured,thissamecalculationis performedexceptnow
the valuesarecomparedwith the storedvalues. The user
can de�ne a thresholddelta value that can be usedto in-
creaseor decreasesensitivity. Theoutputsof theframedif-
ferencingcommandsare nearly identical to that of color
tracking. Additionally, a motion boundingbox, centroid
and"line mode"binarybitmapareavailable.It is alsopossi-
bleto export thedetecteddeltavalues,theoriginalaveraged
valuesor the currentaveragedvalues. Figure4 shows the
bitmapversionof a handmoving in front of thecamera.In
this image,virtual high resolutionframedifferencingis en-
abled. In high resolutionmode,thecamerawill operateat
16x16insteadof 8x8. Thecapturedimageis still storedin-
ternally at 8x8. The extra resolutionis achieved by doing
4 smallercomparisonsagainsteachinternallystoredpixel.

Thisgenerallyyieldsgoodresultswhenthebackgroundim-
ageis relatively smooth,or hasa uniformcolor.

2.2.4 ImageProcessingand CameraSettings

Anothergroupof functionsde�ne how thedatais formatted
andperformsminoradjustmentsontheoverallperformance
of thesystem.Thesefunctionsincludea noise�lter , anin-
terfacetransfer�o w controlsettingandacommandto mod-
ify theCMOScamera's internalimagesettings.Thenoise
�lter modemakesany color trackingalgorithmmorerobust
by requiringadetectionto includeauserde�nednumberof
multiple horizontallyadjacentpixels in the speci�ed color
range.This addedrobustnesshowever cancausesmallob-
jectsnot to bedetected.Theinterface�o w controlsettings
allow con�guration of the serialdataenteringandleaving
thesystem.ThedefaultmodeusesvisibleASCII characters
andcontinuouslystreamsdataaseachframeis processed.
Selecting"poll mode"insteadcauseseachfunctionto only
returnonepacket of dataand thenreturn to its idle state.
Anothersettingallowsfor raw binarybytesto betransferred
insteadof visible ASCII text andsuppressesor enablesdif-
ferentsynchronizationbytesreducingoverhead.It is also
possibleto set an output datamaskso that only userde-
�ned valuesin a packet arereturned.This typeof �e xibil-
ity waslacking in theoriginal CMUcamandhasprovento
beveryhelpful whendealingwith lesspowerful microcon-
trollers. The camerasettingscontrol commandallows the
userto changethe framerate,togglewhite balance,toggle
gain, switch betweenRGB andYUV modesor setany of
thecamera's internalregistervalues.[9]

Figure 5: Sampleframe grab from the OV7620 camera
modulewith thecorrespondingframewhile pixel differenc-
ing is enabled.

The ability to enterwhat is known as pixel differenc-
ing modeallowstheentirestandardsetof imageprocessing
routinesto operateon what is similar to a horizontaledge
detectedimage.As seenin �gure 5, by operatingonthedif-
ferencebetweenthe currentandprevious horizontalpixel,
high frequency componentsin eachcolor channelareem-
phasized.In combinationwith thehistogrammode,or even
themeanstatisticsdata,thiscanindicatethelevel of texture
onanobjectssurface.
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Along with thebasicalgorithmicfunctions,thereis aset
of modifying parametersthatallow for moreadvancedim-
ageprocessing.The �rst of theseparametersis theability
to arbitrarily setthewindow sizeandlocationthat theuser
wishesto process. This allows datato be capturedin an
isolatedregion of the camera's view. The window bound-
ing box canbeeasilychangedbetweenframesallowing for
more localizedanalysisof the environment. New to the
CMUcam2,the imagecanalsobedown sampledallowing
for more rapid processing.Thesefeaturescanbe usedin
conjunctionwith theframebuffer makingit possibleto op-
erateon thesameimagein theFIFO multiple timesbefore
reloadinganew image.

2.2.5 DemoMode and Additional Features

Toaccommodatesystemswhereextraactuatorsmaybenec-
essary, the cameraboardhasthe internalability to control
up to � ve standardhobby servos. Using this ability, the
vision systemcanoperatein a stand-alone"demomode".
Upon startup, if the board detectsthat the button is de-
pressed,it will automaticallyenter demo mode. While
the cameraadjuststo the currentlight level, a statusLED
blinks. Whenthe button is pressedagain,the cameraac-
quiresthecolorof the�rst objectit seesuponpowerupand
tracksit usingasimplefeedbackloopdriving two servoson
thehorizontalandverticalaxis.Thepositionsof theservos
canbe setor readmanually, evenwhile demomodeis ac-
tive. Theservo outputportscanalsobeusedasTTL digital
outputsinsteadof generatinga servo PWM signal. For de-
buggingpurposestherearetwo �rmw arecontrolledLEDs,
oneof which canbe setto illuminate whenthe sensorde-
tectsanobject.TheseLEDsandthebuttoncanbemanually
accessedvia usercommands.

2.3 Interface

Thevisionsystemby default usesa humanreadableASCII
communicationprotocol that allows the userto communi-
catewith it interactively from aserialterminalprogram.As
describedpreviously, a lessverbosemodecanbeenabledto
reduceserialport traf�c whencommunicatingdirectlywith
acomputeror anothermicrocontroller. Whencommunicat-
ing with a computer, the systemcan also dump an entire
raw imagevia theserialport. Thiscanbeusedfor diagnos-
tic purposesor higherresolutionprocessing.At thecurrent
default framerateandat themaximumwindow sizeof 255
x 176afull framedumptakesabout10seconds.With down
samplingandselectingindividualchannels,it is possibleto
sendmultiple framespersecond.

By default,all communicationwith theboardtakesplace
at 115.2kilobaud, but jumperscan be usedto selectval-
uesrangingfrom 1.2 to 115.2kilobaudspeeds.TheCMU-
cam2contains47commandseachof whicharefollowedby

their associatedparameters.Below is a smallexampleof a
typical setof commandtransactionsusedto trackthemean
RGB color locatedin themiddleof the image. The vision
systemoutputis shown in italics:

CMUcam2 v1.01c6

:cr 18 44 17 2 19 32

ACK

:vw 30 60 50 80

ACK

:pm 1

ACK

:gm

ACK

S 150 20 30 5 2 6

:pm 0

ACK

:sw 0 0 80 143

ACK

:tc 145 18 24 155 22 36

ACK

M 50 80 38 82 53 128 35 98

M 52 81 38 82 53 128 35 98

M 51 80 38 84 53 128 35 98

The �rst command"CR" setstheCMOS cameraregisters.
Thenumbersthat follow areregisteraddressesandparam-
eters,for example18 44 tells the camerato set the color
modeto RGB andturn on automaticwhite balance.These
valuesareoutlinedin thevision systemdocumentation[9]
aswell astheCMOScameradocumentation.[8]The"SW"
commandsetsthe coordinatesof thevirtual window to be
processed.In this casex1=30 y1=60x2=50 y2=80,which
selectsthecenterof theimageassumingtheov6620camera
operatingin low resolutionmode. The "PM 1" command
turnson thepoll modeof thecamerasothatany additional
functionswill only returna singleline andnot streamdata.
The"GM" commandthenasksthecamerato get themean
valuein thecurrentwindow. Theresulting"S" packetshows
the Rmean, Gmean, Bmean, followed by the Rdeviation,
Gdeviation andBdeviation. Next, poll modeis disabledand
thewindow is setbackto encompasstheentireimage.The
�nal "TC" commandactuallycallsthetrackcolor function,
passingin aminimumRGBvalueof (145,18,24)andamax-
imum value of(155,22,36). This value is the meanvalue
previously returnedfrom thecameranow paddedby its de-
viation. ThereturnedM packetsappearat up to 50 frames
per secondandshow the centroidx, y coordinatesthe x1,
y1, x2, y2 boundingbox coordinates,the numberof de-
tectedpixels and the con�dencevalueof the objectbeing
tracked:M x y x1 y1 x2 y2 pixelscon�dence.

To aid in systemintegration,we have alsodevelopeda
new Java basedgraphicaluserinterface(GUI) that allows
theuserto interfacewith thecamerafrom a Unix or Win-
dows basedPC.This GUI hasbeengreatlyexpandedupon
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Figure6: Thetopscreenshotis of themainCMUcam2GUI
window. The lower screenshotshows the cameracon�gu-
rationoptionpanel.

sincethe original CMUcamandallows for almostall ele-
mentsof the camerato be explored in a userfriendly en-
vironment. The GUI graphically displaysreal-time data
from the camerain a morenaturalmanner. For example,
theusercanentercolor boundsinto a dialogbox andthen
issueatrackcolorcommand.TheGUI thenformatsthatre-
questandsendsit to thecamera.Theoutputof thecamera
datais parsedanddisplayedin awindow thatshowstheac-
tual boundingbox whosecolorsdependon thecon�dence
valuereturned.Dependingonhow it is con�gured,the"line
mode"binary imageandthecentroidmayalsobeoverlaid
on the boundingbox, asseenin Figure3. Whenthe user
callsthestatisticsfunction,thereturnedcolordatais mixed
anddisplayed. Oneof the most importantfeaturesof the
GUI its ability to display a frame dump. The main GUI
window andthecon�gurationpanelareshown in �gure 6.

3 RelatedWork

The many hardwareand softwaresystemsthat have been
constructedby thecomputervision communityaretoo nu-
merousto list here. However, somewell known systems
have had similar goals to the work describedhere. The
Cognachromevision system[12] which consistsof custom
frame grabberand processinghardware has functionality
most similar to the systemwe describehere. The Cog-
nachromesystemis morecapablethanthesystemdescribed
here,it cantrack25 objectsat 60 Hz. However thesystem
describedhereis signi�cantly lesscomplex andphysically
smallermaking it more attractive for applicationslike on
boardvision for smallmobile robots. The MIT CheapVi-
sion Machine[2] hasa similar overall architectureto the
Cognachromesystemandis similarly morecapablethanthe
systemdescribedhere,but is alsosigni�cantly morecom-
plex. A numberof systems[3], [4], [7] consistof highly
optimizedsoftware systemswhich rely on standarddesk-
top computersystemsto processimagedata. The system
hereis uniquein that it targetsapplicationswhereinclud-
ing thecapabilitiesof astandarddesktopmachinewouldbe
prohibitivebecauseof size,cost,or power requirements.

4 Conclusionsand Future Work

The goal of this work was to overcomethe shortcomings
of the CMUcamsystemaswell as improve uponandadd
to its functionality. With theadditionof a framebuffer, we
wereableto increaseperformanceof color trackingfrom a
maximiumof 17 framesper secondto 50. We werealso
able to enhancethe interfacesoftwaremaking integration
of the systemwith low endmicrocontrollersevensimpler.
The extra codespaceon our main processormadeframe
differencing,andhistogramgenerationpossible,while leav-
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ing enoughspaceto enhancethecon�gurability of all other
legacy functions.Thesystemhasalreadyprovenits useful-
nessin avastarrayof educationalandresearchprojects.

The single most importantdrawback of this systemis
thedif�culty involved in developingadditionalon chip al-
gorithmsin �rmw aregiven the scarceresourcesandcom-
plexities of �rmw arecodingon theSX-52microprocessor.
Ideally, we would like a more �e xible opensourcedevel-
opmentenvironmentwith morecodespaceandenoughon-
boardmemoryto holdasingleframe.Thiswouldthenopen
up anevenwider rangeof applicationsandallow for com-
munitydevelopment.To meettheseneeds,wehavealready
developeda prototypeARM7 basedfully reprogrammable
system. We also intend to signi�cantly reducethe power
consumptionof this futuresystemsoasto enablelongterm
batteryoperation.
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