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Abstract

Motivationsandfeasibilityof areal-timetrackerfor theCMSexperimentarebriefly
reviewed. We concludethat sucha device would fit nicely into the presentCMS
trigger/DAQ architecturein sucha way asto provide trackinginformationto the
Level 2/3processors.

While it is still anunresolved issuewhetherthis device would bea niceaddition,
a luxury, a burden,or an absoluteneedfor the CMS experiment,the hardware
requirementsappearto bewithin therangeof near-futuretechnology.

1 What is it ?
In thisdocumentwe talk aboutanhypotheticaldedicatedelectronicdevice,a“GlobalTracker”,
thatcouldsit in theCMS DAQ architecturebeforetheLevel 2/3 buffers(RDPM).This device
will receiveclustereddatafrom theCMStracker(pixels,silicons,MSGC’s)asthey arereadout
aftera positiveLevel 1 decision,in parallelto thetransmissionof thefull datato theRDPM’s.
The “Global Tracker” is the first stageof the processdescribedin figure 1 andperformsthe
mostbruteforcepartof thepatternrecognitionwork.

The “Global Tracker” implementsan algorithmthat finds track candidates(roads) using the
detectorasif it hadcoarserresolution.It keepsupwith theLevel 1 rateof 100kHz anddelivers
roads, with thelist of full resolutionclusterscontainedinsideeachroad, to anRDPMfor usage
by thehigherlevel CPU’s within 1-2msec.FromtheEventBuilderandtheCPUfarmpointof
view, this device appearsasanaddedRDPM from a “pseudodetector”,providing orderedand
selectedtrackinginformation.

This GlobalTracker allows to divide theenormousproblemof finding tracksinsidetheglobal
detectorinto themany simplerproblemsof trackfinding insideroads.
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Figure1: Pipelinedalgorithmsto find tracksandrelatedquantities
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Onewayto look at this, is to realizethat,while waiting for virtual level 2 to validatethelevel 1
trigger,

�����
millisecondsgoby, andall of this timethetrackerdataaresitting idle in thelevel

2 bufferslazily rolling down theRDPMpipelines.Thesubjectof thisdocumentis adevicethat
will try to dosomethingusefulwith thosedataduringthis time.

To get a feeling for the meaningof the above numbers,it is instructive to comparewith the
situationat the CDF experimentwherean hardware tracker is currently being built for the
Silicon Vertex Detector[1]. The CDF tracker processesdatawith the same100 kHz input
rateasCMS, but with anoverall allowedprocessingtime (latency) of

�����
sec.Theaffordable

latency at CMS is at least100 times greater, a whole world of possibilitiesopensup for a
dedicatedtracker! Of courseonly aslong asthe device cankeepup with the input rate: the
amountof datato be handledeach

�	���
secat CMS is muchlarger thenin the CDF case,but

CMScanexploit about10yearsof electronictechnologyadvancement.

1.1 Ar chitecture

Patternrecognitionis a CPU time consumingtask. Sincethe CMS trigger hasa very long
latency time,pipeliningcanbeusedextensively to dividethecomplex work intomany pipelined
stepswith differentdegreesof approximation.

Figure1 showsa setof boxesrepresentingdifferentalgorithmsworking in pipelineto perform
patternrecognitionwith the full detectorresolutionand using tracksto calculateinteresting
quantitieslike invariantmasses,primaryandsecondaryvertices,etc. Thesealgorithmscanbe
stronglyparallelized.

In generalterms,all thealgorithmsshown in figure1 dealwith a detectordividedin a certain
numberof layers,eachlayerbeingsegmentedinto a numberof bins. Whenchargedparticles
crossthedetectorthey hit onebin perlayer. Eachtrackgeneratesa setof hits. Thecoordinate
of eachhit will actuallybetheresultof somecomputationperformedon raw data,for example
thecenterof gravity of acluster. Thesecalculationshave to bedoneupstreamandtheresulting
binnedcoordinates(HITs) areusedby thealgorithmsof figure1.

TheRoadFinderreceives“SuperStrips”
 � , or SSfor short,obtainedby logicallyORingadjacent
detectorbins (e.g. by simply ignoringa numberof lesssignificantbits in the bin coordinate)
andperformsaveryfastpatternrecognitionatthisreducedlevel of spatialdefinition.The“Data
Organizer”receivesfull resolutionclustercentroids(HITs) in randomorder, andbuffersthem
in adatabase,to befetchedwhentheroadsarereceived.For eachroadtheDataOrganizercan
sendout all full resolutionHITs associatedto the road. TheCDF applicationhasshown that
theDataOrganizercanperformthis nontrivial taskat full rate,andthat theneededtime is the
sameof asimplebuffering function.

TheLocalTrackershouldbepowerful enoughto dealwith largeroadsfull of tracks.

Whentheroadsizeis reducedenoughto containonly few HITs, thepatternrecognitionprob-
lem is almostsolved andthe few residualhit combinationscanbe fitted sequentiallyby the
FITTER to find thebesttrackparameters.Eachthin roadwith theexplicit list of hits, already


 � thenamesubstitutes“SuperBins”thatis moreappropriate.It originatesfrom silicondetectors,andit
is takenfrom thevocabulary of theCDFSiliconVertex Tracker project
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distilledfrom theplethoraof trackerhits,will yield oneor more(or none!)offline-qualityhigh-
resolutiontracks.A fastFITTER canafford a high numberof combinationsworking on large
roadsandreducetherequirementson theLocalTracker.

Thefull resolutiontracksoutputby theFITTERcanbeusedby higherlevelalgorithms(MASS-
VERTEX FINDER) looking for “physicalobjects”thatprovideseventsignatures.

1.2 Is it useful?

We regardthis questionasvastlyacademic,the taskof theCMS high level triggerCPUfarm
(Level 2 and Level 3) is so enormous,that tracking information is absolutelyneeded. It is
commonknowledgethattheneededrejectionfactormayonlycomefromexploiting thetracking
information,and that this will be the mostdemandingpart of the reconstructioncode. The
soonerreliabletrackinginformationis availableto thefarmprocessors,theeasierit will befor
themto take enlighteneddecisionsabouteacheventdestiny. Thereforesomepre-digestionof
thetracker datathatpresentsto theCPUonly thehits in the“interestingregions” is a definite
bonus,andthemorerestrictedthis region is (i.e. not simply a

�	���
sliceof thewholetracker),

thebetter.

We alsonotice that therearecaseswherethe interestingregion is only definedby the track
itself 
 � ! Here,in lack of a dedicatedtracker processor, the trigger farmCPUhasto solve the
full trackreconstructionproblemin thewholedetectorand“find theright trackfor all hits”.

Fromthis we concludethata list of tracks(or evenonly trackcandidates,or evenonly track-
to-beregions)would beextremelyusefulto thetriggerfarmof CMS,andwe aremotivatedto
keepgoingin thisexercise.

2 Is it needed?
Now we wonderwhetherCMS canlive without sucha device, or will have to give up some
potentiallysignificantphysics.

Thereis no demonstrationyet that a hardwaretracker is absolutelyneeded.Nor is thereany
demonstrationthatasoftwaretracker is fully adequateto thetask.Definitelymorework in this
sectoris neededbeforethequestion“is it needed?” is answered.This is not aneasyquestion
at all! Sowe do not make any claim thata hardwaretracker is needed,but do not honestlysee
how onecouldmakethecontraryclaimeither. It is anunsettledissue,andweshouldwork with
theassumptionthatit will remainsuchfor quitesometime.

Neverthelesswe have a personalprejudicethat, even if not absolutelyneeded,a hardware
tracker would be so muchhelpful that it is definitely worth not to dismissthe issuenow, but
ratherkeepinvestigatingits feasibility.

2.1 A futur epossibility

All thealgorithmsrepresentedin figure1 (or equivalentones)canbeimplementedusingmany
different technologies.The most convenienttechnologymight be commercialCPUs. This


 � e.g. ��� full reconstruction
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approachhastheadvantagesof flexibility , standardizationandeasinessof upgrade:commercial
hardware(a processorfarm) is surelymucheasierto install, manage,maintainandupgrade
thendedicatedhome-built hardware. However complexity hassomelimits. Managinga farm
of several thousandelements,may be in the enda not lessdemandingtask (nor necessarily
cheaper)thanoperatinga few racksof customelectronics.We shouldalsoconsiderthat the
needfor a tracker upgradingis all in all somehow limited. We caneasilytell alreadythat the
numberof hits in theCMS tracker is hardlygoingto increasesignificantly(i.e. by muchmore
thana factor

�����
) for many years.In a certainsensea dedicatedtracker mayberegardedas

anextensionof thedetectorandwill just staywhatit is until thedetectoritself is replaced.

TheproposedCMStriggerfarmmaybeableto find all tracksthatareneededto implementthe
CMSphysicsprogramwithin thetriggertimeconstraintsandwith affordablecostandcomplex-
ity. Thededicatedhardwaremaysimplynotbeneededatall sincesimpleselectionmechanisms
may reducethe datarateto the level wherea full fledgedoffline reconstructionis affordable.
However:

� Wedonothaveadefinitivelist yetof all physicschannelsthatCMSwill wantto study, of
how they will beput on tape,andthusof how muchthedatafiltering will needtracking,
andhow heavy therequestson thetrackingalgorithmwill be.

� As a consequenceno realisticestimateexists yet asto how muchCPUtime will be re-
quired,andhow CMSwill takeadvantageof futurehigherperformancecommercialpro-
cessors.

� No matterhow well theabove pointswill beresolvedin thenearfuture,it is unlikely to
beacompletelysettledissueuntil datatakinghasstarted,andstill unforeseenneedsmay
alwaysariseevenoncetheexperimentis running,asconsequenceof deepeneddetector
and/orphysicsunderstanding.TheTeV massscaleis quiteanunexploreddomain,all in
all.

If the CPUscannotsupportthe whole work at the necessaryrate, it could be conceivableto
insertsomededicatedhardware.We noticethatthepatternrecognition,theheaviestpartof the
work, is exposedto aparticularrisk: its executiontimemaynotscalelinearlywith theexpected
increasein CPUspeedof thecommercialprocessors.Fishingout thecorrecthits thatbelong
to eachtrackcalls for a lot of randomaccessesto a large storagethatcontainsall the tracker
data,this amountof datawill definitelybeoutsidethe high speedcacheof the processorand
memoryaccessis not goingto improveasfastasCPUclock speed.Moreover the“brute-force
coarse-resolutionwork” doesnotprofit verymuchof CPUflexibility .

Instead,full resolutiontaskssuchasthat of the FITTER or MASS-VERTEX FINDER, may
needto handlemany specificsituationslike local corrections,alignmenteffects, exceptions
etc. The CPU flexibility is a greatadvantagefor thesetasks. In the schemeof figure 1, the
commercialCPUwill executethefull resolutionalgorithmsandwill coverasmuchaspossible
of thecoarserresolutiontasks.

In conclusion,if a dedicatedhardwarewill beuseful,it will beadvantageousto insertit at low
level in the CMS trigger/DAQ system.Althoughwe agreethat it may look odd to think now
abouttheupgradeof anexperimentstill 10yearsin thefuture,it shouldnotbedismissedlightly
thepoint thatCMS will bea very largeandcomplex experiment,andwhichever flexibility is
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not built in it from thebeginning,maybevery hardto addafter the systemis in place. Thus
it seemsconvenientleave thedooropento thepossibilityof complementingthepresentCMS
baselinedesignwith a specializedfast tracker, even if we don’t know for sureif it will be
necessary. Obviously aslong asthis doorcanbeleft openwithout compromisingthebaseline
performanceandcost.This meansthatwe couldjust implementnow few changestherewhere
CMS is alreadymakingan investmentin specializedhardware,andguaranteethe possibility
of feedingdatato a hardwaretrackingdevice (seesection4). We do not needto decidenow
how muchwork hasto bedonein a dedicatedsystem.This amountof work canbe“nothing”,
“something”or “a lot”, dependingon theCMS physicsprogramandhow muchtheCPUfarm
cancover. The limit betweenthe commercialCPU andthe usefuldedicatedhardwarecould
besetbetweenthe “Global Tracker” andthe Local Tracker of figure1, or betweenthe Local
TrackerandtheFITTERif theFAT ROADs aretoo complex for commercialCPUs.We donot
needto setnow alimit betweendedicatedprocessorsandCPUs.Physicswill decidein thelong
term.

3 Is it usable?
Thissectionis dedicatedto theissueof whethertheproposeddevicewouldreallyfit into CMS.
Is it possibleto collectall theneededdata? Will this operationkeepup with theevent rate?
Candatabeconcentratedin onedevicewith thegiventimeconstraintandavailabletechnology?
Will thedeviceoutputbereadyin timefor CMSto useit andwill outputdatasizebehandleable
? Whichkind of burdenwould it addto theCMSfront endelectronic?

In otherwords,now we go from wordsto numbers,andestimatewhatkind of dooroneneeds,
andwhatis thecostin keepingit open.

3.1 What cana chip handle?

Whicheverstrategy andarchitecturewill eventuallybechosen,any hardwaredevice will even-
tually haveonecomponentthat“will look atall thedata”in orderto performthepatternrecog-
nition.

Here“all the data” is still an ill-definedquantitythat will be betterspecifiedin the following
andwill eventuallybetunedfor agivenspecificdevice,but definitelymeansagoodfractionof
theCMS tracker information. To bespecificwe considerasbasicdevice oneelectronicchip,
andaskourselveswhichdataflow canrealisticallybepushedinto it.

Presenttop-of-line FPGA’s alreadycomein � ����� �����
pin packages.We can realistically

imagineto send
�������������

bits to agivenchip in eachclockcycleandstill beon thesafeside.
How shortcana clock cycle be?Herewe do not expectmuchimprovementin thenearfuture
andwe assumeto bestill usingpresentprintedcircuit boardtechnology. We canimagine100
MHz to be the upperlimit to the operatingfrequency of a board. A 10 ns clock cycle is not
unrealisticgiventhatwe arealreadybuilding electronicboardswith 25 nsclock cyclesand20
ns is well within presentdaytechnology. 10 ns is aneasyroundnumberto work with andso
wechooseit.

Puttingthis together, we take thefollowing workinghypothesis:
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a “VME size” electronicboard for a CMShardware tracker will process
�������������

bits every
10nanoseconds,i.e.will workat

���������
Gbit/sec.

3.2 A life-sizeexercise: the CMS tracker barrel.

As basicexamplewe take onetypical LHC event in the CMS detectorandwork out all the
relevantdataflows.

3.2.1 detectorgeometry

For thedetectorwe take anonly slightly simplifiedversionof theV3 geometryof the tracker
barrel: we treatall barrel layersassmoothcylinders(muchmore like V4) at the (weighted)
averageradiusof the seven V3 wheels,andassumea perfecttiling of eachcylinder into the
correspondingdetectorswith nooverlap.

Theelementaldetectoris a
��� �!��"#�!���$�

cmsiliconrectangleor a
�	�%�$� � "&���

cmMSGC.Number
for pixelsarequitetentativeat this time,we try to makeourbestestimatefor thoseaswell, but
we focus on silicons and microstrip gaschambersfor the time being. We end up with the
channels/detectorcountindicatedin Table1.

LAYER DETECTOR
R l (z) Area l (z) pitch Nchan width area Ndet Tot bits
cm cm m' cm micron perdet cm cm( Nchan

pix 1 7 52 0.2 1.60 125 65536 1.60 10.24 223 1.E+07 24
pix 2 11 52 0.4 1.60 125 65536 1.60 10.24 351 2.E+07 25
TOT PIXEL BARREL 574 4.E+07 26
si 1 23.2 175 2.5 12.5 66.7 768 5.12 64 398 3.E+05 19
si 1 stereo 23.2 175 2.5 12.5 200 256 5.12 64 398 1.E+05 17
si 2 30.9 175 3.4 12.5 66.7 768 5.12 64 531 4.E+05 19
si 2 stereo 30.9 175 3.4 12.5 200 256 5.12 64 531 1.E+05 18
si 3 38.7 175 4.3 12.5 100 512 5.12 64 664 3.E+05 19
si 4 46.1 175 5.1 12.5 100 512 5.12 64 792 4.E+05 19
TOT SILICON BARREL 5700 2.E+06 21
msgc1 64.1 225 9.1 25 200 512 10.24 256 354 2.E+05 18
msgc1 stereo 64.1 225 9.1 25 200 512 10.24 256 354 2.E+05 18
msgc2 72 225 10.2 25 200 512 10.24 256 398 2.E+05 18
msgc3 79.9 225 11.3 25 200 512 10.24 256 441 2.E+05 18
msgc4 87.9 225 12.4 25 200 512 10.24 256 485 2.E+05 18
msgc4 stereo 87.9 225 12.4 25 200 512 10.24 256 485 2.E+05 18
msgc5 95.8 225 13.5 25 200 512 10.24 256 529 3.E+05 19
msgc6 103.8 225 14.7 25 200 512 10.24 256 573 3.E+05 19
msgc7 111.7 225 15.8 25 200 512 10.24 256 617 3.E+05 19
msgc7 stereo 111.7 225 15.8 25 200 512 10.24 256 617 3.E+05 19
TOT MSGCBARREL 4237 2.E+06 22
TOT INNER BARREL 9937 4.E+06 22

Table1: V3 simplifiedgeometryusedin thisstudy

The lastcolumnindicateshow many bits areneededto uniquelyidentify onechannelin each
layer(Nbits=log
 ( totalnumberof channelsin eachlayer)).
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Now weassumethatthehardwaretrackerwill haveafirst stage,theGlobalTrackerof figure1.
It doesnot work at full detectorresolution,but insteadusessomecoarsegrainsegmentationof
thetracker detectors,i.e. the“SuperStrips”,or SSfor short,alreadydefinedin section2.

How coarseis thisdivision, i.e. how largeis aSuperStrips?

Thebasicpropertyof the SuperStripis that its sizeis chosenfor patternrecognition, not for
resolution.

A sizeof few millimetersis chosenfor thisfirst exercise.Thechoiceis justifiedin thefollowing
sections.Thesizeandnumberof SuperStripsarereportedin Table2 togetherwith thenumber
of bitsneededto uniquelyidentify oneSSin eachlayer(theSSaddress).

Notethatfor silicon stripsandMSGC’s a SuperStripis a rectanglewith thesamelengthasthe
strips(5thcolumnof Table2) andwidthasindicatedin Table2,while for thepixelsaSuperStrip
is asquarewith theindicatedwidth asside.

LAYER SUPERSTRIP
SuperSTRIP

width area N SS bits
mm cm(

pix 1 1 0.01 228701 18
pix 2 1 0.01 359388 19
TOT PIXEL BARREL
si 1 2 1.02 24875 15
si 1 stereo 2 1.02 24887 15
si 2 2 1.02 33189 16
si 2 stereo 2 1.02 33206 16
si 3 2 1.02 41506 16
si 4 2 1.02 49514 16
TOT SILICON BARREL 207177 18
msgc1 5 5.12 17699 15
msgc1 ste 5 5.12 17699 15
msgc2 5 5.12 19880 15
msgc3 5 5.12 22061 15
msgc4 5 5.12 24270 15
msgc4 ste 5 5.12 24270 15
msgc5 5 5.12 26451 15
msgc6 5 5.12 28660 15
msgc7 5 5.12 30841 15
msgc7 ste 5 5.12 30841 15
TOT MSGCBARREL 211831 18
TOT INNER BARREL 419008

Table2: SuperStripnumerology

3.2.2 SuperStripschoice:pattern bank sizeand SSoccupancy

A realisticpossibility for the GlobalTracker is to be a very fastdevice that works usingpre-
calculated“templates”or “patterns” storedin a “pattern bank”. For the exact definition of
“patterns”and“patternbank”seethereference[2]. With thesehypothesis,theSShasto be:

� fat enoughso that thenumberof possiblevalid combinations(patterns)is manageable,
i.e. of theorderof

�	��)
. Theabsoluteminimumwidth is thedetectorresolution(few tens
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of microns),this would meanto completelysolve patternrecognitionat the SuperStrip
level (therewould be no more informationto add!), likely too ambitiousa goal. The
numberof patternsis rapidly increasingasa functionof thenumberof SuperStripsper
layer. For examplein the CDF case250

�
m SSmark the limit of what canbe handled.

SinceCMShassomuchmorelatency, patternrecognitionatSSlevel doesnotneedto be
pushedasfar asin theCDF case,we imaginethatmorework canbeleft to laterstages,
andwewill assumethatCMScanusesaSuperStrips10 timeswider, i.e.

�*�+�
mm(also

CMS detectorssit at larger radii then the CDF SVX, wider SuperStripsstill cover the
sameangularrange).This is corroboratedby anindependentstudyof thecomplexity of
thepatterncombinatoricsin theCMStracker [3]. Thisstudyindicatesthat,whenlimiting
oneselfto theaxial layers,SuperStripsa few mm wide allow to build a patternbankof
theorderof afew million patternsthatcontainsmorethan90%of theinterestingphysical
tracks.In particularthatstudysuggestsSuperStrips2 mmwide in thesiliconsand5 mm
wide in theMSGC’s asthebestcandidate.

� thin enoughso that the numberof found roadsand their complexity (numberof hits
inside the road) are acceptablysmall for the downstreamalgorithm, that is the Local
Tracker. TheGlobalTracker is a realadvantageonly if a reasonablylow fractionof the
patternsin thepatternbankarefired in theevent,i.e. thenumberof fakesis not toohigh.
In this casethe first stagewill really apply a positive reductionto the large amountof
data.Wedonotknow yet thenumberof fakesasafunctionof theroadsize.Howeverwe
canestimatetheSSoccupancy asafunctionof theroadsize.Thisquantitycanbeusedto
evaluatehow muchtheaverageevent is confuseddueto thelost resolution.Even100%
of thestoredpatternscanbefoundinto mostof theeventsif too largea SSis chosen!In
this casethe Global Tracker would not apply any reductionto the trackinginformation
(actuallywill increasetheamountof data).Webelievethesegmentationshouldbesuchto
giveanSSoccupancy definitelylower than50%. Lower is theSSoccupancy, lowerwill
bethenumberof fake roadsandtheLocalTracker load.Wewill seein alatersectionthat
our choicefor theSSsizegivesoccupanciesfrom

���,�-�!��.
in the innersilicon layers,

to 3%in theouterlayers.

By theseconvergentarguments,wetake2mmin Si and5mmin MSGCasthebaselineSSsize.

3.2.3 SuperStrip occupancyevaluation

We take as input for our estimatethe recentoccupationstudy [4] in which the typical CMS
eventis obtainedaspile upof many Poissondistributedminimumbiasinteractions(onaverage
37.5singleminimumbiaseventsin theMSGC’sandhalf asmany in thesiliconstripdetectors)
andone300GeV /10/ jet pairusingfull CMSIM simulation.

Therearemany uncertaintiesin this kind of studies,andpastexperiencewith hadroncolliders
hasshown that is quitedifficult to reproducetheobservedmultiplicity in a simulationthathas
not beentunedon thedatathemselves.In this caseit appearsreasonableto assigna factor2 as
boundaryto theuncertainty[5]. Wejust taketheMonteCarlooccupanciesat facevalueandwe
leave to thereaderto put his/herown guessat theuncertainty.

Specifically, we take Table14 of [4] asstartingpoint. We assumethat the tracker front-end
electronics(the FED board)will provide onecluster, “hit”, for eachreconstructedhit in this
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table.

Table3 shows theresultsof theMonteCarlostudyin thefirst threecolumns,wherewe report
from [4] thefollowing quantitiesfor eachlayerof thetracker barrel:

1. thelayerunderconsideration

2. thepercentageof detectorsin thatlayerthataretraversedby at leastonesimulatedtrack
(hit detectors)

3. the averagenumberof reconstructed(i.e. after clusteringin the FED) hits in the hit
detectors

In thenext two columnsin thecenterof theTable,we computetheSuperStripoccupancy. The
numberof fired SuperStripsin that layer is obtainedas the productsof column2 and3 and
of the numberof detectorsin a layer from Table1. Thepercentageof fired SuperStripin the
hit detectorsgives the “hit detectorSS occupancy” in the next column. To evaluatethe SS
occupancy in thebarrel,the“hit detectorSSoccupancy” hasto bemoltipliedby thepercentage
of hit detectors,thatis column1 of thesametable.

Theright partof Table3 will bedescribedin thenext section.

Important note: theMonte Carlostudywe refer to doesnot give numbersfor thepixels,so
herethe pixel rows have beenfilled backwards! I.e. we startedfrom the end,by assuming
that we will want a similar dataflow for pixelsandsiliconsandcomputedthe corresponding
numberof hits that canbe tolerated.We put in by handthat 100%of the pixel detectorsare
crossedby onetrack. Onewill seein theendthat thepixel occupancy neededto preventthem
from overwhelmingthedataflow is quitein agreementwith expectation.Eventuallyall of this
will have to besimulatedin betterdetail,of course.

Wemakethefollowing observations:
i) on theaverageonehalf of thedetectorsarehit
ii) on theaverageeachdetectorhas3 hits in

���2�	�
cm

iii) outerlayerdetectorsarehit less(20%)thaninnerlayerones

Wealreadycansaysomethingabouthow largetheSuperStripshave to be.

1. Theoverallpictureof theCMStracker is sortof uniformly lighted,with hitsscatteredall
over theplacewith a low averagedensity. This is themainfeaturewe seewhenlooking
at dataflow: thebulk of thedatacomefrom theuniformly spreadmin-biasevents.The
high P3 objects(jetse.g.) will bethehardesttaskfor patternrecognition,but make very
little impacton how muchdataa hardwaretracker, working on reducedresolution,must
handle.

2. Sinceon averagethereis onehit every few cm, theSScanbeseveralmm wide andstill
be “thin enough”. Probablythereis no reasonto make themsmaller, sinceoccupancy
seemsto benot too high.

3. Wedon’t know yetwhichwill betheaveragepile-upof hitsin theSuperStrip.Thepile-up
givestheadvantageof a reductionin theamountof datato besentto theGlobalTracker.
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LAYER %hit Nhit hit SS bits Mb/sec ns/SS
detect /det SS occ% perev /layer layer

pix 1 100 5 1117 31% 20106 2011 9
pix 2 100 3 1053 19% 20007 2001 9
TOT PIXEL BARREL 2170 40113 4012 5
si 1 87 3.2 1108 12% 16620 1662 9
si 1 stereo 87 3.2 1109 13% 16635 1664 9
si 2 76 2.4 969 9% 15504 1550 10
si 2 stereo 76 2.4 969 9% 15504 1550 10
si 3 64 1.9 808 7% 12928 1293 12
si 4 51 1.6 646 6% 10336 1034 15
TOT SILICON BARREL 5609 87527 8753 2
msgc1 66 3.9 911 19% 13665 1367 11
msgc1 ste 66 3.9 911 19% 13665 1367 11
msgc2 56 3.6 802 18% 12030 1203 12
msgc3 45 3.3 655 16% 9825 983 15
msgc4 35 3.2 544 16% 8160 816 18
msgc4 ste 35 3.2 544 16% 8160 816 18
msgc5 29 3.1 476 15% 7140 714 21
msgc6 24 3 413 15% 6195 620 24
msgc7 19 2.9 340 14% 5100 510 29
msgc7 ste 19 2.9 340 14% 5100 510 29
TOT MSGCBARREL 5596 83940 8396 2
TOT INNER BARREL 11205 171467 17149 4

Table3: Detectoroccupancy andSuperStripoccupancy andflow

As long asSSaremuchthinnerthana detector, thelow averagemultiplicity insideeach
detectorcouldmeanthatthereis in generalvery little pile-upof hits in eachSuperStrip:
to be conservative we assumezeropile-up, that is eachSSwill correspondto onehit
(andviceversa).Thishypothesisis in agreementwith preliminaryanalysisof correlations
amongthereconstructedhits in thisMonteCarlostudy[6].

4. TheSuperStripcannotbetoo large. For exampleif they aremoreor lessaslargeasone
detectorabout50%of theSuperStripswouldbehit, whichmakesthepatternrecognition
perspectivesprettygrim.

The percentageof hit SuperStrip(SSoccupancy) in Table3 is a very importantinformation.
If this numberwereto be too high, too many patternswould be fired by fake combinations.
Thepresentvalueis about10%for the worselayer, a bit high, but probablyreasonable.The
only way to reducethepercentageof occupiedSuperStripsis to make themthinner. This has
very little impacton thedataflow describedin thenext section,(onaveragewe need15 bits to
identify oneSSin agivenlayer, if wemakeSSfour timesthinner, they wouldbecome17bits,a
10%increase,sotheoverall dataflow would changeby thatmuch)but mayhave anenormous
effecton thenumberof possiblepatternsthatneedto bestoredin thepatternbank.

In theendtheMonteCarlostudyjustifiesthechoiceof 2 and5 mmfor theSuperStripwidth as
a reasonablefirst approximation.
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3.2.4 SuperStrip data flow

Startingfrom thetotal numberof hit SuperStripsperlayerin eacheventandmultiplying them
for the numberof bits necessaryto encodethe SS coordinate(seeTable 2), we obtain the
overall dataflow perevent,andpersecondin any givenlayer. All thesenumbersarereported
in Table3. Thedataflow for eachlayer is alsocomputed,in the last columnon the right, as
numberof nanosecondsavailablefor eachSuperStrip.Thisnumberis moreinstructivethanthe
Mb/secat its left, andneedsabit of clarification:thedataflow in bits/secis notveryusefulonce
we go to theelementarychip,herewe have to transmitoneSuperStripat a time for eachlayer,
sothe fundamentalparameteris how frequentlythechip hasto accepta new input in orderto
keepup with the flow, i.e. the minimumclock frequency at which the systemhasto operate.
This is themeaningof thenumberin the“ns/ss”column.

As we see,our hypotheticaltrackingchip hasto accepta new word (SS)every few ns,if it has
to look atall thebarrel.This lookstooaggressive,especiallygiving thelargeuncertaintyonthis
study, ontheotherhand,by simplydividing thebarrelin four quadrants4 � �

eachandassuming
that trackingwill beperformedindependentlyin eachof them(a very small lossin efficiency,
if any), weobtainaverysafesituationin which theelementalchipof theGlobalTrackerneeds
to processanew wordevery35nsor more.

3.2.5 DAQ data flow

Finally we computethe dataflow to the RDPM’s for the “standard”CMS DAQ link for our
“typical event”. This calculationbothprovidesa checkthatour exerciseis in agreementwith
the expectationsand specificationsfor the CMS DAQ, and providesa measurementof how
muchcollectingthe SuperStripinformationaddsto the overall dataflow. We do not expect
SuperStripto beaminorperturbation,sincewe assumedonehit SSfor eachdetectorhit.

Thequestionhereis: how muchdatais loggedto theRDPM’sfor eachdetectorhit ? While data
format is not definedyet, we needa work hypothesisto make thecalculation.We assumethe
following: for eachhit, theFED findsthecorrespondingclusterof detectorstripsandprovides
in output:
i) theaddressof thefirst stripof thecluster(numberof bitsasfrom Table1)
ii) theclusterlength(3 bits)
iii) theADC pulseheightfor eachstrip in thecluster(8 bit each)

Theclusterlengthis takenfrom Table14of [4], for siliconstereolayerswearbitrarilyassigna
reducedclusterwidth sincethepitch is bigger.

Wealsocomputetheneedednumberof FED’sassumingoneFEDfor each16ktrackerchannels,
andonefor each31250pixels. Numbersarefrom [7], we alsounderstandthat the latestFED
specschangedthenumberof channelsperlink from 512to 1024.

Fromthatwe obtainthedataflow for FED in MBytes/sec,to becomparedto theCMS specof
100MB/sec(upgradableto 400).

Theresultsareshown in Table4, whereweseethatin averagetheSuperStripstreamadds30%
to the tracker DAQ flow. On the otherhandof this ratherlarge number, the overall dataflow
appearwell within theFED specs.In particularwe notethat thedetectoroccupancy in terms
of numberof stripswhoseADC countshasto be transmittedto the RDPM’s is about1% for
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siliconsandmicrostrip,and0.02%for pixels,in agreementwith (actuallysomehow lowerthan)
currentCMSestimates.

LAYER clust Nhit bits/ Mb/sec SSflow occup N MByte/s MByte/s
width /layer event /layer /hitflow ancy FED /FED /FED

addSS
pix 1 2 1117 49148 4915 41% 0.02% 7 88 124
pix 2 2 1053 47385 4739 42% 0.01% 12 49 70
TOT PIXEL BARREL 2170 96533 9654 42% 19 64 91
si 1 4.8 1108 68031 6803 24% 1.70% 19 45 56
si 1 stereo 3 1109 49905 4991 33% 3.30% 6 104 139
si 2 4.9 969 60272 6027 26% 1.20% 25 30 38
si 2 stereo 3 969 44574 4457 35% 2.10% 8 70 94
si 3 4.3 808 46379 4638 28% 1.00% 21 28 36
si 4 4.4 646 37597 3760 28% 0.70% 25 19 24
TOT SILICON BARREL 5609 306758 30676 29% 104 37 48
msgc1 1.9 911 33889 3389 40% 1.00% 11 39 55
msgc1 ste 1.9 911 33889 3389 40% 1.00% 11 39 55
msgc2 1.9 802 29834 2983 40% 0.70% 12 31 44
msgc3 1.9 655 24366 2437 40% 0.60% 14 22 31
msgc4 1.9 544 20237 2024 40% 0.40% 15 17 24
msgc4 ste 1.9 544 20237 2024 40% 0.40% 15 17 24
msgc5 1.9 476 18183 1818 39% 0.30% 17 13 18
msgc6 1.9 413 15777 1578 39% 0.30% 18 11 15
msgc7 1.9 340 12988 1299 39% 0.20% 19 9 13
msgc7 ste 1.9 340 12988 1299 39% 0.20% 19 9 13
TOT MSGCBARREL 5596 209400 20941 40% 152 17 24
TOT INNER BARREL 11205 516158 51617 33% 255 25 33

Table4: Detectoroccupancy andDataflow

In Table4 the dataflow in-out of the FED is abnormallylarge for the silicon stereolayers.
This is becausein ourexerciseweassignedtheFED’s on thebaseof thechannelcounts(aswe
understoodfrom ourreadingof thecurrentCMSdocuments).In asituationwhereoccupancy is
dominatedby physics(i.e. afterclusteringinsidetheFED) thestereolayersarehit moreoften
sincefor thesamenumberof channelsthey covera largerareadueto thewiderstrippitch.

3.3 The tracker output

Giventhatthedatafrom thefront-endto ourhypotheticalreal-timetracker is anaffordableflow,
whataboutthedatafrom thedevice to theDAQ ?

It is aneasyquestion,by definitionthetrackerhasto makealargereductionof informationand
outputa limited list of trackprimitives,of thesameorderof magnitudeasthenumberof real
tracks,i.e. a few thousandwords.Thatmuchdatawill never bea problem,evenif wereto be
tentimesaslarge.

If thiswerenot thecase,it wouldmeanthatthetracker is useless,andit wouldnotexist. Sothe
outputdatawill neverbeproblem,onewayor another.
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3.4 Exercisesummary

Onequarterof thetracker barrelis definitelya largeenoughsectionof theCMS detector, that
it makessenseto haveasingledevice thatperformon-linetrackingjust for thatregion.

We just saw that the neededdataflow is about
�5�6�

Gb/secfor eachbarrel layer. So it is
definitelywithin nearfuturepossibilitiesto bring to asingledeviceall datafrom e.g.tenlayers
while keepingupwith theinputdataratefrom theLevel 1 trigger(100kHz).

Thuswe foundapositiveanswerto thequestionsat thebeginningof thissection.

Thenext sectionwill dealwith whatto dowith thesedata.

4 Is it feasible?
Giventhattheproposeddevicecanbefed theneededdata,canit reallybebuilt ? Is it possible
to solve thetrackfinding problemwith a dedicatedhardwaredevice thatdoesnot have all the
subtletiesof a full fledgedoffline algorithm?Would this deviceoperatein a reasonabletime at
anaffordablecost? May a realisticaffordablededicateddevice provide theneededprecision?
Theactualperformanceof ahardwareon-linetrackerstill hasto beaddressed.Whichefficiency
couldit reach? Which fake rate? Which resolution? Thesizeandcomplexity of thedevice,
andtheassociatedcost,maymake it non-competitiveanyhow. Wedonotknow yet.

No definitiveansweris availablenow, but preliminarystudieslook promising.

We presentherea coupleof possibleimplementations,mainly to put in evidencethe few
changesthat shouldbe implementedin the DAQ systemsincethe beginning. Theseareonly
examples,andbettersolutionscanbe found. However it is usefulto have a concretestarting
point, to triggeraconcretediscussionandgainconfidencethatthiskind of devicecanbedone.

Figure2 shows oneof thepossibleimplementations.HeretheGlobalTracker is partly mixed
with theexistingDAQ, representedby theFEDs,theConcentratorsandtheRDMPPHsboxes,
andpartlybuilt asnew devicesconnectedto theDAQ (thetopandbottompartof thefigureout-
sidetheLayerCrateboxes)representedby theAssociative Memory(AM), theROADs+HITs
RDPM(ROAD RDPM)andtheMERGERs.

TheMERGERsimplementsimplemultiplexing functionsandarenecessaryonly if thenumber
of links Concentrators-AMon the top of the figure andConcentrators-ROAD RDPM on the
bottomis toohigh.

The genericalgorithmsof figure 1 are replacedby the particularonesadoptedby CDF, for
whichprototypeshavebeenbuilt already.

An Associative Memory (the RoadFinderof figure 1) [2] receivesdatafrom many parallel
streams,oneper layer. It is not convenientto feedtoo many layersinto a singleAM, since
thehardwarewouldbeuselesslycomplicated.More thanoneAssociativeMemorycanwork in
parallel,to find segmentsof six/eightlayerseach,segmentsthatcanbelinkedtogetherto reduce
thenumberof fakes. If thenumberof fakesis not a problemfor thedownstreamalgorithm,a
singleAM workingonsix/eightlayerscanbebuilt. Themostcleanlayerscanbeused,like the
externalMSGC’sandthePixelsto defineroadsandto collecttheright hits from all layers,even
from thelayersnotusedin theAM.
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Figure2: TheGlobalTracker insertedin theDAQ
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To have a feeling of how much hardware the AM will require, let us considerthat now in
CDF two technologiesarebeingdeveloped.Both give a densityof 16 kpatternsper9U VME
boardfor a detectorof 6 layersof 4 Kbins per layer. Onetechniqueusesa full customVLSI
chip [8] built with old 0.7microntwo metallayertechnology. TheotherexploitsanFPGA[9]
manufacturedin a0.6micronthree-layermetalprocesswhich is now similarly old.

If we supposethat technologywill allow an improvementof a factorat least50 for a device
readyin year2003-2004(manufacturer’sextrapolationsseemto guaranteethatfactorby 2000),
wecanthink possibleto haveat least800kpatterns/board.Usingthepreliminaryresultsshown
in reference[3] a quartof barrelwith 2 millimeter SuperStripsin the silicon detectorsand5
millimeter SuperStripin the MSGC’s would requirea patternbankof 4 Mpattern,this corre-
spondsroughly to 5 boards.With sucha bank,roadscompatiblewith tracksof Pt aslow as
2 GeV, producedin a luminosity region of few millimetersaroundthedetectorcenter, canbe
foundwith anefficiency of 90%.Higherefficiencieswill requirelargerandlargerbanks.

These5 boardsdo not needto receive HITs in parallel,but they canwork in pipeline,passing
datafrom oneto anotherandthusexploiting thelongLevel 2 latency to avoid fan-outproblems.
In conclusiontheGlobalTracker for thebarrelcouldbea setof 4 AM working in parallelfor
a total of 20 boards.Similar estimatescanbe donefor patternrecognitionin the non-central
detectors.

Theotherimportantfunctionthathasto beimplementedis the“dataorganizer”function[10] .
In figure2 the“dataorganization”is performedin parallelby the“Concentrator”modules.Each
ReadoutUnit couldhavesuchamodule.Theconcentratorwouldreceivethelist of clustersfrom
theFEDs. Eachclusterwill bea packet of words,includingthecentroid,thenumberof strips
over thresholdandthepulseheightsof eachof them. If eachFED treatsanintegernumberof
SuperStrips(16000channelscould correspondto a maximumof 1000SuperStrips)the FED
itself shouldcalculatehow many clustersarecontainedinto eachSuperStrip.Thantheclusters
of thesameSuperStripshouldbecollectedin a packetof wordscontaining:

1. theSuperStrippointer;

2. thenumberof clustersinsidetheSuperStrip;

3. thelist of clusters;

If theincreaseof datato betransferredfrom theFEDsto theConcentrator(SuperStrippointer
andnumberof clustersinsideeachSuperStrip)is too much,all the “SuperStripwork” canbe
donein theConcentrator:theSuperStrippointerscanbestoredthereandthenumberof clusters
canbecalculatedthere.

TheConcentratorwould passall the pulseheightsto thePHsRDPM wherethe eventwill sit
until amoresophisticatedclusteringcalculationwill benecessaryor whentheeventis selected
to go on tape.Thecentroids(hits) will besaved locally in theConcentratorHit List Memory
whichis organizedinto cells,oneperSuperStrip.Eachhit is writteninto thecell corresponding
to the SuperStripit belongs.The SuperStrippointersaresentto the AM (only once,even if
morethanoneclusterbelongsto theSuperStrip)andthenumberof hitsperSuperStripsis stored
internallyin theConcentrator. Whentheroadnumberis backfrom theAM, thenumberof hits
andtheroadpointeris usedto immediatelyfetchthefull resolutionhits insideeachinterested
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SuperStripandsendthemto theROADs+HITsRDPM.TheConcentratorhasto storeasmany
eventsascanbe at the sametime in the Global Tracker pipeline. The concentratorwill be
simpleror morecomplex, dependingonhow muchwork canbedoneinsidetheFED.Thetotal
numberof FEDsperquartof layer from theprevioussectionseemsto benot larger thansix.
Thismeansthatprobablynomorethantwo concentratorwill benecessaryperquartof layer.

Figure3 shows a secondpossibleimplementationvery similar to the first one. In this case
theexistingDAQ schemeandtheGlobalTracker aremoreindependent,sincethenew devices
shouldreceivethenecessaryamountof data(SSpointers,numberof clustersandlist of clusters
for eachSuperStrip)from an independentFED connector. The secondschemereducesthe
contactbetweentheDAQ andthenew device. However thenumberof links is duplicated.

4.1 Requirementsfr o CMS DAQ

In conclusionwe like trackingdatato be organizedin the FED cratesin sucha way that the
systemrepresentedin figure2, or 3, or someequivalentsystemcouldbeimplemented.

It is fundamentalthateach1/4 or 1/8 of layer(notonly thebarrel,but alsotheforwardandthe
backwarddetectordatacouldbe fed into a GlobalTracker) correspondsto an integernumber
of crateslocatedin sucha way that thecablingwith theGlobaltracker is reasonable.Oneslot
shouldbeleft freeto allocateanextramoduleif theDataOrganizeris not integratedin theDAQ
Concentrator.

Theintegrationof somenecessaryfunctionsin theFEDsandtheConcentratorscanhelpa lot
to reducethenecessarynumberof links andto avoid duplicationof functions.

5 Conclusion
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