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Abstract

Motivationsandfeasibility of areal-timetrackerfor theCMS experimentarebriefly
reviewed. We concludethat sucha device would fit nicely into the presentCMS
trigger/DAQ architecturan sucha way asto provide trackinginformationto the
Level 2/3 processors.

While it is still anunresoled issuewhetherthis device would be a nice addition,
a luxury, a burden,or an absoluteneedfor the CMS experiment,the hardware
requirementsppeaio bewithin therangeof nearfuturetechnology

1 Whatisit ?

In this documentve talk aboutan hypotheticadedicatecelectronicdevice, a“Global Traclker”,
thatcouldsit in the CMS DAQ architectureobeforethe Level 2/3 buffers (RDPM). This device
will receve clusterediatafrom the CMStracker (pixels,silicons,MSGC’s) asthey arereadout
afterapositive Level 1 decision,in parallelto thetransmissiorof thefull datato the RDPM'’s.
The “Global Tracker” is the first stageof the processdescribedn figure 1 and performsthe
mostbruteforce partof the patternrecognitionwork.

The “Global Tracker” implementsan algorithmthat finds track candidategroadg usingthe

detectorasif it hadcoarseresolution.It keepsup with theLevel 1 rateof 100kHz anddelivers
roads with thelist of full resolutionclusterscontainednsideeachroad to anRDPM for usage
by the higherlevel CPU’s within 1-2 msec.Fromthe EventBuilder andthe CPUfarm point of

view, this device appearsasanaddedRDPM from a “pseudodetector’providing orderedand

selectedrackinginformation.

This Global Tracker allows to divide the enormougroblemof finding tracksinsidethe global
detectolinto the mary simplerproblemsof trackfinding insideroads
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Figurel: Pipelinedalgorithmstozﬁnd tracksandrelatedquantities




Onewayto look atthis, is to realizethat,while waiting for virtual level 2 to validatethelevel 1
trigger, 1 — 2 millisecondsgo by, andall of thistime thetracker dataaresittingidle in thelevel
2 bufferslazily rolling down the RDPM pipelines.The subjectof thisdocuments adevice that
will try to do somethingusefulwith thosedataduringthistime.

To geta feeling for the meaningof the above numbersit is instructive to comparewith the
situationat the CDF experimentwhere an hardware tracker is currently being built for the
Silicon Vertex Detector[1]. The CDF tracker processeslatawith the samel100 kHz input
rateasCMS, but with anoverall allowed processingime (lateng) of 10usec. The affordable
lateny at CMS is at least100 times greater a whole world of possibilitiesopensup for a
dedicatedracker! Of courseonly aslong asthe device cankeepup with the input rate: the
amountof datato be handledeach10usecat CMS is muchlargerthenin the CDF case,but
CMS canexploit about10 yearsof electronictechnologyadwancement.

1.1 Architecture

Patternrecognitionis a CPU time consumingtask. Sincethe CMS trigger hasa very long
lateng time, pipeliningcanbeusedextensiely to dividethecomplex work into mary pipelined
stepswith differentdegreesof approximation.

Figurel shavs a setof boxesrepresentinglifferentalgorithmsworking in pipelineto perform
patternrecognitionwith the full detectorresolutionand usingtracksto calculateinteresting
quantitiedik e invariantmassesprimary andsecondaryertices,etc. Thesealgorithmscanbe
stronglyparallelized.

In generatterms,all the algorithmsshown in figure 1 dealwith a detectordividedin a certain
numberof layers,eachlayer beingsegmentednto a numberof bins. Whenchaged particles
crossthe detectorthey hit onebin perlayer Eachtrackgeneratesa setof hits. The coordinate
of eachhit will actuallybetheresultof somecomputatiorperformedon raw data,for example
thecenterof gravity of acluster Thesecalculationshave to bedoneupstreamandtheresulting
binnedcoordinategHITs) areusedby the algorithmsof figure 1.

TheRoadFinderreceves“SuperStrips® , or SSfor short,obtainedoy logically ORingadjacent
detectorbins (e.g. by simply ignoring a numberof lesssignificantbits in the bin coordinate)
andperformsaveryfastpatternrecognitionatthisreducedevel of spatialdefinition. The“Data

Organizer’recevesfull resolutionclustercentroids(HITs) in randomordet andbuffersthem

in adatabaseto befetchedwhentheroadsarereceved. For eachroadthe DataOrganizercan

sendout all full resolutionHITs associatedo the road The CDF applicationhasshavn that

the DataOrganizercanperformthis nontriial taskat full rate,andthatthe neededimeis the

sameof a simplebuffering function.

TheLocal Tracker shouldbe powerful enoughto dealwith largeroadsfull of tracks.

Whentheroadsizeis reducedenoughto containonly few HITs, the patternrecognitionprob-
lem is almostsolved andthe few residualhit combinationscan be fitted sequentiallyby the
FITTER to find the besttrack parametersEachthin road with the explicit list of hits, already

1) thenamesubstitute$SuperBins”thatis moreappropriatelt originatesfrom silicon detectorsandit
is takenfrom thevocalulary of the CDF Silicon Vertex Tracker project
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distilledfrom the plethoraof tracker hits, will yield oneor more(or none!)offline-qualityhigh-
resolutiontracks. A fastFITTER canafford a high numberof combinationgvorking on large
roadsandreducetherequirementsntheLocal Tracker.

Thefull resolutiontracksoutputby the FITTER canbeusedby higherlevel algorithmsgMASS-
VERTEX FINDER) looking for “physicalobjects”thatprovideseventsignatures.

1.2 Isit useful?

We regardthis questionasvastly academicthe task of the CMS high level trigger CPU farm
(Level 2 andLevel 3) is so enormousthat trackinginformationis absolutelyneeded. It is
commorknowledgethattheneededejectionfactormayonly comefrom exploiting thetracking
information, and that this will be the mostdemandingpart of the reconstructiorcode. The
soonerreliabletrackinginformationis availableto the farm processorghe easierit will befor
themto take enlightenedlecisionsabouteacheventdestiry. Thereforesomepre-digestiorof
thetracker datathat presentgo the CPU only the hits in the “interestingregions” is a definite
bonus,andthe morerestrictedthis regionis (i.e. notsimply a 10° slice of the wholetracker),
thebetter

We also notice that thereare caseswherethe interestingregion is only definedby the track
itself 21 Here,in lack of a dedicatedracker processarthe trigger farm CPU hasto solve the
full trackreconstructiorproblemin thewholedetectorand“find theright trackfor all hits”.

Fromthis we concludethata list of tracks(or evenonly track candidatesor evenonly track-
to-beregions)would be extremelyusefulto thetriggerfarmof CMS, andwe aremotivatedto
keepgoingin this exercise.

2 Isit needed?

Now we wonderwhetherCMS can live without sucha device, or will have to give up some
potentiallysignificantphysics.

Thereis no demonstratioryet that a hardwaretracker is absolutelyneeded.Nor is thereary

demonstratiothata softwaretracleris fully adequatéo thetask. Definitely morework in this

sectoris neededeforethe question'is it needed?” is answeredThis is notaneasyquestion
atalll Sowe do not make ary claim thata hardwaretrackeris neededbut do not honestlysee
how onecouldmake thecontraryclaim either It is anunsettledssue andwe shouldwork with

theassumptiorthatit will remainsuchfor quite sometime.

Neverthelesswve have a personalprejudicethat, even if not absolutelyneeded,a hardware
tracker would be so muchhelpful thatit is definitely worth not to dismissthe issuenow, but
ratherkeepinvestigatingts feasibility.

2.1 A futur e possibility

All thealgorithmsrepresentedh figure 1 (or equivalentones)canbeimplementedusingmary
differenttechnologies. The most corvenienttechnologymight be commercialCPUs. This

2) e.g. B, full reconstruction



approacthastheadwantage®f flexibility , standardizatioandeasinessf upgradecommercial
hardware (a processoifarm) is surely much easierto install, manage maintainand upgrade
thendedicatechome-luilt hardware. However compleity hassomelimits. Managinga farm
of several thousandelementsmay be in the enda not lessdemandingask (nor necessarily
cheaper}hanoperatinga few racksof customelectronics. We shouldalso considerthat the
needfor a tracker upgradingis all in all somehav limited. We caneasilytell alreadythatthe
numberof hits in the CMS tracker is hardly goingto increasesignificantly(i.e. by muchmore
thanafactor2 ~ 3) for mary years.In a certainsensea dedicatedracker may beregardedas
anextensionof thedetectorandwill juststaywhatit is until the detectoiitself is replaced.

TheproposedCMS triggerfarmmaybeableto find all tracksthatareneededo implementthe
CMS physicsprogramwithin thetriggertime constraint&ndwith affordablecostandcomplex-
ity. Thededicatedhardwaremaysimply notbeneededtall sincesimpleselectiormechanisms
may reducethe datarateto the level wherea full fledgedoffline reconstructions affordable.
However:

e Wedonothaveadefinitivelist yetof all physicschannelghat CMSwill wantto study of
how they will be putontape,andthusof how muchthedatafiltering will needtracking,
andhow heary therequest®n thetrackingalgorithmwill be.

e As aconsequencao realisticestimateexists yet asto how muchCPUtime will bere-
quired,andhow CMSwill take advantageof future higherperformanceommerciapro-
Cessors.

¢ No matterhow well theabove pointswill beresolhedin the nearfuture, it is unlikely to
beacompletelysettledissueuntil datatakinghasstarted andstill unforeseemeedsmay
alwaysariseeven oncethe experimentis running,asconsequencef deepenedletector
and/orphysicsunderstandingThe TeV massscaleis quite anunexploreddomain,all in
all.

If the CPUscannotsupportthe whole work at the necessaryate, it could be concevableto

insertsomededicatechardware. We noticethatthe patternrecognition the heaviestpartof the
work, is exposedo a particularrisk: its executiontime maynotscaldinearly with theexpected
increasan CPU speedof the commercialprocessorsFishingout the correcthits thatbelong
to eachtrack calls for a lot of randomaccesseto a large storagethat containsall the tracker

data,this amountof datawill definitely be outsidethe high speedcacheof the processoand
memoryaccesss not goingto improve asfastasCPU clock speed Moreover the “brute-force
coarse-resolutiowork” doesnot profit very muchof CPUflexibility .

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

In conclusionjf adedicatechardwarewill beuseful,it will beadvantageouso insertit atlow
level in the CMS trigger/DAQ system. Althoughwe agreethatit maylook oddto think now
abouttheupgradeof anexperimentstill 10yearsin thefuture,it shouldnotbedismissedightly
the point that CMS will be a very large andcomplex experiment,andwhichever flexibility is
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not built in it from the beginning, may be very hardto add after the systemis in place. Thus
it seemsconvenientleave the door opento the possibility of complementinghe presentCMS
baselinedesignwith a specializedfasttracker, evenif we don't know for sureif it will be
necessaryObviously aslong asthis door canbe left openwithout compromisinghe baseline
performancendcost. This meanghatwe couldjustimplementow few changesherewhere
CMS is alreadymakingan investmentn specializedhardware, and guaranteghe possibility
of feedingdatato a hardwaretrackingdevice (seesection4). We do not needto decidenow
how muchwork hasto be donein a dedicatedsystem.This amountof work canbe “nothing”,
“something”or “a lot”, dependingon the CMS physicsprogramandhow muchthe CPUfarm
cancover. Thelimit betweenthe commercialCPU andthe usefuldedicatechardware could
be setbetweenthe “Global Traclker” andthe Local Tracker of figure 1, or betweerthe Local
Trackerandthe FITTER if the FAT ROADs aretoo complex for commercialCPUs.We do not
needto setnow alimit betweerdedicategprocessorandCPUs.Physicswill decidein thelong
term.

3 Isit usable?

This sectionis dedicatedo theissueof whetherthe proposedievice wouldreally fit into CMS.
Is it possibleto collectall the neededdata? Will this operationkeepup with the eventrate?
Candatabeconcentrateth onedevice with thegiventime constrainandavailabletechnology?
Will thedevice outputbereadyin timefor CMSto useit andwill outputdatasizebehandleable
? Whichkind of burdenwould it addto the CMS front endelectronic?

In otherwords,now we go from wordsto numbersandestimatevhatkind of dooroneneeds,
andwhatis the costin keepingit open.

3.1 What cana chip handle?

Whichever stratgy andarchitecturewill eventuallybe chosenarny hardwaredevice will even-
tually have onecomponenthat“will look atall thedata”in orderto performthepatternrecog-
nition.

Here“all thedata”is still anill-defined quantitythatwill be betterspecifiedin the following
andwill eventuallybetunedfor agivenspecificdevice, but definitelymeansa goodfraction of
the CMS tracker information. To be specificwe considerasbasicdevice oneelectronicchip,
andaskourseheswhich dataflow canrealisticallybe pushednto it.

Presentop-of-line FPGAs alreadycomein 400 ~ 500 pin packages.We canrealistically
imagineto send200 ~ 300 bitsto agivenchipin eachclock cycle andstill be onthe safeside.
How shortcana clock cycle be? Herewe do not expectmuchimprovementn the nearfuture
andwe assumeo be still usingpresenprintedcircuit boardtechnology We canimagine100
MHz to be the upperlimit to the operatingfrequeng of a board. A 10 nsclock cycle is not
unrealisticgiventhatwe arealreadybuilding electronicboardswith 25 nsclock cyclesand20
nsis well within presenidaytechnology 10 nsis aneasyroundnumberto work with andso
we chooseit.

Puttingthis togetheywe take the following working hypothesis:



a“VME size” electonic board for a CMShardwatre tradker will proces200 ~ 300 bits every
10 nanoseconds.e.will workat 20 ~ 30 Gbit/sec.

3.2 A life-sizeexercise:the CMS tracker barrel.

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

3.2.1 detectorgeometry

For the detectorwe take anonly slightly simplified versionof the V3 geometryof the tracker
barrel: we treatall barrellayersas smoothcylinders (muchmorelike V4) at the (weighted)
averageradiusof the seven V3 wheels,and assumea perfecttiling of eachcylinder into the
correspondingletectorsvith no overlap.

Theelementatletectolisa5.12 x 12.5 cmsiliconrectangleor a10.24 x 25 cmMSGC.Number
for pixelsarequitetentatve atthis time, we try to make our bestestimateor thoseaswell, but
we focus on silicons and microstrip gaschamberdor the time being. We end up with the
channels/detectmountindicatedin Tablel.

LAYER DETECTOR

R [(z) Area| l(z) pitch Nchan width area | Ndet Tot bits

cm cm  m2 | cm micron perdet cm cm? Nchan
pix 1 7 52 0.2 | 160 125 65536 1.60 10.24| 223 1.E+07| 24
pix 2 11 52 04 | 160 125 65536 1.60 10.24| 351 2.E+07| 25
TOT PIXEL BARREL 574 4.E+07| 26
sil 232 175 25 | 125 66.7 768 5.12 64 398 3.E+05| 19
si 1 stereo 232 175 25 | 125 200 256 5.12 64 398 1.E+05| 17
si2 30,9 175 34 | 125 66.7 768 5.12 64 531 4.E+05| 19
Si 2 stereo 30,9 175 34 | 125 200 256 5.12 64 531 1.E+05| 18
si3 38.7 175 4.3 | 125 100 512 5.12 64 664 3.E+05| 19
si4 46.1 175 5.1 | 125 100 512 5.12 64 792 4.E+05| 19
TOT SILICON BARREL 5700 2.E+06| 21
msgcl 64.1 225 9.1 | 25 200 512 10.24 256 | 354 2.E+05| 18
msgcl 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 79.9 225 113| 25 200 512 10.24 256 | 441 2.E+05| 18
msgc4 87.9 225 124| 25 200 512 10.24 256 | 485 2.E+05| 18
msgc4 stereo| 87.9 225 124 | 25 200 512 10.24 256 | 485 2.E+05| 18
msgc5 958 225 135 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| 111.7 225 158 | 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

Tablel: V3 simplifiedgeometryusedin this study

Thelastcolumnindicateshow mary bits areneededo uniquelyidentify onechannelin each
layer (Nbits=log,( total numberof channelsn eachlayer)).
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Now we assumehatthe hardwaretracker will have afirst stagethe Global Traclker of figure 1.
It doesnotwork atfull detectoresolutionbut insteadusessomecoarsegrainsegmentatiorof
thetraclker detectorsi.e. the“SuperStrips”,or SSfor short,alreadydefinedin section2.

How coarses thisdivision,i.e. how largeis a SuperStrip®

Thebasic property of the SuperStrips that its sizeis chosenfor patternrecaynition, not for
resolution.

A sizeof few millimetersis choserfor thisfirst exercise.Thechoiceis justifiedin thefollowing
sections.Thesizeandnumberof SuperStriparereportedn Table?2 togethemwith the number
of bits neededo uniquelyidentify oneSSin eachlayer(the SSaddress).

Notethatfor silicon stripsandMSGC's a SuperStrigs arectanglewith the samelengthasthe
strips(5thcolumnof Table2) andwidth asindicatedn Table2, while for thepixelsa SuperStrip
is asquarewith theindicatedwidth asside.

LAYER SUPERSTRIP
SuperSTRIP
width area NSS bits
mm cm?

pix 1 1 0.01 228701 18
pix 2 1 0.01 359388 19
TOT PIXEL BARREL
sil 2 1.02 24875 15
si 1 stereo 2 1.02 24887 15
si2 2 1.02 33189 16
si 2 stereo 2 1.02 33206 16
si3 2 1.02 41506 16
si4 2 1.02 49514 16
TOT SILICON BARREL 207177 18
msgcl 5 512 17699 15
msgcl ste 5 512 17699 15
msgc2 5 5.12 19880 15
msgc3 5 512 22061 15
msgc4 5 5.12 24270 15
msgc4 ste 5 512 24270 15
msgch 5 512 26451 15
msgc6 5 5.12 28660 15
msgc7 5 5.12 30841 15
msgc7 ste 5 512 30841 15
TOT MSGCBARREL 211831 18
TOT INNER BARREL 419008

Table2: SuperStrimumerology

3.2.2 SuperStripschoice: pattern bank sizeand SSoccupancy

A realisticpossibility for the Global Tracker is to be a very fastdevice thatworks using pre-
calculated‘templates”or “patterns” storedin a “patternbank”. For the exact definition of
“patterns”and“patternbank” seethereferencg2]. With thesehypothesisthe SShasto be:

e fat enoughsothatthe numberof possiblevalid combinationgpatterns)s manageable,
i.e. of theorderof 10°. Theabsoluteminimumwidth is the detectoresolution(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 patternss rapidly increasingasa function of the numberof SuperStripper
layer For examplein the CDF case250um SSmarkthe limit of whatcanbe handled.
SinceCMS hassomuchmorelateng, patternrecognitionat SSlevel doesnot needto be
pushedasfar asin the CDF case we imaginethatmorework canbe left to later stages,
andwewill assumehatCMS canusesaSuperStripd0timeswider, i.e. 2 ~ 5 mm (also
CMS detectorssit at larger radii thenthe CDF SV X, wider SuperStripsstill cover the
sameangularrange).Thisis corroboratedy anindependenstudyof the compleity of
thepatterncombinatoricsn theCMStraclker [3]. Thisstudyindicateghat,whenlimiting
oneselfto the axial layers,SuperStripsa few mm wide allow to build a patternbankof
theorderof afew million patternghatcontainamorethan90%of theinterestingohysical
tracks.In particularthatstudysuggestSuperStrip mmwide in the siliconsand5 mm
wide in the MSGC's asthebestcandidate.

e thin enough so that the numberof found roadsand their compleity (numberof hits
inside the road) are acceptablysmall for the downstreamalgorithm, that is the Local
Tracker. The Global Traclker is arealadvantageonly if areasonablyow fraction of the
patterndgn the patternbankarefired in theevent,i.e. thenumberof fakesis nottoo high.
In this casethe first stagewill really apply a positive reductionto the large amountof
data.We do notknow yetthenumberof fakesasafunctionof theroadsize.Howeverwe
canestimatehe SSoccupang asafunctionof theroadsize. This quantitycanbeusecdto
evaluatehow muchthe averageeventis confuseddueto the lost resolution.Even 100%
of the storedpatternscanbe foundinto mostof the eventsif too largea SSis chosen!in
this casethe Global Tracker would not apply any reductionto the trackinginformation
(actuallywill increaseheamountof data).We believethesegmentatiorshouldbesuchto
give an SSoccupang definitelylowerthan50%. Lower is the SSoccupang, lower will
bethenumberof fake roadsandtheLocal Trackerload. We will seein alatersectionthat
our choicefor the SSsizegivesoccupanciesrom 11 ~ 12% in theinnersilicon layers,
to 3%in theouterlayers.

By theseconvergentargumentswe take 2mmin Siand5mmin MSGCasthebaselineSSsize.

3.2.3 SuperStrip occupancyevaluation

We take asinput for our estimatethe recentoccupationstudy [4] in which the typical CMS
eventis obtainedaspile up of mary Poissordistributedminimumbiasinteractiongon average
37.5singleminimumbiaseventsin theMSGC's andhalf asmary in thesilicon strip detectors)
andone300GeV bb jet pair usingfull CMSIM simulation.

Therearemary uncertaintiesn this kind of studies,andpastexperiencewith hadroncolliders
hasshawn thatis quite difficult to reproducehe obserned multiplicity in a simulationthathas
not beentunedon thedatathemseles.In this caset appearseasonabléo assignafactor2 as
boundaryto theuncertainty[5]. We justtake theMonte Carlooccupancieatfacevalueandwe
leave to thereaderto put his/herown guessattheuncertainty

Specifically we take Table 14 of [4] asstartingpoint. We assumedhat the tracker front-end
electronics(the FED board)will provide one cluster “hit”, for eachreconstructedhit in this
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table.

Table3 shaws theresultsof the Monte Carlo studyin the first threecolumns wherewe report
from [4] thefollowing quantitiesfor eachlayerof thetracker barrel:

1. thelayerunderconsideration

2. thepercentagef detectorsn thatlayerthataretraversedby at leastonesimulatedtrack
(hit detectors)

3. the averagenumberof reconstructedi.e. after clusteringin the FED) hits in the hit
detectors

In the next two columnsin the centerof the Table,we computethe SuperStrippccupanyg. The
numberof fired SuperStripsn thatlayer is obtainedasthe productsof column2 and 3 and
of the numberof detectorsn alayerfrom Tablel. The percentagef fired SuperStripn the
hit detectorggivesthe “hit detectorSS occupang” in the next column. To evaluatethe SS
occupanyg in thebarrel,the“hit detectorSSoccupang” hasto bemoltiplied by thepercentage
of hit detectorsthatis columnl of the sametable.

Theright partof Table3 will bedescribedn thenext section.

Important note: the Monte Carlo studywe referto doesnot give numbergor the pixels, so
herethe pixel rows have beenfilled backwards! 1.e. we startedfrom the end, by assuming
thatwe will wanta similar dataflow for pixels andsiliconsandcomputedhe corresponding
numberof hits that canbe tolerated. We put in by handthat 100% of the pixel detectorsare
crossedy onetrack. Onewill seein the endthatthe pixel occupang neededo preventthem
from overwhelmingthe dataflow is quitein agreementvith expectation.Eventuallyall of this
will have to besimulatedn betterdetail,of course.

We malke thefollowing obsenrations:

i) onthe averageonehalf of the detectorsarehit

i) ontheaverageeachdetectothas3 hitsin 5 ~ 10 cm

iii) outerlayerdetectorsarehit less(20%)thaninnerlayerones

We alreadycansaysomethingabouthow largethe SuperStriphave to be.

1. Theoverall pictureof the CMS tracker is sortof uniformly lighted,with hits scatteredll
over the placewith alow averagedensity This is the mainfeaturewe seewhenlooking
at dataflow: thebulk of the datacomefrom the uniformly spreadmin-biasevents. The
high P, objects(jetse.g.) will bethe hardestaskfor patternrecognition,but make very
little impacton how muchdataa hardwaretracker, working on reducedesolution,must
handle.

2. Sinceon averagethereis onehit every few cm, the SScanbe severalmm wide andstill
be “thin enough”. Probablythereis no reasonto make themsmaller sinceoccupang
seemgo benottoo high.

3. Wedon't know yetwhichwill betheaveragepile-upof hitsin theSuperStripThepile-up
givestheadwantageof areductionin theamountof datato be sentto the Global Traclker.
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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
sil 87 3.2 | 1108 12% | 16620 1662 9
silstereo| 87 3.2 | 1109 13% | 16635 1664 9
si2 76 2.4 | 969 9% 15504 1550 10
si2stereo| 76 24 | 969 9% 15504 1550 10
si3 64 1.9 | 808 7% 12928 1293 12
si4 51 1.6 | 646 6% 10336 1034 15
TOT SILICON BARREL 5609 87527 8753 2
msgcl 66 39 | 911 19% | 13665 1367 11
msgclste| 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
msgcd 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 29 | 340 14% | 5100 510 29
msgc7 ste | 19 29 | 340 14% | 5100 510 29
TOT MSGCBARREL 5596 83940 8396 2
TOT INNER BARREL 11205 171467 17149 4

Table3: Detectoroccupang andSuperStrippccupang andflow

As long asSSaremuchthinnerthana detectoy the low averagemultiplicity insideeach
detectorcould meanthatthereis in generalery little pile-upof hitsin eachSuperStrip:
to be conserative we assumezero pile-up, thatis eachSSwill correspondo one hit
(andviceversa).Thishypothesiss in agreemeniith preliminaryanalysisof correlations
amongthereconstructedhits in this Monte Carlostudy|[6].

4. The SuperStripcannotbetoo large. For exampleif they aremoreor lessaslarge asone
detectorabout50% of the SuperStripsvould be hit, which makesthe patternrecognition
perspectiesprettygrim.

The percentagef hit SuperStrip(SS occupang) in Table 3 is a very importantinformation.
If this numberwereto be too high, too mary patternswould be fired by fake combinations.
The presentvalueis about10% for the worselayer, a bit high, but probablyreasonableThe
only way to reducethe percentag®f occupiedSuperStripss to make themthinner This has
very little impacton the dataflow describedn the next section,(on averagewe needl5 bits to
identify oneSSin agivenlayer, if we make SSfour timesthinner they wouldbecomel7 bits, a
10%increasesothe overall dataflow would changeby thatmuch)but may have anenormous
effectonthe numberof possiblepatternghatneedto be storedin the patternbank.

In theendthe Monte Carlostudyjustifiesthe choiceof 2 and5 mm for the SuperStripvidth as
areasonabldrst approximation.
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3.2.4 SuperStrip data flow

Startingfrom the total numberof hit SuperStripgerlayerin eacheventandmultiplying them
for the numberof bits necessaryo encodethe SS coordinate(seeTable 2), we obtainthe

overall dataflow perevent,andpersecondn ary givenlayer All thesenumbersarereported
in Table3. The dataflow for eachlayeris alsocomputedjn the lastcolumnon theright, as
numberof nanosecondavailablefor eachSuperStrip.This numberis moreinstructve thanthe

Mb/secatits left, andneedsabit of clarification:thedataflow in bits/seds notvery usefulonce
we go to theelementarychip, herewe have to transmitone SuperStripat a time for eachlayer,

sothe fundamentaparameters how frequentlythe chip hasto accepta new inputin orderto

keepup with the flow, i.e. the minimum clock frequeng at which the systemhasto operate.
Thisis themeaningof thenumberin the“ns/ss” column.

As we see,our hypotheticakrackingchip hasto accepta new word (SS)every few ns, if it has
tolook atall thebarrel. Thislookstoo aggressie, especiallygiving thelargeuncertaintyonthis
study ontheotherhand by simply dividing thebarrelin four quadrant90° eachandassuming
thattrackingwill be performedindependentlyn eachof them(a very smalllossin efficiency,
if ary), we obtainavery safesituationin which theelementathip of the Global Tracker needs
to processanew word every 35 nsor more.

3.2.5 DAQ dataflow

Finally we computethe dataflow to the RDPM’s for the “standard”CMS DAQ link for our
“typical event”. This calculationboth providesa checkthatour exerciseis in agreementvith
the expectationsand specificationdor the CMS DAQ, and provides a measuremendf how
much collecting the SuperStripinformationaddsto the overall dataflow. We do not expect
SuperStrigo beaminor perturbationsincewe assumeanehit SSfor eachdetectorhit.

Thequestiorhereis: how muchdatais loggedto theRDPM's for eachdetectothit ? While data
formatis not definedyet, we needa work hypothesido make the calculation.We assumehe
following: for eachhit, the FED findsthe correspondinglusterof detectorstripsandprovides
in output:

i) theaddres®f thefirst strip of the cluster(numberof bits asfrom Table1)

i) theclusterlength(3 bits)

i) the ADC pulseheightfor eachstrip in thecluster(8 bit each)

Theclusterlengthis takenfrom Table 14 of [4], for silicon steredayerswe arbitrarily assigra
reducedclusterwidth sincethepitchis bigget

We alsocomputegheneedediumberof FED’'sassumingneFEDfor eachl6ktrackerchannels,
andonefor each31250pixels. Numbersarefrom [7], we alsounderstandhatthe latestFED
specxchangedhenumberof channelperlink from 512to 1024.

Fromthatwe obtainthe dataflow for FED in MBytes/secto be comparedo the CMS specof
100MB/sec(upgradableo 400).

Theresultsareshovn in Table4, wherewe seethatin averagethe SuperStripstreamadds30%
to the tracker DAQ flow. On the otherhandof this ratherlarge number the overall dataflow
appeawvell within the FED specs.In particularwe notethatthe detectoroccupang in terms
of numberof stripswhoseADC countshasto be transmittedto the RDPM’s is about1% for
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siliconsandmicrostrip,and0.02%for pixels,in agreementvith (actuallysomehav lowerthan)
currentCMS estimates.

LAYER clust Nhit bitssy Mb/sec SSflav occup N MByte/s MBytels
width Nlayer event /layer /hitflow angy 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
sil 4.8 1108 68031 6803 24% 1.70% 19 45 56
si 1 stereo 3 1109 49905 4991 33% 330% 6 104 139
si2 4.9 969 60272 6027 26% 1.20% 25 30 38
Si 2 stereo 3 969 44574 4457 35% 2.10% 8 70 94
si3 4.3 808 46379 4638 28% 1.00% 21 28 36
si4 4.4 646 37597 3760 28% 0.70% 25 19 24
TOT SILICONBARREL 5609 306758 30676  29% 104 37 48
msgcl 1.9 911 33889 3389 40% 1.00% 11 39 55
msgcl 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: Detectoroccupang andDataflow

In Table 4 the dataflow in-out of the FED is abnormallylarge for the silicon stereolayers.
Thisis becausén our exercisewe assignedhe FED’s on thebaseof thechannekounts(aswe
understoodrom ourreadingof thecurrentCMS documents)In asituationwhereoccupang is
dominatedoy physics(i.e. afterclusteringinsidethe FED) the steredayersarehit moreoften
sincefor the samenumberof channelghey coveralargerareadueto the wider strip pitch.

3.3 Thetracker output

Giventhatthedatafrom thefront-endto our hypotheticaleal-timetrackeris anaffordableflow,
whataboutthe datafrom thedevice to the DAQ ?

It is aneasyquestionpy definitionthetracker hasto make alargereductionof informationand
outputa limited list of track primitives,of the sameorderof magnitudeasthe numberof real
tracks,i.e. afew thousandvords. Thatmuchdatawill never be a problem,evenif wereto be
tentimesaslarge.

If thiswerenotthecasejt would meanthatthetrackeris uselessandit would notexist. Sothe
outputdatawill never beproblem,oneway or another
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3.4 Exercisesummary

Onequarterof thetracker barrelis definitely a large enoughsectionof the CMS detectoythat
it makessenseéo have a singledevice thatperformon-linetrackingjustfor thatregion.

We just saw thatthe neededdataflow is about2 ~ 3 Gb/secfor eachbarrellayer Soit is
definitelywithin nearfuturepossibilitiesto bring to asingledevice all datafrom e.g.tenlayers
while keepingup with theinput dataratefrom the Level 1 trigger (100kHz).

Thuswe founda positive answetrto the questionsat the beginningof this section.

Thenext sectionwill dealwith whatto do with thesedata.

4 |s it feasible?

Giventhatthe proposedievice canbefed the neededlata,canit really bebuilt ? Isit possible
to solve the track finding problemwith a dedicatechardwaredevice thatdoesnot have all the
subtletiesof a full fledgedoffline algorithm?Would this device operatan areasonabléime at
anaffordablecost? May arealisticaffordablededicatedievice provide the neededrecision?
Theactualperformancef ahardwareon-linetracker still hasto beaddressedwhichefficiency
couldit reach? Which fake rate? Which resolution? The sizeandcompleity of the device,
andtheassociatedost,maymake it non-competitre anyhow. We do notknow yet.

No definitive answets availablenow, but preliminarystudiedook promising.

We presenthere a couple of possibleimplementationsmainly to put in evidencethe few
changeghat shouldbe implementedn the DAQ systemsincethe beginning. Theseare only
examples,andbettersolutionscanbe found. However it is usefulto have a concretestarting
point, to triggera concretadiscussiorandgainconfidencehatthis kind of device canbedone.

Figure2 shavs oneof the possibleimplementationsHerethe Global Tracker is partly mixed
with the existing DAQ, representetly the FEDs,the Concentratorandthe RDMP PHsboxes,
andpartly built asnew devicesconnectedo the DAQ (thetop andbottompartof thefigureout-
sidethe Layer Crateboxes)representetyy the Associatve Memory (AM), the ROADs+HITs
RDPM (ROAD _RDPM)andthe MERGERS.

TheMERGERsimplementsimplemultiplexing functionsandarenecessargnly if thenumber
of links Concentrators-AMon the top of the figure and Concentrators-RAD _RDPM on the
bottomis too high.

The genericalgorithmsof figure 1 arereplacedby the particularonesadoptedby CDF, for
which prototypeshave beenbuilt already

An Associatve Memory (the RoadFinder of figure 1) [2] recevesdatafrom mary parallel
streamspneper layer It is not corvenientto feedtoo mary layersinto a single AM, since
thehardwarewould be uselesslycomplicated More thanoneAssociatve Memorycanwork in

parallel.to find segmentf six/eightlayerseach sgmentghatcanbelinkedtogetherto reduce
the numberof fakes. If the numberof fakesis not a problemfor the downstreamalgorithm,a
singleAM working on six/eightlayerscanbebuilt. The mostcleanlayerscanbeused|ike the
externalMSGC's andthe Pixelsto defineroadsandto collecttheright hitsfrom all layers,even
from thelayersnotusedin the AM.
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To have a feeling of how much hardware the AM will require,let us considerthat now in
CDF two technologiesrebeingdeveloped.Both give a densityof 16 kpatterngper9U VME
boardfor a detectorof 6 layersof 4 Kbins perlayer Onetechniqueusesa full customVLSI
chip[8] built with old 0.7 microntwo metallayertechnology The otherexploitsan FPGA[9]
manufcturedn a 0.6 micronthree-layemetalprocesswhichis now similarly old.

If we supposedhattechnologywill allow animprovementof a factorat least50 for a device
readyin year2003-2004manugcturers extrapolationseento guarante¢hatfactorby 2000),
we canthink possibleto have atleast800kpatterns/boardJsingthe preliminaryresultsshavn
in referencd3] a quartof barrelwith 2 millimeter SuperStripsn the silicon detectorsand5
millimeter SuperStripn the MSGC's would requirea patternbankof 4 Mpattern,this corre-
spondsroughly to 5 boards. With sucha bank,roadscompatiblewith tracksof Ptaslow as
2 GeV, producedn aluminosity region of few millimetersaroundthe detectorcenter canbe
foundwith anefficiency of 90%. Higherefficiencieswill requirelargerandlargerbanks.

Theseb boardsdo not needto receve HITs in parallel,but they canwork in pipeline,passing
datafrom oneto anotheandthusexploiting thelong Level 2 lateng to avoid fan-outproblems.
In conclusionthe Global Tracler for the barrelcould be a setof 4 AM working in parallelfor
atotal of 20 boards. Similar estimateanbe donefor patternrecognitionin the non-central
detectors.

Theotherimportantfunctionthathasto beimplementeds the “dataorganizer’function[10] .

In figure2 the“dataorganization’is performedn parallelby the“*Concentratormodules Each
ReadoutJnit couldhave suchamodule.Theconcentratowouldrecevethelist of clusterdrom

the FEDs. Eachclusterwill be a paclet of words,includingthe centroid,the numberof strips
over thresholdandthe pulseheightsof eachof them. If eachFED treatsaninteger numberof

SuperStripg16000channelscould correspondo a maximumof 1000 SuperStripsthe FED

itself shouldcalculatehow mary clustersarecontainednto eachSuperStrip.Thanthe clusters
of thesameSuperStrigshouldbe collectedin a paclet of wordscontaining:

1. the SuperStrigointer;
2. thenumberof clustergansidethe SuperStrip;

3. thelist of clusters;

If theincreaseof datato betransferredrom the FEDsto the Concentrato(SuperStrigpointer
andnumberof clustersinsideeachSuperStrip)s too much,all the “SuperStripwork” canbe
donein the Concentratorthe SuperStrigpointerscanbestoredthereandthenumberof clusters
canbecalculatedhere.

The Concentratowould passall the pulseheightsto the PHsRDPM wherethe eventwill sit
until amoresophisticatealusteringcalculationwill be necessargr whentheeventis selected
to go on tape. The centroids(hits) will be savedlocally in the ConcentratoHit List Memory
whichis organizednto cells,oneperSuperStrip Eachhit is writteninto thecell corresponding
to the SuperStript belongs. The SuperStrippointersare sentto the AM (only once,evenif
morethanoneclusterbelonggo the SuperStripandthenumberof hits perSuperStripss stored
internallyin the ConcentratolWhentheroad numberis backfrom the AM, the numberof hits
andtheroad pointeris usedto immediatelyfetchthefull resolutionhits insideeachinterested
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SuperStripmndsendthemto the ROADs+HITs RDPM. The Concentratohasto storeasmary
eventsas can be at the sametime in the Global Tracler pipeline. The concentratowill be
simpleror morecomple, dependingon how muchwork canbe doneinsidethe FED. Thetotal
numberof FEDsper quartof layerfrom the previous sectionseemsgo be not larger thansix.
This meanghatprobablyno morethantwo concentratowill be necessarperquartof layer.

Figure 3 showvs a secondpossibleimplementatiorvery similar to the first one. In this case
the existing DAQ schemeandthe Global Tracker aremoreindependentsincethe new devices
shouldreceve thenecessargmountof data(SSpointers hnumberof clustersandlist of clusters
for eachSuperStrip)from an independenFED connector The secondschemereducesthe
contactbetweerthe DAQ andthenew device. Howeverthe numberof links is duplicated.

4.1 Requirementsfro CMS DAQ

In conclusionwe lik e trackingdatato be organizedin the FED cratesin sucha way thatthe
systenrepresenteth figure2, or 3, or someequvalentsystemcouldbeimplemented.

It is fundamentathateachl/4 or 1/8 of layer (not only the barrel,but alsothe forwardandthe
backward detectordatacould be fed into a Global Tracker) corresponds$o aninteger number
of cratedocatedin suchaway thatthe cablingwith the Globaltracker is reasonableOneslot

shouldbeleft freeto allocateanextramoduleif the DataOrganizeris notintegratedn the DAQ

Concentrator

Theintegrationof somenecessaryunctionsin the FEDsandthe Concentratorsanhelpalot
to reducethe necessarpumberof links andto avoid duplicationof functions.

5 Conclusion
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