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expense of clean experimental conditions
constituent ~/s and with high luminosity, but at the pb Pb V 1312 TB 1027 OCR Output
provide the exploratory physics with high
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The final aim is to look for ~ 1/10000000000000 OCR Output

(possibly with zero dead time)

TRIGGER LEVELS
LVL-1 rate 104 -105 Hz

approximations called :
102Hzpfe > 30 GeV function is highly complex, T(...) ls evaluated by successive
10 Hz4 I +jets p_2**> 30 GeV Since the detector data are not all promptly available and the

500 Hzpl‘“+jets pj > 200 Ge\”
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10..100 Hz

Event reconstruction and analysis

l\/lost of electronics outside the detector OCR Output

Almost no event overlapping. Clean events
Physics process identification Detector cell memory less than 4trs

Level 1 trigger inter bunch crossings

• Track reconstruction and detector matching

event topology <· 100 ms JFY
5 H;• Kinematics. Effective mass cuts and

Level 3 ` A_ _ · Frner granularity precrse measurement
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rg HZ Readout
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Multiple crossing resolution OCR Output

T r zaerrs 1,,..: 40 ns
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Lewin
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I\/Iu|ti—|eve| readout and analysis system

102 Hz
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10.. 100 Hz OCR Output
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102 Hz OCR Output

102 Hz
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level 1F d I In ;2I§§m;pe=Q3S

TriggerTrigger

40 iviriz 40 MHZ
Detectors¤et<¤¤t¤rS

CMS logical levelsDAO logical levels



The 90‘s are the data communication decade OCR Output

years (at constant cost)

The memory density increases by a factor 4 every two

every 5 years (at constant cost)Iilgc III§I(§I;gI)g%?§;I r ulc$’‘*‘‘
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expected to reduce the event rate (tor the tr arzker data) by at least one order ot rnatrrrrtritte
trigger levels based on the inlorrnation from the other detectors. This operation (called vrrtrrril IeveI—2) is Services. Control room analysis, display and monitoring consoles, WAN connections, rnass storage and data archives OCR Output
data must not be moved into the readout network until the associated event has passed the test ot the lngh Control. System testjnittalization, monitoring etc. Supervision of operations associated to the data flow main steps
(‘) In order to achieve the data acqursition lr )ure of 100 kit; event rate after the level l trigger, the trzrrtkrrrrr

ttzedhack to the trigger processor
Fast Control. trigger and EFC signals broadcasting to readout crates. Status collection from readout modules and

CPU Event litter processing unit. It may be a single workstation board or a unit in a rnirlttprocessot sewer.

architecture

cemrnunication with the EFC and the control. FFI functions may be pan of the future lann computer
FFI Filter Farm Interface, Event data assembly into processor memory. The system rncludes the farm status10000No. electronics boards
EFC Event Flow Control. Event scheduling and litter task control

300No. readout crates Event Builder. Multrport switch network

RC Readout Crate.Tbyte/dayData production
Subsystems and lunctrons

Event filter computing power 5•106 MIPS

500 Gb/s (*)Event builder (1000•1000 switch) bandwidth

1000No. of Readout units (200-5000 Byte/event) Event filter
Level-1 trigger rate 100 kHz Event builder

1 MBAverage event size Fast controls

Readout network
Trigger 10 First level trigger
Muons 101000000 .1

50Calorimeters 250000 10 Detector frontend
Preshower 50512000 10

700InnerTracker 16000000 3

10080000000 .005Pixel

Detector No. Channels Occupancy% Event size (kB)
’’compurrnc senvrctas (·—-·( €Q§,{§],

Number of channels and data volumes ( at 103* luminosity)

cPu

ControlFF'

arc EVENT BUILDER

¤¤¤tr¤tcomma I::i.,EE
Fast

GTS Detector data links

HEur )·———ll1l‘lF/E tttttlrtr/E

CII/IS data acqursrtion parameters



Electronic testEl;] | FOrm3t&R(:g3d()Ut Date OCR Output
Slow control

Headout 8a FormatStatusOutput buffgr

F/E iden.

Feature extraction
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[il (Processing element)
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All frontend detector implementations have to

Frontend structure
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> 2000 DS OCR Output

500+ Distribution

500+ Global Trigger

300+ to Global Trigger

500+ Local Trigger

10 - 100+ to Local Trigger

100+ Preprocesslng

10 — 100+ Detector to FE

1 - 50 nsM I TOFQJ
liwieiz
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Pileup removal OCR Output

Bunch crossing recovery

Analog memory

Slow amplifier

` High number of channel > lO"
High power Consumpmmconsumption 25ns Shiilpéd pulse

Good packaging and power Radiation mg
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Speed All (n• 67l\llHz n21) OCR Output
Power consumption Inner detectors(HARP pipeline ADC)
Resolutionand halve the result Calorimeter (9·1O bits)
Dynamic rangethen subtract ruler from entity critical for Calorimeter (15-16 bits)

Compare entity with a ruler

Differential comparator

_ it ; #N
(Sigma Delta ADC)
subtract ruler from entity

Power%¥m¤/ LOQZN bits ACompare entity with a ruler,

**·=S~·*

or in parallel (FADC, decoding)
_ ”B“$

ADC, counting) R t B #1rulers in sequence (standard
v in T 3 v rar | ClockCompare entity with a series of

Flash ADC

or in parallel (FADC, decoding)
R I . U Gr Um

ADC, counting)
Entity to bg mgaguygd rulers in sequence (standard

Compare Emmy with 3 SEHGS Of
time.) that is compare it with a reference unit.
Digitizing means measuring something (charge, amplitude,

Analog to digital conversion Flash ADC



Digital output OCR Output

•I•(:

FI'€qU8|1Cy

C|OCk .2 ns delay
#Bits

Time Memory Cell (KEK/Hiroshima/NTT)

1 bit D/A

MSB

Digital output
1 bn ADC

00011100111101101101111

shift+ Himegraxor Bltstream l—l Filter

Rel .200 l\/lHz

LSB

Rel
Analog ShiftInput MbSigma Delta ADC

ADC pipeline (CERN—LAA HARP) 12 Bits 1MHz

(Sigma Delta ADC) (HARP pipeline ADC)
subtract ruler from entity and halve the result
Compare entity with a ruler, then subtract ruler from entity

Compare entity with a ruler

Pipeline conversionSigma delta



Digital throughput e1 Gbit/sec OCR Output

60 MHZ I Analoq bandwidth e 100 iviuz

ln Europe it is organized under the project EUREKA 95. 288 MB/S

development in the field of standard technology.
Filter

DiagoiwlThis represents a tremendous effort of research and
HDVR

ParallelHigh Definition TeleVision (HDTV).
144 MB/ SSerial to

a new challenge .
>=< 13 Gbit/Sln recent years the world television industry has undertaken

E‘“£EY¥Z'.` I 144 ivie/S

Filter
for image synthesis

ADCCheap MFlops
60 MHZ

Image processing

Data compression

High speed (100 MB/s) recordersHelical SCGH t‘€C0l'di¤9
Parallel to serial converterP¤rS¤¤¤l computers

Mass storage
Analog memory

High speed (2 GB/s) optical links
Flash ADC Transmission

Pipeline and data driven architectures
Memory delays

have exploited these developments extensively. _ _ _ D‘Q°taI Slgnal processor
Together with other fields. high energy physics experiments High quamV Pictures
mass production by industry. |V|U|tl·Si3¤d¤Yd$
development of standard technology (CMOS, BiCMOS) and Data compression
and in particular to television have strongly contributed to the ADC (144, 27 MHz, 10 bits)

• Digitalln the last 20 years, the requirements of telecommunication

Industry HDTV chain



Time frames OCR Output
monitoring i . Roadooi (_ _ _ I Clompacted data

.105 Hz rate TO' HZ VHYQ
caii¤raii¤n\ lwqiivnqer MV 105 byte! event * 10) wel Gm

I/O 1 AA Time framei *******7
5 1; 7 1f) Channels 10Ch8.l”ll`l€lS
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Waveform
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iaoss

wi 1 o i Virtual I-YL1;PlP?!.!i!1$n.;..i; i_·y .,... gi . W‘TflQQ9I'
/L

1.;,..: nI803E·l6 EO";
101;

l80486
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(200 MHZ 1000 mips)Tf3¤SlSi0fS / IC T LVL1 Q
i LUT Abs. calibration

Linearization
80 85 90 0* J Year

Decompression in J
0.1

` 4

16I\/Ibit SRAM
Digitization

64Mbn 4I\/Ibit ·.
67 MHZ1M 4 \ mmm b"
S / HDRAM256Kb|t

4Mbn1 1 64Kbit
Compression

1I\/Ibit
Dynamic

256Kbit

64r<bit + 15%
9 channels

104 Memory Density, CMOS (pm)

Trends Frcntend readout micrcsystem. FERIVII



pipelined digital signal processor. OCR Output Sampling _ Psalms sX“8Ct'O“
preamplifiers, complementing the analog shaping with a
very attractive to go digital immediately after the
electronics packaging and radiation hardness, it seems
Apart from considerations of power consumption,

Time jitter Timing evaluation

To trigger 1t l /
EE, L.

T9 HUT9 pI'OC€SSOI'
_ Systolic filter DSP

Noise and pileup Baseline evaluationADC

width and slope

trigger process.
In addition the digital analysis can be the first step of the
within bunch crossings.
extract the physical information and to associate events Baseline (noise, DNGUD)
channel with programmable filter capability is needed to PGFGUWGTGYS evaluation

recognitiondiffused over more than one bunch crossing. A digital
PUISG pettemThe signals generated by an LHC calorimeter cell will be

Digital signal processing Digits, Signal processing



il ·| OCR Output

x1<x·<x3

Slztmlurd median

0 100 200 300 400 500

jj y,M`_,.N,w
ll) Median filter (non-linear)

20

y : med( xm ,..., xi ,..., xw )

x'=(x‘+x2+x3)/3

Arilh netic mcun

0 ll)0 20() 300 400 500

Mean filter (linear)

lll

gl)
xi<xi< xmiW<___ +xk; <x> (x1+x2+ +xn)/Hzméan X. ..., x ,..., x ,V ( ,_n i I . HH )

25

<x> A-» Min { X (x - <x>)2} xm9diay—>Min { Z lx - xml}

O Osubstantially larger than the length of a typical filter.
_ .Q Xmedian• 9 Q <X>analysis window length in base line normalization is

of a signal mean value from the original signal. The
The methods presented here are based on the subtraction
the constant background and low-frequency components. *¤““'$$*a"€"°""$"‘b""°“) _ V _ (|ap|a°`a° G"°rd'Smb”"°")
The purpose of the base line normalization is to remove MGGN Mgdian

Baseyng normayzagicn II/lean/Il/Iedian. Baseline estimation



Fllttrrivtl with irnprovtzrl rletmirvolutit rr lillel OCR Output
30 .i0 $0 00 70 x0 00

OIWBIOI
n.I.,n..,.r F ,1.,.

il) hybrid deconvolution
`I`”°`

FIBIIK operatorIlTlpl'OVBlI IIIIGEH-IIIIIIIIIIUIII

l\/I-point rank operator
. FIR IIIIQI

su I ters

-ll2 my
_ _ Filtered with guard lilter

Other hybrid litterstruer 7*0 40 50 00 70 80 00
Guard FIR—WOS lilter N—tap sublilters (N input samples)_ TI ” '"`I (f

M)
FIR-OS filter

Hybrid filter

mil') mElXfilter
, ,;, ),7 i, Deconvolulion X

O O

Filtered with standard deconvolution lilter ···· Wmghted OIGBI SIHIISIIC (WGS) IIIIGI30 40 50 (0 70 80 00

nant order niet . M ·¤¤~* Values°*"*“‘°'
Tlme—domain design

. . . OS (Order Statistic) filterneeeis/Oizinm I
St d 1 I

hx hy /1

Original exponentially shaped s gnal
30 [I0 50 00 70 x0 00

Optimal filters (eg. Wiener FIR filter) N nner tape (N mnlnpnere)
Freeneney demein design_ _ _ V Only positive signal displayed
Time—domain design

Geineiee . FIR (Finite Impulse Response) filterS' I 'lh 5% dd`t` ht gggsgn a I IVE W I 9
Delta pulse (height : 1) at i:5O

Non-linear deconvolution Operator Basrc drgrtal frlters



Pipelined system running at 40 I\/lH2
High precision measurements (16-bit range, 10-bit resolution)

Trigger Data
FIFI-OS filter

Local Trigger 1 #@2
Physical parameters

f'"°r
COHUOISOrder

40 MHz

FIR filters
Specialized

Filter input

tg szllft
ADC

Laser OCR Output

wer
4- ControlsSample timing $i9"€*|$

giiapei Intermediate electronic: Global Trigger 1 I RF

noise

Electronics

addressable control information
pigampiiiigi timing system for transmission of the Ievel—i trigger acceptance and

glgctrgnicsi and investigation ofthe feasibility of simultaneously exploiting thel0VB* HPPWQ pulses
optical-fibre timing distribution system for LHC detector front-endP1 . Ie"'? n°'S°*
_ _ Development of basic hardware and software components of a multichannel

Physical eventDGWCTOV

Timing, trigger and control distribution. TTC



L: its latency (distribution) OCR Output
:: IIS latency (processing)
Synchronous system 25ns pipelined

Primitive e, g, jets, it

Local Trigger 1

Bunch ld. Measurement I g ‘]Q‘* __ 1Q5 HZ
Preprocessing

2100

1200;;=é>¢; sg; ·is|r V I I V
programmable delays

100 i Vping and Coarse I · Addressed parameters

Bunchl sri I I uri I I Jer
` ·"’*° `'""`""""’$,2§{§§f g,1;;

h RECEIVER • UNC 0IL>SSIftg l\IlT\\ er
· Sunci counter reset'’’
• I-GI/CI I IIIQQGIHCCGPI I Process ld., Effective Mass .
• 40.00 MHz clock Global Trlgger 1

I RONT-END UNIT

OPTICAL JISTRIBUTION BACKBONE ( > 1000 fibres)

Cluster finding Segment finding

1: I2 TREE COUPLER ‘i9tS V `I ?°’ 2% ~*

uxssn

"

L I B3CkQl’OUI”Id (B/Y)
svsriamcomnot Missing E I

F V VComms MODUI-ATORGLOBAL TRIGGER i——V I Accepl • JetsR ME ENCODE Broadcast 4
• l\/IUOITS

LIL. LVL,Q7 wc clock —·· I·—Ad(3§F;°d
Electron/photon (isolation requirement)

Signatures

- - - - - - Timing, trigger and control distribution First level tri er gg



I sooo cells Zi : L Xi • uii • yi OCR OutputlwWr?>

virnwri 1 Lvl.-1
_ ‘i"G‘°”*‘ 32

S

Distribution

. Z 8* ADC Tran;r?;issi< n PVOC;;Ol$ Global mgggr[& L i (

15ns pipeline. < 500 ns latency
0 Ai 32ASIC (RD-27). 16*8 input, .8pm CMOS Fujitsu 66.8 l\IlHz

- t> Ecut < EI CUE < Ehadl cut

and and
> El cutl O,

HAD Gm _ .*..· S 3 b ¤ l;.l i, c I 3 ”
Isolated electron algorithm:

Att) • An : .1 • .1

/ "

HAD

ca .
Segment identification in low occupancy detectors.E3 CGPS AQ) ° fm Z 2 ° 2 H¤<*t¤¤ E*€¤¤t<>m¤g¤¢¤¤

Muon level-1 coincidence matrixGalvrimeter I€'\/9/-7



Detectors: RPC (patterr recognition), DT(track segment)

Matrix logic (ASIC, Gate array.,) OCR Output

Content addressable memories

/

/ _
Logic mask

or

Logic maskMean timer (Tube)
Cone coincidence (RPC) - Coincidence matrix

d,, Omcl ence In ma
Segment recognition • Track momentumTwzdetégor mylar?

Magnetic deflection
Multiple scattering

Low-p, muon tracks don’t point to vertex Global
[_\/L-1interaction region

Trigger based on tracks in external muon detectors that point to
Locals

Muon first level trigger Muon IEVEI'1



High speed interconnection network OCR Output

Pipelined processing elements (40,80,160 i\/It—iz)

Dual port mgmgryFHST dE1t3 link (:1Gb/s)

Fieadout unit

Readout crate

Control mic
SERVt it

Data communication
j[i] [H [

pipgiiiig K;Processing

Um wr V *1 SFI ;1__1_J·•~*•·{C0Iltt’0|] " P‘°‘

inte rconnection EVENT BWLDEH IP P

Preprocessing | Z | | Z | | Z

Detector data links[ H§I!`]_M
Prompt readout ii,ii

HE<—’l>‘°`"` "IEDFJE QHEDF/E

ReadgutLevel-1 structure



based on partial event data building) OCR Output
switch able to comply with the CMS requiremer ts (100 kHz rate ol 1MB events with high level trigger scheme
ot FlUs (event builder ports) is related to the data link speed and the exploitalile bandwidth ( ( 500 Gb/s) ol ttrc
produced in each partition and can vary with the detector type and the detector region Moreover the total number
composition (number ol FED boards and the nt, rnber of RUs in a crate) is determined by the average data volume CPU
RU The Fteadout Unit is the logical and phy sical system perlorming the data acgtrrsrtrorr luntations The

RDL the digital data link (transmitter receive and liber) between the FKDPM and tire evorrt trurlrlrwr

as ll)0 MB/s throughput and 100 MB memory) EBM | [EBM
processor system or by a standard desktop con puter (the solution depends on the dllitlllclllltf pt»rtorrrrarrr.l»—; slit lr
I . { . . _ V and to comrnuntcate with the event builder swrirri. It may be trnplernented by a txustorn design. by rin irrrrheildorl
RDPM The Headout Dual Port Memory is the data acquisition module used to butter rnuln igvtarrt (up to ltr) rlurtt Event Flow Control I QEFC) I S `t ) Wl C “l
frontend electronics. The FED cost is included irr the detector electronics eslrrnations

FED The FrontEnd Drtver is a detector deper dent module perlorming the data collection lronr the deter lirr

maintenance

data llow. The unit provides also multrcrate inte connection lacililies (eg. SCI) tor local detector lest and _ EV€l"ll BUlld€l‘
RFC Headout Flow Controller. RFC Unit generates and processes the signals used to monitor and control tho

control and monitoring and the local detector tes and maintenance.
HCS Headout Crate Supervisor. HCS is a co nmercial VME processor. HOC perlornrs the data acqrirsrtiori

Event manager fast controls Data Link (622 Mb/Sl

Front end data busS IHIUS
DPM

Dual Port Memory
and monitor ;lROcl I IFED
Slow control

RDL

Control BusTiming/Control
Frontend driver

RCS llRF°ll lll°FDllFFDl l¤¤r=·—
HDL R93d0ut Data Link _ Headout Ul'l|l
RDPM Readout Dual Port Memory
FED FrontEnd Driver

ROCI I RU nut I RU RU Fteadout unit
*t¤¤d¤¤¤RFC Fteadout Flow Controller

RCS Fteadout Crate Supervisor

ROC Readout Controller “‘fj§Q" ctrt
rrettrarr HERC Fteadout CrateCrate

Readout Crate subsystemsFteadOut °e"’“'°'°"“"“°'S

Frontend unit



situations and to manage errors and conflicts OCR Output

be done by hardware units. A standard processor is used to recover from faulty

Given the high throughput ( ~ 100 MB/s) all I/O and control operations may have to

have to be open, read and deleted.

buffers) have to be created, written and closed. At output, tiles (event buffers} l2El·
(QQA DPM module operates as a dual access disk controller. At input, files (event MB'"’g"'

palm Event builder

Qljl
Data Link transmission

standards and controls the

according to the data linkOUTC°"“°l
Link

eCW Ewycmd ,I Cpuyu , ( g? USeqOUT formats the dataEvent FIOW §J\ I VME °¤
mOi..tO..ng

····· O , , gist' _ CPU(Vl\/IE) may spy event data for CMV MEM l+(¤·*~t l
handles faulty conditions.

Status ..—~| Tablé. CPU mOlWllOFS llté status andControl/Status >\lN Addr Butler Table |_|lt/Iemoryl VME
Lvl-l Seq

EV",data from F/E modules In ut E
Frontend readout SBQIN allocates buffers and reads

? ?2]gad}L,ILevel-1 + Evttt ii

Large memory (up to 100l\/IB) l"¤g°'

rm..1 {f1r“‘o] is I —~—»o l100 MB/s throughput
Autonomous lnput/Output

Dual port memory functions DPM Structure



Event filter CPUs

: 500 Gb/s aggregate bandwidth

• = 100 • 100 2.4 Gb/s Switching network

• ~ 100 • (10 to 1) multiplexers
(Events’¤ ° data links

Beadout Network 81 Event Builder

’*senvlcras |··»|§g§§,§,

Event Builder[QH [Q

Event fl'8QmGI'liS OCR Output
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event data blocks are transferred at the time OCR Output

candidate for event building in a scheme where many (~100)
when dealing with large data records. It can be a valuableMore Orithé market in the www `

T.t)_n3O|b/S
Fiber Channel can be a very efficient way to event assemblyiE%§)rgTi'?g0;Ab$

Alcatel ATM. 155 lvlb/e
W ml T'

basic elements

Large systems can be built from

Standard ATM network

lllltlllllllll lll]

running at present at 266 Mb/s

switches based on a 64•64 unit
QN ANCOR can prevlee 2048•2048

Crossbar switch based on Fiber Channel
1992.155 Mb/s 620 Ml /s 2.4 Gb! 199X ) S

ATM telecommunicationstandard
Fiber Channel is a standard for computer data communicatiorAsynchronous Transfer Mode network system.

Fiber ChannelA TM



trigger level OCR Output
only the data needed at a given

EEE
where the processor accesses

Lamm; N ms to SEC y N
an event builder architecture

mc | 400 ivups | 4•10"MlPS| 4•10 ° ivups (10 KHz)A S"' beeee G"G'“ bF"'°"’” ettewe

UA/LEP I 4 MIPS | 400 MIPS | 50 MIPS (30 Hz)
EE] D

If;’§QI I Event Filter I Artelveie I Total onisneaorrlane

Memory Mem0ry|-—| CPU

Trigger levels 2, 3 ..& Data analysisSCI ring (200 MB/s. CMOS)
~ 1000 MIPS/processor

Memory Cpu i_i Memory i___i Cpu •¤ 100 farms of 50 processors

farm architecture is such that a single CPU processes one event.
organized imo many farms convenient for on-line and off-line applications. Ther? gfg(inte aces are a mos avai a e an svvi c es are un er s u y· - ·· hasdgmonstam IES Imlar In NLG CQTEUt€r mdUS;ry` 21039
U mt _ t { mm h ( CO _ { 18 GVGD I GY COHSIS S O 8 S9 IQ QB! OITDBHCG TUITIGTGIH QVOCGSSOFS

SCI is IEEE standard for processor intercommunication. It

Scalable coherent interface. SCI Event filter





Uh tv 50 l<HZ reading me run event data Switches and bridges under study as well OCR Output
UptO1QO KH; with Virtual img-; ,0000 Hardware node (Dolphin design GaAs and CMOS).

RD_24 SCI imgrcormgct link.event builder bandwidth with tlte Ievel—2 rejection rate
The sharing between the level—2 data sources and the rést is such to match the
The two operations take place in parallel.

Data Archives

Multi Terabyte] EEE] ET gl
High bandwidth interconnection network

local disk
` i

100 Gb

SSI"/Br I"1 archiving units
·· . interconnection and local data staging and
computing servers with high bandwidth data4 10 MIPS I CPU

_ nMulti |-| computing model based on distributed
Of mg Switch bandwidth (gg 30 %)_ Naturalevolution ot the laboratory
The sub-events are built using a traction me 0V0m is gccgplgd . . , Ei'] On/Off **09 COYVPUUUQ U"') i

W QQ calorimeter. mU0¤ and DF€Sh0V\9t dma- sent alter the level—2 decision it
3) Thg rggt 0; m0 gygnt data is1) The level-2 selection uses the

. . Event filter unit
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Switching Network
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processors available at the time.
machine improvements by adding the most performant and cost effective
Switching network and farm power extensions can be made to track LHC

and installed by industry
as possible, and a considerable part ofthe system is expected to be developed
The CMS data acquisition system exploits standard industry components as far

Standard computer interconnect buses
and multiprocessor work stations
Computeriindustry. RISC processors

Event filter (levels 28.3 .... )

z 106 MIPS

{ oomputing industry
{Telecommunication and
Fteadout network

500 Gb/s

¢Embedded; systems. DSP industry

¢ In hinged I/l.Sl design development
Erpnteptj and trigger processors

40 lVlHz, 107 channels

Technologies


