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Abstract

Image analysisis oneof the mostinterestingwaysfor a
mobilevehicleto undeistandits environmen{1]. Oneofthe
tasksof an autonomousehicleis to get accurateinforma-
tion of whatit hasin front,to avoidcollisionor findawayto
atarget. Thistaskrequiresreal-timerestrictionsdepending
onthevehiclespeedandexternalobjectmovementTheuse
of normalcameas, with homaeneougsquaed) pixel dis-
tribution, for real-timeimage processing usually requires
high performancecomputingand highimage rates.

A different approach males use of a CMOS space-
variant camea that yieldsa high framerate with low data
bandwidth. The camen also performsthe log-polar trans-
form, simplifying someimage processingalgorithms. One
of this simplifiedalgorithmsis the time to impactcompu-
tation. Thecalculationof the time to impactusesa differ-
ential algorithm. A pipelinedarchitecture speciallysuited
for differential image processingalgorithmshasbeenalso
developedusingprogrammablad=PGAs.

1 Intr oduction

Theaimof thisresearchvork is to analysehemovement
of objectsin front of aself-moving vehicleusingimagepro-
cessingtechniques. The problemof a car in a road has
beenstudiedto find the real-time constraintsfor this spe-
cific problem. The combinationof space-ariantimaging,
specialiseghipelinedimageprocessin@rchitectureandthe
implementatiorof atime to impactalgorithm,hasshavn to
be good enoughto meetthe real-timerequirementof the
aimedproblem.

As imagedakenby any cameraaretwo-dimensionabb-
jects,it is difficult to extractinformationaboutthedepthand
distanceof the objectsin front of the vehicle.If the vehicle
is moving, adynamicanalysisof the changingervironment
cangive informationaboutthe distancefrom objects. This
dynamiccomputationis also usefulwhen objectsin front
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of the vehicleare alsomoving. Dynamiccalculationusu-
ally requiresreal-time constraintghat will dependon the
vehiclespeedandobjectmovementsn front of it.

Retinal sensorswidely expandthe possibilitiesof real
time applications[6]. Advantagegeferto the specialpo-
lar structureof theresultingimagesthatallows simplifying
algorithmsbasedon polarcharacteristicef theimages.

Cameragrovided of suchsensorsanbe usedto eval-
uatemotion dueto their small size and portability, much
more compactthan cornventionalcameras. They generate
imageswith aselectve reductionof information,morecon-
centratechearits opticalcenterthefovea,andlessaccurate
towardsthe periphery The reductionof redundantnfor-
mationdiminishesthe computationaburdenof mostalgo-
rithms. Thus,retinal sensordecomean interestingdevice
for roboticsandrealtime systemdor navigation.

One possibility for a space-ariant camerais the log-
polar mapping. The focal plane of this camerahastwo
areaswith analogousmamesasthe humaneye: the retina
is the outer part andit occupiesmost of the sensorarea,
in this part the distanceof pixels to the sensorcenterin-
creasesxponentially thus decreasingixel resolutionto-
wardthe periphery;thefoveais the small centralpart with
thehighestresolution|t follows the samepolarpixel distri-
bution thoughpixel distanceo the centreincreasedinearly
insteadof exponentially Thislog-polartransformatiorcan
be shawn in figure 4 wherethe circle representshe focal
or retinalplane while the cartesianmepresentthe computa-
tion or cortical plane. The computationplaneis the trans-
formationof thefocal planeto the computermemory;this
computationplaneis whatthe computersseesof the ervi-
ronment.

The use of this kind of log-polarimagesreducesthe
amountof datato be processedhusallowing higherimage
processingates.In orderto have evenhigherimagerate,a
pipelinedarchitecturas proposedThis architectures spe-
cially suitedfor imageprocessinglgorithmsrequiringspa-
tial and/ortime derivatives. Eachelementin the pipeline
haslocal memoryto storelastimagesthus allowing time
derivativescalculation.



2 Image processingand acquisition architec-
ture

The overall architectureis shavn in figure 1. The el-
ementsof the systemare: the log-polar camera,the spe-
cialized pipelined architecture,and a commonhost com-
puter (PC). Log-polarimagestaken by the log-polarcam-
eraenterthe hostcomputerthatbypassesheimagesto the
pipelineof processinglementgthreefor thetimeto impact
experiment). The processompipeline processeshe image
flow providing theresultsto thehostcomputerwhereother
higherlevel tasksare performed(imagesegmentation). A
descriptionof eachelementollows.
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Figure 1. Overall system architecture .

2.1 Log-polar camera

Figure2 shavsthemainblocksof thelog-polarcamera.
The mostimportantelementof the cameraarethe control
unit andthelog-polar sensor
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Figure 2. Log-polar camera.

The control unit is an Altera CPLD of the FLEX 8000
family. It is a low-cost programmabldogic device with
4000usablegates.The mainfunction of the controlunit is
to communicatahe sensomwith the PC parallelport. This
unit alsogeneratehe addressefor thelog-polarsensorto
acquireimagesat specifiedandprogrammableates.

The log-polar sensorhasbeendevelopedusing CMOS
technology[2]. In theretina(outerarea),eachring has128
pixelswhosewidth grows towardthe periphery Thefovea,
unlike theretina,doesnot have a fixednumberof pixelsby

circumferencethe amountof pixels diminishestowardthe
centreup to only onepixel. The CMOS sensolis mounted
ona68-pinPLCCsoclet.

CMOStechnologyallows randomaccesgo ary pixel of
thesensarThecontrolunitindicateso the sensothe pixel
to beread.An operationabmplifieris necessaryo amplify
the small signalfrom the sensorandto subtractthe Fixed
PatterNoise(FPN).This OPAMP alsochangeshegainand
adjustthesignalto therangeof the A/D corverter Thecon-
verteris a CMOS 10-bit 20 MSPSA/D corverter Though
it is a 10-bit corverter the cameraonly malkesuseof the 8
mostsignificantbits for precision.The A/D corvertergives
thedigital valueof the pixel to the controlunit.

The hostcomputerhasa specialinterfaceto communi-
catewith the log-polarcameraandthe pipeline of proces-
sors.lt is acustomPCl cardunderdevelopmentat this mo-
ment[3]. Insteadof this cardwe usethe EnhancedParallel
Port(EPP)modeof thePCparallelportto connecthecam-
eraandthe processorshrougha parallel cableto the PC.
The EPPmodehasatypical transferratefrom 500 Kbyte/s
to 2 Mbyte/s. This performancds achieved thanksto the
new registersaddedo theEPPmodethatallow 32 bit trans-
ferswith a singleinstruction. EPPallows communicating
bothdataandaddressebetweerthe cameraandthe PCus-
ing the EPP Data Register and the EPP AddressRagister
respectiely. The camerasendsdatato the PC,andthe PC
canalsorequesinformation(pixel, new image,etc.) to the
camerasendingaddresses.

Log-polarimageshavearesolutionof 128pixelsperring
and76rings;thisis atotal of 9 KBytesperimage.Usingthe
EPPat 1.5 Mbytes/s(half of its maximumperformancejt
is possibleto transferupto 150images/smorethanenough
for our application.

The cameramakes use of a memoryand a D/A con-
verterfor the automaticcircuitry for offset compensation
(FPN cancellationcircuit). The memory storesthe FPN
image. The D/A corvertsthis imageto analogvaluesthat
aresubtractedo the imagefrom the sensorin the OPAM.
The D/A corverteris a standard-bit monolithicdigital-to-
analogcorverter This subtractioncannotbe performedin
thedigital domain,sinceaccuray is lost. To digitally make
this cancellationt is necessaryo acquireimageswith res-
olutionshigherthan8 bits to preventaccurag losses;also
the FPNimagehasto be storedusinghigherprecision.

2.2 Pipelineof processors

Theinclusionof a specificarchitecturén the processing
flow of the systemreduceghetasksto be performedby the
centralcomputer A pipelinedarchitecturehasbeencho-
senandimplementedsinceit bettersuitsimage-processing
algorithmswhere several simple operationstake placeon
the sameimageflow [4]. Dynamicanalysisis alsoa con-



cernin the kind of applicationswe aim; this is the reason
to putlocal memoryin the processinglements.Two dual

port memoriesareemployedto communicateneprocess-
ing elementto the next, storingat the sametime interme-
diateresults. Figure 3 shavs the processompipeline (only

two processingelementdrawn) with the structureof each
processinglement.
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Figure 3. Pipeline of two processor s.

Theprocessinginit hasbeendesigned5] with anAltera
FLEX8000 family CPLD that hassimilar compleity and
capacityascommonFPGAs.Theuseof a CPLD allowsthe
hardware implementationof image processingalgorithms
obtaininghigher processingspeeds. |t is also possibleto
reconfigurethe algorithmson line, sincethe CPLDsof this
architecturecanbe programmedn few millisecondsby the
hostcomputer Several tasksacting at differenttimes can
be deferredto the processompipeline to relief the central
processoof heary work.

The algorithm for the time to impact computationhas
beensuccessfullyimplementedn this pipeline of proces-
sors.It hasbeennecessario usethreestagef processing
elements:the first one makes a generalsmoothingof the
inputimage,the secondonecalculateghe spatialandtem-
poral derivatives,the last one calculateghe time to impact
dividing the spatialandtemporalderivatives.

The threestageswork in pipeline synchronizedwith a
16.6 MHz clock signal. The smoothingstagetakes 4 cy-
clesto complete;the temporalderivative andspatialgradi-
entstagetakes6 cycles;finally the division stagetakes 16
cycles. This lasttime fixesthe total computationtime per
pixel in the pipeline. It meansthat processingone image
takesaround12 us to complete thusup to 80 imagesper
seconctanbeprocessed.

3 Time to impact computation

An approachingbbjectfollowing the optical axis of the
retinal sensomwill experimentan apparentscalingand its
progresswill be viewed as an expansionmotion. Conse-
guently its movementcanberepresentetly aradialoptical
flow from the centerof the sensottowardsits edges Calcu-
lationsof sucha movementaresimplifiedif it is character

izedby meansof alog-polarrepresentation.
& =logr
{420 (1)

Scalingin this systembecomea simpletranslationasit
can be seenin figure 4, wherea ring approachingo the
camerais shown.

Figure 4. Approaching object in a log-polar
mapping.

Therefore,it is possibleto establisha relationshipbe-
tweenthe speedof an approachingbjectandits apparent
radial speed.Let ussuppose P pointthatis comingto the
objective of the sensorin a directionparallelto its optical
axis,with speed (t) asshavn in figure5.
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Figure 5. Time to impact calculation.

Being f theobjectivefocal, R thedistancerom P to the
opticalaxis(andthereforeconstant) F'(t) thedistancerom
the projectionpoint of P onthe opticalaxisto the objective
focus,andlastly, r(¢) the distancefrom the optical axis to
P, theimageof P on the sensorthenthefollowing simple
relationshipis accomplished:
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So, V(t), the apparentspeedof P’, will be relatedto
W (t) by:
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Combiningtheseéwo equationsit is possibleo calculate
the time to impactr; it is to say the time the objectwill
investto collide with the focusof the system:

- 7% =70 @

Thus,thetime to impactcanbeexpressedistherelation
betweenthe distanceof P’ to the centerof the sensorand
theradialcomponenbf the speedn theimageplane.As a
consequencd, is possiblgo traceanimpacttime map,sim-
ply dividing theratio of eachimagepoint betweerthe opti-
cal flow in that point. Whentheseequationsaretranslated
to the log-polarplane,equation(4) becomesven simpler
sincethetermr(t) disappearg¢cancellecby the coordinate
changen V (¢)).

The V (t) is the optical flow andthereare several meth-
odsfor its computation7]. In Cartesiarcoordinatest be-
comesa difficult tasksincethe speedV (t) hastwo compo-
nentsV, andVj. In log-polarcoordinatest alsohastwo
componentgVz,V,), but asfar aswe arejust focusingthe
problemof approachingbjects the polaropticalflow com-
ponentV, is always cero. Having just one componento
calculatesimplifiestheproblemsincetheHorn equation8]
canbe directly employedto calculatethe optical flow and
its inverse,that gives the time to impactas shavn in the
following equation:

B 5

where B is a constantthat dependson the sensorgeom-
etry, I is the imageintensities(image), g—g is the image
derivative alongthe ¢ axis (spatialderivative) and % is the

imagederivative with respecto the time (time derivative).

Thesetwo derivativesarethe only calculationso be made
on the image,andthey areassimpleassubtractions.The

useof log-polarcoordinatesandits applicationto the spe-
cial problemtreatedallow this greatsimplificationrespect
to thesameproblemsolvedin Cartesiarcoordinates.

4 Experiments

A simple experimenthasbeenperformedusinglabora-
tory conditions. In this experimentwe move two mouse
balls toward the cameranearly following its optical axis.
Thefirst, midle andlastlog-polarimagesof the experiment
areshavnin figure6.

Theblackball startedits movementat41 cm away from
the cameraat a speedof 2.54 cm/frame. The white ball
startedat similar position (43 cm) but had slower speed(2

Figure 6. First, middle and last frames of the
sequence .

cm/frame). A total of 16 framesweretaken for the exper

iment. The resultis shovn in figure 7 wherethe experi-
mental points along with the theoreticallines are shavn.

Theseresultshave beenobtainedafter a small higherlevel

post-processinghat includedimagesegmentationto sepa-
rateboth balls,wrong pointsfiltering (pointswith low time

derivative) andfinal meancalculationamongpoints.
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Figure 7. Time to impact for the two balls.

Despitethe small differencesbetweenthe speedof the
ballsit is possibleto seethis differencein figure 7. When
the balls are away from the camera(first frames)the time
to impactcalculationis very spreadsincethe errorat long
distancess high. This errorbecomesmallerwhentheballs
approachthecamera.

In orderto testthis samealgorithmin roadernvironments,
a theoreticalexperimenthasbeenstudied. Supposevari-
ousitems(four circularobjectsof differentdimensionsand
speedsmoving towardsa polar camerasystem,following
its opticalaxis:



Object A B C D
Radius(m) 16 08 16 08
Speedkm/h) | 50 50 100 100

Initially, all theseobjectsareplacedat barelya hundred
metersfrom thefocal of the system.The estimatedimesto
impact(in secondspf theseobjectsareshowvn in figure 8,
next to theiridealtimes.

T
— - Real C&D
— Real A&B
+ Object A

7S O ObjectB [
& ObjectC
O ObjectD

T Impact (sec.)

IETH 20 30 70 50 0 70 80
Frames

Figure 8. Time to impact of four approaching
objects.

This experimentshaws that just with few imagesit is
possibleto start calculatingthe time to impact. It must
be noticed that camerais setto take imagesat a rate of
10 framesper second,thoughit can be increasedup to
80 framesper secondat wish, on accountof the hardware
capabilitiesof the pipelineof processorsisedin this exper
iment. In this experimentthoughtheoretical,t is possible
to seethe higherdispersiorof thetime to impactcalculated
atlongdistancesThisis thesameeffectshaovn in the other
experimentandit is dueto thefinite resolutionof the cam-
era.

5 Conclusions

Thefastmotionof vehiclesin roadsis a highdemanding
computationproblem, which usually requiressevere real-
time constraints.Detectingtime to impactof anapproach-
ing car, in time to avoid collision canbe of interestto in-
creasecurrentcarsafety

In orderto solve the problemof calculatingthe time to
impactof objectsin roadlik e ervironmentswe puttogether
several stratgjiesto minimize thetime of calculation.First
we employ alog-polarcamerathat selectvely reduceshe

amountof datato beprocessedavithoutloosingaccurag, it
simplifiesthecalculationof thetimeto impactfor approach-
ing objects,andit cantake up to 200 imagesper second,
thatit is sufficient for movementanalysis. Also, we made
useof aspecializegipelinedprocessingrchitecturebased
on programmablalevicesthatis ableto calculatethe time
toimpactatarateof 80 imagespersecondhatis enougho
detectcarapproachingnovementf 100Km/h or above.
Finally, this paperhasshavn how a retinal sensorcan
beusedto effectively evaluatethetime to impacton scenes
wherethe differentinvolved objectshad considerabledi-
mensionsandspeedsThis pretenddo constituteafirst ap-
proachfor movementdetectionon navigation systemsfor
collision prevention,eventhoughtherearestill otherareas
thatcouldtake advantageof suchanapplication.

References

[1] G.D. Hager “Using resource-boundedensingin
telerobotics, in Fifth Int. Confeenceon Advanced
Robotics Pisa,ltaly, Junel991.

[2] F. Pardo,B. Dierickx, andD. Schefer, “Space-ariant
non-orthogonastructureCMOS imagesensordesign,
IEEE Journal of Solid StateCircuits, vol. 33,n0.6, pp.
842-849,Junel998.

[3] FJ.Blasco,F. Pardo,andJ.A.Boluda,“A FPGAbased
PCI bus interfacefor a real-timelog-polarimagepro-
cessingsystent, in XIV Designof Circuits and In-
tegrated SystemsPCIS99 Palmade mallorca, Spain,
Nov. 1999.

[4] J.A.Boluda,J.J.Domingo,F. Pardo,andJ. Pelechano,
“Motion detectionindependenbf the cameramove-
mentwith a log-polar sensof in 13th International
ConfeenceonDigital SignalProcessingDSP’97, San-
torini, Greece July 1997,pp.809-812.

[5] J.A.Boluda,F.J.Blasco,F. Pardo,andJ.Pelechano’A
pipelined reconfigurablearchitecturefor visual-based
navigation; in Euromicro 99, Milan, Italy, Sept.1999.

[6] M. TistarelliandG. Sandini,“On theadvantage®f po-
lar andlog-polarmappingfor directestimatiorof time-
to-impactfrom optical flow,” IEEE Trans.on PAMI,
vol. PAMI-15, No. 4, pp.401-410,1991.

[7] K. Daniilidis, “Optical flow computationin the log-
polarplane; in Int. Conf on Computeranalysisof im-
agesand patterns,CAIP’95, 1995,pp.65-72.

[8] J.L.Barron,D.J.Fleet,andS.S.Beauchemin,‘Perfor-
manceof opticalflow technique$, Tech.Rep.RPL-TR-
9107, Dpto. of Computingand Information Science,
Queens University, Kingston,Ontario,July 1993.



