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Abstract

In this paperwe describea low costembeddediision sys-
tem, the CMUcam2. The CMUcam2is the secondgen-
erationof the CMUcam systemand attemptsto overcome
the shortcoming®f the original systemaswell asimprove
uponandaddto its functionality The goal of the system
is to provide simplevision capabilitiesto smallembedded
systemsn theform of anintelligentsensarThesystenuti-
lizesalow costCMOScolorcameramodule aframebuffer
chip andall imagedatais processedby a low costmicro-
controller The systemincludesthe original functionality
of color blob tracking, but improvesuponit with tracking
speedf up to 50 framesper second. New functionality
includesframedifferencing,edgedetection,andcolor his-
togramming. Otherimprovementswere also madeto fa-
cilitate communicatiorwith slower speedprocessorsasis
oftenthecasdn avarietyof roboticsapplicationsincluding
miniaturerobotics,hobbyroboticsandaerialrobots.

1 Intr oduction

In mary applicationsrelatively simple computetrvision al-
gorithmshave proved themselesto be extremely useful,
[3], [5], [6], [8], [13], [15]. It hasbeenchallengingto im-
plementeven thesesimple computervision algorithmsin
embeddedystemsawvhich utilize smallmicrocontrollerde-
causetraditional vision systemimplementationgequirea
cameraa framegrabbeyanda high speedprocessar The
goal of the systemdevelopedhereis to provide this func-
tionality in a smalllow power packageand provide a low
bandwidthdatastreanto a hostprocessarThishasbecome
possiblebecaus®f theavailability of low costCMOScolor
cameranodulesandhigh speed|ow costmicrocontrollers.
In our previous system the CMUcam, we attemptedo
usethe minimal amountof hardware which could imple-
mentbasicfunctionality This systemprocessegbixels"on
the y" usingverylittle memorywhich placedcertainlimi-
tationsontheimageprocessinglgorithms.TheCMUcam?2

CharlesRosenbey

Google,Inc.
MountainView, CA 94043 Carngjie Mellon University
chuck@google.com

lllah Nourbakhsh
Roboticslnstitute

Pittskurgh, PA 15213
illah@ri.cmu.edu

extendsthe CMUcam's functionality by including a frame

buffer chip which decoupleghe pixel captureandprocess-
ing operations. This in combinationwith a more capable
microcontrollerallowesfor morecomplec and e xible pro-

cessing.

The systemdescribedin this paper has beenimple-
mentedandis fully functional. A fully assembledersion
of the systemis available from multiple commercialven-
dorsfor acostof $199.[10]

2 SystemAr chitecture

Our vision systemis designedo provide high-level infor-

mationthatis extractedfrom a cameramageandcommu-
nicatedto an externalprocessar For examplethe external
processoin a mobile robot systemcould con gure the vi-

sion systems color tracking modeto streamthe centroid
locationof a particularboundedsetof RGB values.Thevi-

sion systenwould procesghe datain realtime andoutput
high-level information. In the following sectionswe de-
scribethe detailsof our hardwareandsoftwaresystemand
compareour new systento the previousversion.

2.1 Hardware

The hardwarefor our original systemconsistedof a three
chipdesign:a CMOS camerachip, amicrocontrolleranda
simple RS232level shifter Our new designaddsa fourth
chip, a frame buffer. In this designthe camerais con-
necteddirectly to theframebuffer chip. The processotrig-

gersa framegrabandthe framebuffer chip storesthe data
streamedrom the camerawithout further intervention by

the processarOncethedatais in theframebuffer, the pro-
cessorcan synchronouslyclock the dataout of the frame
buffer as needed. The microcontrollerprocesseshe data
streamandextractsuserde ned informationthatis sentto

the outsideworld via an asynchronouserialinterfaceim-

plementedn software. Thecompletevision systemnis 2.20"
x 2.20"andlessthan2" deepwith the cameramoduleand



Figurel: The controllerboardmatedwith the CMOS sen-
sor.

lensattachedseeFiguresl and2. The systemoperatesat
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 lensandsupportingpassve componentsBy it-
self, the boardis free runningandwill outputa streamof
8 bit RGB or YCrCb color pixels. Synchronizatiorsignals,
including a pixel clock, arethenusedto readout dataand
indicate new framesand horizontallines. When usedin
concjuntionwith our systemthe OV6620 supportsresolu-
tions of up to 352 x 288 with a maximumrefreshrate of
50 framesper secondfps) andthe OV7620 supportseso-
lutions of up to 240x 160 with a maximumrefreshrate of
60 fps. Camergparametersuchascolor saturationpright-
ness.contrastwhite balance gxposuretime, gainandout-
put modesare programmablausing a standardserial 12C
interface.An analogmonochromeutputexiststhatcanbe
usedfor externalmonitoringof theimage.Unlike the origi-
nal CMUcamwhich useda nonstandardramerate,making
this outputdif cult to use,the currentsystemgenerates
standardsideosignal.

Themainmicrocontrollerusedto procesghevideodata
is a Ubicom SX52 operatingat 75 MHz.[14] The SX52is
a RISC processoland operatesat 75 MIPS including sin-
gle cycle 1/0O operations. It hasa 4096 word ash pro-
grammableEEPROM and 262 bytesof SRAM. Although
thecomputationatapabilitiesof thisprocessoarethesame
asthe SX28 usedin the original CMUcam, the SX52 has
twice the ROM and RAM, aswell asadditionall/O ports
which permittedusto includeextra functionality. The pro-
cessothasvery few hardware peripheralsput hasfastand
deterministicinterruptsand e xible 1/0 ports that allow
softwareto emulatestandarchardwareperipheralsn avir-

tual manner Using these"virtual peripherals"we imple-
menteda serial UART port, standardhobby seno PWM
output ports, LED statusfunctionsand a pushbutton in-
put. It is alsopossible,usinga pass-throughPC104style
connectorto join multiplevisionboardsonasinglecamera
bus. This allows for parallelprocessingf theimagedata
in whatwe call slavze mode. Using this "slave mode"two
microprocessorsan be attachedo the output of a single
CMOS cameragallowing two differentimageoperationdo
be performedin a fully synchronizedashion. The frame
buffer is the AL422B manufcturedby Averlogic. It con-
tains 384K bytesof storagein a FIFO con guration. [1]
The FIFO natureof the memorymeansthat the processor
is limited to sequentiahccesset theimagebuffer. An in-
ternaladdressounterkeepstrack of the currentlocationin
theimage. Theimagebuffer memoryis dual portedallow-
ing thecamerao simultaneouslyvrite to thememorywhile
theprocessors readingfrom it.

We chosethe Averlogic FIFO for three main reasons.
First, theinterfaceis very simple. The FIFO hasvery few
control pins, which is critical whendealingwith a micro-
controllerwith limited I/O capabilities.Secondlythe FIFO
cannow managethe datatransferfrom the camerato the
framebuffer at thelevel of a singleframeinsteadof a sin-
gle pixel. This allows thetransferto take placemuchfaster
thanthe processowould beableto handleonits own. This
decouplingalsoallows usto do morecomplicatedprocess-
ing on eachpixel. A third bene t of theimagebufferingis
thatthe cameracanoperateat full framerate. Runningthe
cameraat full framerateyields betterautomaticgain and
exposureperformancedueto the factory default tuning of
the system. An unexpectedbene t from the frame buffer
was an increasein the processingspeedper frame. This
happenedbecausén theoriginal CMUcamthe pixel timing
hadto be suchthatthe timing conditionswere metfor the
worstcasepaththroughthecode.In thenew designthepro-
cessolccessepixelsasit needghemandthereforetiming
is nolongerconstrainedo theworstcase . Thedisadwantage
is thelack of randomaccesgo the data,the additionalcost
of the componentswell asthe extra power consumption.
Eventhoughwe arelimited to sequentiatiataaccessnuch
like in the original CMUcam,we now alsohave the ability
to resetthe readpointer of the FIFO without overwriting
data.This allows multiple processindunctionsto becalled
onthesamebufferedimage.

In mary embeddedapplicationspower consumptionis
animportantfactorandit is often advantageouso be able
to shutdavn systemsvhenthey arenotneededTo facilitate
power savings we provide supportto sleepthe processar
theoscillator andthecameramodule.Thisis advantageous
in securityor batterypoweredsensingernvironmentswhen
the cameras usedat very low duty cycles. During normal
operationthecameraconsume850mWof power. Whenin



sleepmode,this is reducedo 505mW andin a deepsleep
modewherethe oscillator is disabled,this can be further
reducedo 420mW

Figure 2: Detail of the assemblednicrocontrollerboard,
2.20" 2.20". Visible arethe microcontrollerin the mid-
dle, theframebuffer in the upperright, the clock oscillator
in the upperleft andthe RS232level shifterin the lower
right.

2.2 Firmware

The main challenge®f the original CMUcamdesignwere
limited RAM andROM in theprocessoaswell asthestrict
codetiming requirementsecessitatedy processingthe
data"on the y ." The stringenttiming requirementsvere
greatlyameliorateddy the additionof the framebuffer, be-
causeheprocessono longerhasa strict deadlinerequired
for eachpixel capture.However, we still paid closeatten-
tion to efciency in orderto maximizeimage processing
speed.Evenwith the increasedRAM and ROM available
in our system,spacewas still extremely limited. In our
never ending desireto maximize the functionality of the
system,we utilized 99.87%of the ROM. And becausehe
framebuffer did not supportrandomaccessstateinforma-
tion neededo be storedin the processos RAM which is
muchtoo small (262 bytes)for even a singlerow of pixel
data.

All rmw arefor the vision boardwaswritten in C and
compiledusingthe ByteCraft SXC compiler Whencom-
piledthecurrent rmw arerequires4087wordsof ROM and
atsomepointsutilizesall but 2 bytesof the SX52's RAM.

2.2.1 Color Blob Tracking

The color blob tracking algorithm allows the userto en-
ter a minimum andmaximumboundfor eachof eitherthe
threeRGB or YCrCb channelaluesdependingpn how the
camerds con gured. Eachpixel in the buffer is compared
againstthe userspeci ed bounds. The coordinatef the

pixelsthatfall within thecolorboundsarecomparedhgainst
previously storedcoordinatego generatea boundingbox.
This simple methodrequiresthat the CMUcam2storelit-
tle globalinformationabouttheimage. The storeddatain-
cludesthe upperleft x1, y1 coordinateandthe lower right
x2,y2 coordinateahatencloseuixelswhich satisfythe color
boundsWe alsocounthow mary pixelsactuallyfall within
the color boundaries.Oncethe entire framehasbeenpro-
cessedsomeadditionalpostprocessingperationsareper
formed.In particular ascaledratiobetweerthetotal sumof
pixels within the color boundariesandthe actualareacal-
culatedby the boundingbox is computed. This value can
then be usedas a con dence measurendicating whether
thereis only onecompactobjectbeingtracked which lls
the boundingbox or multiple small detections. The sys-
temalsoaccumulatethex andy positionsof eachdetected
pixel. Theseaccumulatedumsarethendividedby thetotal
numberof detectedpixels to calculatethe centroidof the
trackedobject.Onceit hasreceivedanentireframeof data,
the systemcanreturnthe x,y coordinatesof the centroid,
the four coordinatef color boundingbox, the numberof
detectedpixelsaswell asa con dencevaluefor the object
tracked. The cameracanbe putinto "line mode"which in
turn returnsa binaryimageof the pixelsbeingtracked. As
shavnin gure 3,anothewariationonline modereturnsthe
minimumandmaximumtracked pixel aswell asa centroid
for eachrow. This modeof operationis particularlyuseful
for applicationssuchasline following.

Figure3: Theleft imageshovs a framedumpof aredob-
ject. The right image showvs the sameimage being pro-
cessedvith line modeenabled.The yellow lines show the
horizontalstartingandendingpositionsof the object,while
themagentadotsshow the centroidof eachline.

2.2.2 Color Statistics

Thevision systemalsoincludesa color statisticacquisition
function. This function keepsa running sum of the indi-

vidual color channelcomponentsUpon completionof the
frame,it dividestheseaccumulatedaluesby thetotalnum-
ber of pixels returningthe meancolor. It alsoreturnsan
approximationof the absolutedeviation from the meanof

eachcolor. This canbe usedto quantify the spreadof the



colorsaboutthemean.Whenusedn conjunctiorwith other
featuressuchaswindowing, describedollowing, the color
statisticscanbe usedfor determiningthe color of anobject
ataspeci c locationin the eld of view.

In orderto provide arichersetof colorrelateddata there
is alsoa histogramfunction. The histogramoperational-
lows the userto determinethe distribution of a color across
the image. The histogramcontains28 bins eachholding
the numberof pixels that occurredwithin thatbin's range
of color values. So bin 0 on channel0 would containthe
numberof red pixelsthatwerebetweenl6 and23in value.

2.2.3 Frame Differ encing

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

The CMUcamz2incorporateghe ability to identify dif-
ferencedetweerthe currentimageanda referencdrame.
This is useful when attemptingto locate motion given a
x ed cameraposition. Whenin framedifferencingmode,
the CMUcam?2tessellatetheimageinto an8 by 8 grid. All
of the pixelsfor a userde ned channelin eachsquareare
averagecdcreatinga referencdow resolutionimage. Figure
4 shows an exampleof suchanimage. Whennew frames
arecapturedthis samecalculationis performedexceptnow
the valuesare comparedwith the storedvalues. The user
cande ne a thresholddelta value that can be usedto in-
creaser decreasaensitvity. The outputsof the framedif-
ferencingcommandsare nearly identical to that of color
tracking. Additionally, a motion boundingbox, centroid
and"line mode"binarybitmapareavailable.lt is alsopossi-
bleto exportthedetectedleltavaluestheoriginal averaged
valuesor the currentaveragedvalues. Figure4 shaws the
bitmapversionof a handmoving in front of thecamera.ln
thisimage,virtual high resolutionframedifferencingis en-
abled. In high resolutionmode,the camerawill operateat
16x16insteadof 8x8. Thecapturedmageis still storedin-
ternally at 8x8. The extra resolutionis achiezed by doing
4 smallercomparisonggainsteachinternally storedpixel.

Thisgenerallyyieldsgoodresultswhenthebackgroundm-
ageis relatively smooth,or hasa uniformcolor.

2.2.4 Image Processingand Camera Settings

Anothergroupof functionsde ne how the datais formatted
andperformsminoradjustmentsntheoverallperformance
of the system.Thesefunctionsincludea noise Iter , anin-
terfacetransfer o w controlsettingandacommando mod-
ify the CMOS cameras internalimagesettings. The noise
Iter modemalkesary colortrackingalgorithmmorerobust
by requiringa detectiorto includeauserde ned numberof
multiple horizontallyadjacentpixelsin the speci ed color
range. This addedrobustnessowever cancausesmall ob-
jectsnotto be detected.Theinterface o w controlsettings
allow con guration of the serialdataenteringand leaving
thesystem.Thedefaultmodeusesvisible ASCII characters
and continuouslystreamsdataas eachframeis processed.
Selecting'poll mode"insteadcausesachfunctionto only
return one paclet of dataandthenreturnto its idle state.
Anothersettingallowsfor raw binarybytesto betransferred
insteadof visible ASCII text andsuppressesr enableglif-
ferentsynchronizatiorbytesreducingoverhead. It is also
possibleto setan outputdatamaskso that only userde-
ned valuesin a pacletarereturned.This type of e xibil-
ity waslackingin the original CMUcamandhasprovento
bevery helpful whendealingwith lesspowerful microcon-
trollers. The camerasettingscontrol commandallows the
userto changethe framerate,togglewhite balancetoggle
gain, switch betweenRGB and YUV modesor setary of
thecameras internalregistervalues.[9]

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

The ability to enterwhat is known as pixel differenc-
ing modeallowstheentirestandardsetof imageprocessing
routinesto operateon whatis similar to a horizontaledge
detectedmage.As seernin gure 5, by operatingonthedif-
ferencebetweenthe currentand previous horizontalpixel,
high frequeng componentsn eachcolor channelare em-
phasizedIn combinatiorwith the histogrammode,or even
themeanstatisticdata this canindicatethelevel of texture
on anobjectssurface.



Along with the basicalgorithmicfunctions thereis a set
of modifying parametershatallow for moreadvancedm-
ageprocessing.The rst of theseparameterss the ability
to arbitrarily setthewindow sizeandlocationthatthe user
wishesto process. This allows datato be capturedin an
isolatedregion of the cameras view. The window bound-
ing box canbe easilychangedetweerframesallowing for
more localized analysisof the ervironment. New to the
CMUcam?2,theimagecanalsobe down sampledallowing
for morerapid processing.Thesefeaturescan be usedin
conjunctionwith the framebuffer makingit possibleto op-
erateon the sameimagein the FIFO multiple timesbefore
reloadinganew image.

2.2.5 DemoMode and Additional Features

Toaccommodatsystemsvhereextraactuatorsnaybenec-
essarythe cameraboardhasthe internalability to control
up to ve standardhobby senos. Using this ability, the
vision systemcan operatein a stand-aloné'demomode”.
Upon startup, if the board detectsthat the button is de-
pressed,t will automaticallyenter demo mode. While

the cameraadjuststo the currentlight level, a statusLED

blinks. Whenthe button is pressedagain,the cameraac-
quiresthecolorof the rst objectit seeuponpowerup and
tracksit usinga simplefeedbackoop driving two senoson
thehorizontalandverticalaxis. The positionsof the senos
canbe setor readmanually evenwhile demomodeis ac-
tive. Theserwo outputportscanalsobeusedasTTL digital

outputsinsteadof generatinga seno PWM signal. For de-
buggingpurposesherearetwo rmw arecontrolledLEDs,
oneof which canbe setto illuminate whenthe sensorde-
tectsanobject. TheseLEDs andthe buttoncanbemanually
accessettia usercommands.

2.3 Interface

Thevision systenmby default usesa humanreadableASCI|
communicatiorprotocol that allows the userto communi-
catewith it interactively from a serialterminalprogram.As
describe@reviously, alessverbosamodecanbeenabledo
reduceserialporttraf c whencommunicatinglirectly with
acomputeror anothemicrocontroller Whencommunicat-
ing with a computer the systemcan also dump an entire
raw imagevia the serialport. This canbe usedfor diagnos-
tic purpose®r higherresolutionprocessingAt the current
defaultframerateandat the maximumwindow sizeof 255
x 176afull framedumptakesabout10secondsWith down
samplingandselectingndividual channelsit is possibleto
sendmultiple framespersecond.

By default, all communicatiorwith theboardtakesplace
at 115.2kilobaud, but jumperscan be usedto selectval-
uesrangingfrom 1.2to 115.2kilobaudspeedsThe CMU-
camZ2containsd7 commandachof which arefollowedby

their associategharametersBelow is a smallexampleof a
typical setof commandransactionsisedto trackthemean
RGB color locatedin the middle of theimage. The vision
systemoutputis shovn in italics:

CMUcam2v1.01c6

:cr 18441721932

ACK

:vw 30605080

ACK

pm1l

ACK

:gm

ACK

$1502030526

:pmO

ACK

:sw0080143

ACK

‘tc 1451824 1552236

ACK

M 50803882531283598

M 52813882531283598

M 51803884531283598

The rst command'CR" setsthe CMOS cameraregisters.
The numberghatfollow areregisteraddresseandparam-
eters,for example 18 44 tells the camerato setthe color
modeto RGB andturn on automaticwhite balance.These
valuesareoutlinedin the vision systemdocumentatiori9]
aswell asthe CMOS cameradocumentation.[8The"SW"
commandsetsthe coordinatef the virtual window to be
processed.n this casex1=30y1=60x2=50y2=80,which
selectghe centerof theimageassumingheov6620camera
operatingin low resolutionmode. The "PM 1" command
turnson the poll modeof the camerasothatary additional
functionswill only returna singleline andnot streamdata.
The"GM" commandhenasksthe camerato getthe mean
valuein thecurrentwindow. Theresulting'S" pacletshavs
the Rmean , Gmean ; Bmean , followed by the Ryeviation
Gdeviation andBgeviation - Next, poll modeis disabledand
thewindow is setbackto encompasthe entireimage.The
nal "TC" commandactuallycallsthetrackcolorfunction,
passingn aminimumRGBvalueof (145,18,24andamax-
imum value of(155,22,36). This valueis the meanvalue
previously returnedfrom the cameranow paddedy its de-
viation. ThereturnedM pacletsappearat up to 50 frames
per secondand show the centroidx, y coordinateghe x1,
y1, X2, y2 boundingbox coordinatesthe numberof de-
tectedpixels and the con dencevalue of the objectbeing
tracked: M x y x1 y1 x2 y2 pixelscon dence.

To aid in systemintegration, we have alsodevelopeda
new Java basedgraphicaluserinterface(GUI) thatallows
the userto interfacewith the camerafrom a Unix or Win-
dows basedPC. This GUI hasbeengreatlyexpandedupon



Figure6: Thetop screenshas of themainCMUcam2GUI
window. The lower screenshoshowvs the cameracon gu-
rationoptionpanel.

sincethe original CMUcamand allows for almostall ele-
mentsof the camerato be exploredin a userfriendly en-
vironment. The GUI graphically displaysreal-time data
from the camerain a more naturalmanner For example,
the usercanentercolor boundsinto a dialog box andthen
issueatrackcolorcommandThe GUI thenformatsthatre-
guestandsendst to the camera.The outputof the camera
datais parsedanddisplayedn awindow thatshovstheac-
tual boundingbox whosecolors dependon the con dence
valuereturned Dependingonhow it is con gured,the"line
mode"binary imageandthe centroidmay alsobe overlaid
on the boundingbox, asseenin Figure3. Whenthe user
callsthe statisticsfunction, thereturnedcolor datais mixed
anddisplayed. One of the mostimportantfeaturesof the
GUI its ability to display a frame dump. The main GUI
window andthe con gurationpanelareshavnin gure 6.

3 RelatedWork

The mary hardware and software systemsthat have been
constructedy the computervision communityaretoo nu-
merousto list here. However, somewell known systems
have had similar goalsto the work describedhere. The
Cognachromeision system[12] which consistsof custom
frame grabberand processinghardware has functionality
most similar to the systemwe describehere. The Cog-
nachromesystems morecapablehanthesystemdescribed
here,it cantrack 25 objectsat 60 Hz. However the system
describedchereis signi cantly lesscomplex and physically
smallermaking it more attractize for applicationslike on
boardvision for smallmobile robots. The MIT CheapVi-
sion Machine[2] hasa similar overall architectureto the
Cognachromeystemandis similarly morecapablehanthe
systemdescribechere,but is alsosigni cantly morecom-
plex. A numberof systemq3], [4], [7] consistof highly
optimizedsoftware systemswhich rely on standarddesk-
top computersystemso processmagedata. The system
hereis uniquein thatit targetsapplicationswhereinclud-
ing thecapabilitiesof a standardiesktopmachinewould be
prohibitive becaus®f size,cost,or powerrequirements.

4 Conclusionsand Futur e Work

The goal of this work wasto overcomethe shortcomings
of the CMUcam systemaswell asimprove uponandadd
to its functionality. With the additionof a framebuffer, we
wereableto increasgperformancedf color trackingfrom a
maximium of 17 framesper secondto 50. We were also
able to enhancehe interface software making integration
of the systemwith low end microcontrollersaven simplert
The extra code spaceon our main processomadeframe
differencingandhistograngeneratiompossiblewhile leav-



ing enoughspaceo enhancehe con gurability of all other
legag functions.The systemhasalreadyprovenits useful-
nessn avastarrayof educationabndresearclprojects.

The single mostimportantdravback of this systemis
the dif culty involvedin developingadditionalon chip al-
gorithmsin rmw aregiventhe scarceresourceand com-
plexities of rmw arecodingon the SX-52 microprocessor
Ideally, we would like a more e xible opensourcedevel-
opmenternvironmentwith morecodespaceandenoughon-
boardmemoryto hold asingleframe. Thiswouldthenopen
up anevenwider rangeof applicationsandallow for com-
munity development.To meettheseneedswe have already
developeda prototypeARM7 basedully reprogrammable
system. We alsointendto signi cantly reducethe power
consumptiorof this future systemsoasto enabldongterm
batteryoperation.
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