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Abstract

This paperdealsaboutthe developmentof a PCl bus
interface for a log-polar image acquisition system.
Thecharacteristicef thelog-polarcameraemployed
in our system,andits interfaceto a real-timeimage
processingystempind anad-hocsolutionthatis dif-
ficult to achieve with any generalpurposeémageac-
quisition system.Our main objective wasto develop
a cardallowing log-polar cameraimageacquisition,
cameraandimageprocessingystemintercommuni-
cation,andPC userandothersystemsnterface. The
card hasa PCI bus interfacedesignedusinga com-
plex programmabldogic device that holdsthe inter-
faceandotherlogic controlfor thesystemin thesame
chip.

1 Intr oduction

At this moment, there are mary real-time image-
processingirame-grabbersn the market. Usually,
most of thesesystemsobtain a sequencef images
from a CCD camera;the storageand processingf
suchamountof informationis mary times complex
andrequiresextra hardware, especiallyfor real-time
applicationsvherefastprocessings the key.

With the objective of minimizing the hardware re-
quirementsandspeed-upgheimageprocessingasks,
amongother advantagesa camerabasedon a log-
polarsensof1, 2] andanIn SystemReconfigurable
FPGA-basedeal-timeimageprocessingystem([3,
4, 5]) have beendeveloped.

The log-polar camerapixel distribution imitatesthe
distribution of the retinaphotoreceptors, thehuman
eye; thereis higherpixel densityin the centerthanin
the periphery usinga polar andlogarithmicdistribu-
tion of pixels. Oneimagetaken with this log-polar
camerghasaroundthe sameresolutionof a 700x700
CCD cameran the center decreasingowardthe pe-
riphery (lessinterestingpart) to reducethe amountof
datato beprocessed.

It implies thatthe use of the camerais bettersuited
for active vision applicationswherethecamerds dy-
namicallyguidedto the interestingobject. Whenthe
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objectis centeredit fills the areawith higherresolu-
tion. However, a lesserinformationis obtainedfrom
the object peripherydueto the smallerresolutionof
that area. The resultis a 10 KB image that offers
similar information asa 256 KB image, sinceit se-
lectively choosedo have betterresolutionin the in-
terestingpart.
Thecorventionalarchitecturdormedby asinglepro-
cessorand single memoryis usually not enoughfor
fastimage processing. Other architecturesexploit-
ing the inherentparallelismof imagedatahave been
proposedin the past. Apart from the realizationof
the log-polarcameraanimageprocessingystemto
specificallyprocesshesekind of imageshasbeende-
veloped.lt is basicallybasedn amultistagepipeline
of image processingelementswith local memory
Imagesfrom the cameraare sentto the processing
pipeline and this one returnsthe resultsto the host
computerwhere higher level image processingwill
take place. Input and outputdatato/from the image
processingipelineshouldbe controlledby a specific
hardware from the PC (hostcomputer). At the same
time, this hardware shouldalso control the log-polar
camerdor driving the clock signalsto readandstore
theimages.Theinterconnectionemongthe camera,
processingipelineandthe hostPC throughthe PCI
busform the systempresentedh this paper

The log-polar camerahasa maximumthroughputof
2 MB/s, thatis similar to the dataexchangerequire-
mentsof the imageprocessingipeline. Theseper
formancerequirementsuggesta control systemin-
terfaceableto have high-speeccommunicationwith
thePC.

The readinessand the high performanceof the PCI
bus have beenthe mainissuesin orderto selectit as
the bestcandidate. This bus hasbeendevelopedto
eliminatethe classicalbottleneckghat take placein
the PC I/O transfersandit hasbecomethe adopted
standardor thex86 andAlpha AXP processofamily
platforms.

ThePClbusis ageneralocal bus[6] thatcanbeem-
ployed in monoprocessoas well as multiprocessor
systemswith high I/0O bandwidthsand/ortime con-
straints.Thesearethe mainfeaturesof this bus:



e ConfiguableimplementationsPCl businterfaces
areableto implementawide rangeof thefeatures
necessanfor an application; other featuresnot
necessaryor a specificapplicationmay be dis-
cardedto minimize hardwarerequirements.

e High performancelt worksfrom 32-bitdatapath
at33MHz (132 MB/s peak)to 64-bit datapathat
66 MHz (528MB/s peak).It is alsocapableof full

concurreng with processor/memorgubsystems.

e Easyuse Full autoconfiguration. Devicescon-
tain information registersfor device configura-
tion.

e Lowcost. It hasbeenoptimizedfor directsilicon
interconnectionsElectrical/driver andfrequeng
specificationsare met with standardASIC tech-
nologiesandothertypical processes.

Most programmabléogic device manubcturershave
designedogic devicesthatarePCl compliant. These
deviceswork with electric, time and frequeny PCI
specificationsFPGAregistercapacityallows theim-
plementatiorof PClcoresthatcanbeemployedto de-
sign PCl devices. FPGA devicesallow the reconfig-
urability of PCl interfaceimplementationsTheidea
is very simple: the FPGA andthe PCI bus form the
physicalpart, while the programstoredin the FPGA
is the firmware, that can be upgradedn every revi-
sion of the HDL (Hardware DescriptionLanguage)
descriptionof theinterface. Therearesomecommer
cial solutions[6],[7],[8], but they are expensve for
makingsmallprototypingdesigns.

The speedrequirementsaind cameraand imagepro-
cessingontrolcomplexity imposeasystemhatmust
bereconfiguredn orderto solve possiblebugs,with-
out the need of repeatingthe processof design-
simulation-Bbrication-baclagain.

2 Systemarchitecture
The overall systemis shavn in figure 1. The cardis
connectedo threedevices:

e Log-polarcamen. It is autonomousThe camera
sendstheimageasa block throughthe datalink
thatconnectghe cameraandtheacquisitioncard.
Thislink is alsoemployedto programthe camera
configurationregisters (lateng, speed,window-
ing, etc.). With thesefeaturesthe cameraframe
ratecanbe adjustedo the systemrequirements.

e Image processingsystem.This is the setof pro-
cessingelementsof the pipelined architecture.
The input data bus to the pipeline is fed with
the cameradataandthe outputreturnsprocessing
datathat mustbe stored. Also, the systempro-
cesscould bereconfiguredhrougha specificbus
designedfor this function. The acquisitioncard
managesll the interfacesof this system,and it
canalsowork just asa frame-grabbebypassing
thepipelineof processinglements.

e PClacquisitioncard. Theacquisitioncardis con-

nectedto the computerPClI bus. It hasaninter
nal memory buffer for storing imagesfrom the

cameraandresultsfrom the processinglements.
It alsosenesto allow the computerprogramsto
readtheseéimagesandresults.

| mage processing system

Figurel: Systemarchitecture

The image acquisitioncard performsthe following
tasks:

1. Readingof the camerasentimagesandstorage
of theseimagesto the cardlocal memory

2. Sendingof the storedimagesto the imagepro-
cessingsystemcollectingof theoutputdataand
storeit in alocalmemory

3. Readingof the local memory(images+ output
data)throughthe PCl bus.

4. Controllingof theprogrammingusof theimage
processingystem.

3 Image acquisition card architecture
The cardarchitecturéamplementeds shown in figure
2 andthe cardaftermanufcturingis shavn in figure
3. All programmabléogic hasbeenprogrammedis-
ing threedevices. Two of them(namelyA andB) are
anEPF8820A-3rom ALTERA, andtheother(device
C)isanEPM7096LC84-12rom ALTERAt0o0. It has
not beenan arbitrarydecisionto selectthesedevices.
We hadto sharetheseresourcesvith othersprojects
having atrade-of betweerglobal costandnumberof
logic devices.
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Figure2: Cardarchitecture



Figure3: Acquisitioncard

The whole functionality was divided amongthe de-
vicesto usetrying to have the bestpartitionwe could
achieve. After programmingthesedeviceswere not
usedat their maximumcapacity but it is goodsince

it provides enoughflexibility to be reprogrammed.

Eachdevice realizethefollowing tasks:

e DeviceA. Thisis the PClinterfaceandcardcon-
troller. It hasthe PCl interfacelogic, explained
later, andthe controlof othercarddevices.Dueto
performanceneedsand pin numberconstrainsjt
is connectedo the memorydatapathandit hasa
two-word memorybuffer. A controlbustransmits
all needednformationamongthe devices. This
designuse58%of theEPF8820A-3levice capac-
ity (398logic cellsfor all logic, 228logic cellsfor
the PClinterfacelogic).

e Device B. This device is the memorycontroller,
the cameradatainterfaceandthe dataprocessing
systeminterface.Thelocal memoryis formedby
four single32KB SRAM. It is organizednto 32K
words of 32 bits. The memaorycontrollerhasa
smarttime-slicingalgorithmto dividethememory
time into PCI reads,camerawrites (image stor
age)andprocessingystemreads(imagessentto
the system)andwrites (outputdata). The archi-
tectureis showvn in figure4.

Eachinterfacehasa differentprotocolto commu-
nicate with its own device. All interfacebuses
have an 8-bit datapath, but eachinterfacehasa

32-bitbuffer. Thislastonereduceghetotal num-

ber of memoryaccessedy a factorof 4. The

PCl interfaceis connectedlirectly to the mem-
ory, and somecontrol signalsindicatewhenthis

device must read the databus. The time-slice
algorithm leaves one out of two clock datacy-

clesfor the PCl interfacewithout losing time re-

quirementsandwith a PCl peakthroughpuiof 66

MB/s. This designuse62% of the EPF8820A-3
device capacity(421logic cells).

e DeviceC. Thisdeviceis thesimplestone.Its task
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is to collect the received datathroughthe card
control bus and translateit to the programming
bus protocol of the processingsystem. For this
reasonit is enoughanEPM7096LC84-1At63%
of its total capacity(61 logic cells).

4 PCIl interface

This sectiondescribeshe PCl interfaceimplemented
for the card. It is a simpleinterfacethatcanbe em-
ployed asa PCI corebasefor targetdevices. It was
designedusing Altera HDL becausédhe designwas
describecat RTL level, andwe checledthatthelogic
synthesiswvas betterusing AHDL thanVHDL. This
modelwas available throughthe web, but now, also
a VHDL versionis available. We portedthe origi-
nal descriptionto VHDL to make it freely available;
the advantagef VHDL is thatit canbe employed
to synthesizealmostary programmablalevice of the
market thanksto the tools availability and standard-
ization. In the nearfuture,a morerefinedVHDL ver-
sionwill permiton-linetailoringfor thespecificneeds
of mostapplications.

4.1 Features
e PCIV2.1 compliant32-bit, 33 MHz target.

e It was optimizedfor Altera FLEX architecture,
but it canbe portedto otherdevices.

e Theback-endunctionality canbe modified.
e Supportedargetfunctions:

— Type 0 configurationspaceheader with spe-
cific device configuratiorregisters.

— Onebaseaddressegister slow decodespeed.
This featurewill changevery soonto support
upto 6 BARs.

— Parity generatior{PAR) is supportedit is nec-
essary) Parity errordetectiorpinsarenotim-
plementedThis interfaceis definedfor small
applicationsthat do not usually needthese
pins.

— Thesupporteccommandsare Memory Read,
ConfigurationRead,ConfigurationWrite and
Interrupt Acknowledge. Thereis no really a
needfor otherscommandsthoughit is easy



to upgradehem.

— 32-bit burst transferswith linear addressor-
dering.

— TargetDisconnecand TargetAbort.

— The Command/Statusegister is definedfor
thefunctionality of the back-endlevice.

e It is now freely available on the web:
http://tapec.uses/research/PCI

4.2 Applications

This PCl interfaceis definedfor small applications.
The implementationof this interfacehasbeendone
in a small and not very fastdevice. The initial idea
wasto have a little free interfacefor studentdesigns
or small PCI cards. Obviously, it can be upgraded
with morefeatures.Currentwork is the creationof a
VHDL designfor a targetdevice with all tamget fea-
turesavailable.All thiswork canbeaccessethrough
theweb,ourfuturework is creatingawebpagewhere
anybodycouldconfigureatargetdevice automatically
generatinghe VHDL sourcecode.

4.3 Interface implementation
In figure 5 the device A architectures shavn. The
card control and the memoryinterfaceare the logic
connectedo the PCl back-end All remainingblocks
comprisethe PClinterfacelogic.
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Figure5: Device A architecture

This interfacecomprisethesefour blocks:

e Logiccontol: Thisblockholdsthestatemachines
that controlsall interface signalsand the global
working interface.

e Parity: This is the parity generatorlogic. This
partis independenbf the restof the circuitsand
is continuouslyrunning.

e TypeO configuationheader Thisblockgenerates
the standardtype 0 configurationspaceheader
SomePCl interfaceimplementationglo not gen-
eratethis block, andit remainsconnectedo an
externalmemorythroughthe PCI back-end. We
decideto generatdard-wiredlogic andto reduce
thepin numberof the device.

e Specifiadeviceconfiguationregisters. Somecon-
trol registers are defined on the configuration
spacefor device configuration. Since this con-
trol registersare only accessedluring the initial
stepsof the acquisitioncard, they arelocatedat
thisspaceandit is notnecessartheuseof another
BAR registeror theuseof I/O spacecommands.

Thisimplementations speciallyorientedto the phys-
ical device employed in the design. All informa-
tion aboutFLEX architecturdg9],[10] canbeobtained
from the web pagehttp://wwwaltera.com Thelogic

descriptiorhasbeenspecificallytargetedto the FLEX

logic cellthathasoneregisterandfourinput LUTs for

combinatorialpurposes.

4.3.1 Parity generation

The logic circuit for the parity generatiorand check
is the simplestof the designedlocks. Nevertheless,
if the designof this circuit is madegeneral without
thinking on the specific architecture the result can
occupy a lot of spacein the device. Parity calcula-
tion hasbeendesignedisingXOR gatesjf thedevice
logic do not have a specialtreatmentfor this kind of
gatestheresultinglogic couldbebigger If inputsare
groupedn setsof four, eachof thesegroupsparity is
calculatedn onelogic cell. Thelogic circuit hasbeen
designedo have the parity resultin two clock cycles.
In thefirst cycleinputsaregroupedn setsof 4 andthe
partialresultis storedin anintermediateaegister For
the next cycle, theresultsstoredin theseregistersare
groupedin setsof 4 againobtainingin this way the
final result. Using a naturalway of describingparity
calculation(without thinking of differentstagesjust
putting the XOR at all inputs) the numberof logic
cellsis two or threetimeslargerthanthe proposedo-
lution, thatis alsofaster We decidednot to usethe
parity error signalingpins sincea dataerror just im-
pliesanincorrectreadimage.All thislogicis running
concurrentlyalongwith the otherlogic.

4.3.2 TypeO configuration spaceheader

The type 0 headerof the PCI configurationspaceis
definedas32-bits16 wordsandmustbeimplemented
atary PClcompliantdevice. Therearesomeof these
registers(say the manufctureror device identifica-
tion) that mustbe implementedobligatorily. Never-
theless,most of the other registersare optional de-
pendingon thetargetapplication.For our design.the
numberof implementedegistershasbeenthe mini-
mum requiredfor the applicationsincethe spacdeft
on the programmablelevice wasnot very high. This
entireheadehasbeenimplementedn 64 logic cells.
All implementedegistersareshown in figure 6.

All theconfiguratiorspacehasbeenimplementedis-
ing registersandwired logic dueto the specificpro-
grammabledevice employed. Every read/writeregis-
ter (InterruptLine andBaseAddressRegister0) have
beenimplementedwith D-type registers, while the
remainingregistershave beendesignedusing gate-
logic. Figure 7 shows the type 0 headerdesign
schematiof the configurationspace.

We only needone baseaddresgegister becausave
only have onememoryaddressange.lf onewantsto
usemore BARSs thereis anincreasingof the decode
addressogic, andthis canbeacritical time path.The
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Figure 7: Type O configurationspaceheaderimple-
mentation

status registerandthe command registerdo not im-
plementall their bits. They only implementthe basic
target control bits. The Interrupt Pin register and
the Interrupt Line registerare not the basicimple-
mentation put we needthey to signaltheimageread
completion.

4.3.3 Specificdevice configuration registers

Apart from the standardegistersshovn sofar, other
registerscomprisethe configurationspace. The PCI
specificationsaysthat the configurationspaces 256
byteswide;thefirst 64 bytes,in thetypeO headerare
predefinecasstandardput thefollowing 192 maybe
employed by the designerto introducespecificreg-
istersfor his specificapplication. In this case,this
spacehasbeenemployed to accommodatéhe con-
figuration registersfor the log-polar cameraandthe
pipeline of image processingelements. The imple-
mentatiorof this circuitry is similar to the headof the
configurationrspacemaintainingthesetwo areassep-
aratedto adaptthis samedesignto otherapplications
or interfaces. The recommendatiorsaysthat this is

not the bestway to implementthis registers, but if
we wantto introduceanotherBAR to createa mem-
ory segmentwith this control registers,the decoding
logic canbe out of timing specifications.The useof
|0 spacecommandsmpliestheuseof byte swapping
logic. The capacityof our devicesarelittle andwe
decidedt waspreferablea smallerinterface.

4.3.4 Logic control

This part of the total circuitry is what controlsthe
wholeinterface.Basicallyits maincomponents a fi-

nite statemachinethancontrolsthe dataflow through
thedifferentcomponentshatcomprisegsheimageac-
quisition card. In figure 8 it is possibleto seea sim-
plified view of this subsystem.
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Figure8: PClinterfacecontrol

The statemachinehassix states.Whenthe device is
doing nothing the statemachineis in the Idle state
if thereis nothing going on the bus, or BusyBusif
thereis atransactiorin thebusbut it is beingattended
by otherdevice. During the Decodestatethe address
decodingis carriedout. For speedreasonghis task
is performedin one clock cycle sincethe decoding
logic is designedin two stages(two clock cycles).
In the stateTransfer is wherethe datatransfertakes
place.Finally, the statesEnding andDisconnectare
employedto finish the device busoperations.

The statemachinecontrolsthe device buffers. These
buffersstoretheinputdataandaddressandalsostore
theoutputdata. The PCl configuratiorspacecircuitry
connectgheinterfaceback-endln the sameway, the
PCl interfaceis connectedo the restof the frame-
grabber Theresultof this hasbeenthe modularity of



the designspecification althoughthereis a loosein
theideaof having aninterfaceto the back-endsince
the connectionlogic to the back-endand part of the
PClinterfaceareverytighttheadvantagds thereduc-
tion of the logic. In future VHDL versionsthis has
beentaken into accountand the interface specifica-
tion will be moregeneralandindependent.

In the logic control there are othersstatemachines
that control the generationof the outputsignals. It
is goodto do it this way sinceoutputdelaysare an
importantconstrainin the PCI specification,and if
eachoutputwas controlledby a particularstatema-
chine, the synthesizedogic cells could be closerto
the outputs. In fact, all time constrainproblemscan
be eliminatedusinga fasterdevice, but if our design
worksfor aslower device, surelyit will alsowork for
afasterone.

4.3.5 Somecommercial businterfacesimplemen-
tations

Therearebusinterfacesimplementationgrom mary
vendors.Companiedike ALTERA, Xilinx, Acteland
othershave now somecheapbus interfacesimple-
mentations.Thereare cheapbut not yet freely avail-
able. Possiblytheirsproductsaremoresophisticated
andbetter Third party companiedike EurekaTech-
nology or PLD Applicationshave a wide variety of
products. When this project begun, the numberof
theseproductswaslittle, andthey weremoreexpen-
sive.

Another approachfor our frame-grabbeimplemen-
tation wasthe use of genericPCl interfaces. There
wereseveralreasonsvhy we finally implementedhe
PClinterfacein the cardusinga programmabléogic
device. In theonehand,we just neededew of these
cardsso buying mary of these”interfaceon a chip”
deviceswas more expensve than using our stock of
programmablalevices. In the otherhand,the useof
programmabldogic for the interface allowed us to
implementthe whole systemwith a few numberof
chipswith the differentelementsof the architecture
(cameraPCl,memoryandprocessinglementsjight
togetherFinally, we alsowantedto have ourown PCI
interfacemodelfor academiandfuture projectspur-
poses.

5 Conclusions

The main objective of this work wasto designand
implementasimplePClinterfacefor a specificappli-

cation. Usingthis first step,a moregenericinterface,
freely available,hasbeendesignedo beemployedin

more genericpurposeapplications. Thereare com-
mercialmodelsto implementgenericPCl interfaces
usingprogrammabléogic, butthesemodelsresultex-

pensveif thetargetapplicationis very specificor the
objectiveis justto make anoncommerciaprototype.
Thereare also integratedcircuits that implementsa
simplePCl interfaceto sameextend,this canbe also
a cheapsolutionfor thosethat wantto make a very

high performancebig volumeproduction,PCl card.

References
[1] F Pardo,B. Dierickx, andD. Schefer, “CMOS
foveatedmagesensor:Signalscalingandsmall
geometryeffects, IEEE Transactionson Elec-
tron Devices vol. 44,pp.1731-17370ct.1997.

[2] F. Pardo,B. Dierickx, andD. Schefer, “Space-
variantnon-orthogonaktructureCMOS image
sensodesign, IEEE Journal of Solid StateCir-
cuits, vol. 33,pp. 842-849,Junel998.

[3] J. Boluda, F. Pardo, and J. Pelechano,'Re-
configurablearchitecturefor machine percep-
tion. anapproachfor autonomouwehiclenavi-
gation in Workshopon EuropeanScientificand
Industrial Collaborationonpromoting (Girona,
Spain),pp.359-363,Junel998.

[4] F. Blasco,F. Pardo,andJ. Boluda,“Sistemade
adquisicondeimagenesog-polaresonaltave-
locidad basadoen bus PCI;" in XIX Jornadas
de Automética, (Madrid, Spain), pp. 277-280,
Sept.1998.

[5] J.Boluda,F. Pardo,F. Blasco,andJ.Pelechano,
“Una arquitecturasggmentadapara el calculo
del tiempoal impactocon vision log-polar” in
XIX Jornadasde Automatica, (Madrid, Spain),
pp.281-285Sept.1998.

[6] PCI Special Interest Group,
http://www.pcisig.com,PCI Local Bus Specifi-
cation- Revision2.1, Junel995.

[7] Altera Corporationhttp://www.altera.compPCl
Bus Target Interface Megafunction Solution
Brief 25.

[8] Xilinx Inc., http://wwwxilinx.com, PCI32
SpartanXLMaster & Slave Interface Logi-
CORE.

[9] Altera Corporation, http://www.altera.com,
FLEX 8000 Programmable Logic Device
Family. Datasheet.

[10] Altera Corporation, http://www.altera.com,
Configuring FLEX 8000 Devices Application
Note 33.



