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Foreword
� This course presents the experience acquired by the work of 
m a n y  p eop l e and m any team s w hich hav e been dev el oping  and 
buil ding  trig g er and data acquisition system s f or hig h energ y 
physics experim ents f or m any years.
� The subj ect of  this course is n ot a n  ex a c t s c i en c e.  The  trig g er 

and data acquisition system  of  each experim ent is som ehow  unique
( dif f erent experim ents hav e dif f erent requirem ents and ev en 
sim il ar requirem ents m ay be f ul f il l ed w ith dif f erent sol utions) .
� This is not a rev iew  of  existing  system s.  The ref erence to existing  

or proposed system s are used as exam pl es.
� To prepare this course I  hav e tak en m aterial  and presentation 

ideas f rom  m y predecessors in prev ious years:  
P .  M ato and P h.  C harpentier.  
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General Framework

Data
A c q u i s i ti o n
S y s te m

T r i g g e r
S y s te m

A n al o g
s i g n al s

d e c i s i o n s

De te c to r  &
T r i g g e r

S i m u l ati o n

r aw  d ata

R e c o n s -
tr u c ti o n &
A n al y s i s

d e s i g n
f e e d b ac k

P h y s i c s  R e s u l ts

Trigger and DAQ

M as s  S to r ag e

DAQ =  D a t a  AcQu i s i t i o n
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Context Diagram
� The main role of T & DAQ is to process the signals generated in 
the detector and w rite the information onto data storage,  b u t:

Trigger
&  D A Q
S y s t em

Accelerator

D atab as e

E x p eri m en t
C on trol

D ata S tore

A ccel erato r
status

D etecto r
status

D etecto r, reado ut
descri p. co nstants

Ev ent
data

Setti ng s
Status

Raw  si g nal s

I nf o rmati o n

Co ndi ti o ns

D etectors

E x p eri m en ter
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Trigger & DAQ
� Trigger System:
�Selects in Real Time “interesting” events from the bulk of 
collisions.  - D ecid es if Y E S or N O  the event should  be read  out of 
the d etector and  stored

� D a ta  A c q u isitio n  System
� G athers the d ata p rod uced  by  the d etector and  stores it ( for 
p ositive trigger d ecisions)
⌧F ront E nd  E lectronics:

• R e c e i v e  d e t e c t o r ,  t r i g g e r  a n d  t i m i n g  s i g n a l s  a n d  p r o d u c e  
d i g i t i z e d  i n f o r m a t i o n

⌧Read out N etw ork
• R e a d s  f r o n t  e n d  d a t a  a n d  f o r m s  c o m p l e t e  e v e n t s  ( s o m e t i m e s  i n  
s t a g e s )  - E v e n t  b u i l d i n g

⌧C entral D A Q
• S t o r e s  e v e n t  d a t a ,  c a n  d o  d a t a  p r o c e s s i n g  o r  f i l t e r i n g
• O v e r a l l  C o n f i g u r a t i o n  C o n t r o l  a n d  M o n i t o r i n g
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Trigger, DAQ & Control
Detector Channels

F ront E nd  E lectroni cs

R ead ou t N etw ork

P rocessi ng / F i lteri ng

S torag e

T ri g g er
Mo

nit
ori

ng 
& C

ont
rol

DA Q



8C. Gaspar CERN/EP, Summer Student Lectures 2002

LEP & LHC in Numbers
 LEP 

( 1 9 8 9 / 2 0 0 0 ) 
LH C   
( 2 0 0 7 ) 

F a c t o r  

N r .  E l e c t r o n i c  C h a n n e l s ≈ 1 0 0  0 0 0  ≈ 1 0  0 0 0  0 0 0  x  1 0 2 
    
R a w  d a t a  r a t e  ≈ 1 0 0   G B /s ≈ 1  0 0 0  T B /s x  1 0 4 
D a t a  r a t e  o n  T a p e  ≈ 1   M B /s ≈ 1 0 0  M B /s x  1 0 2 
    
E v e n t  si z e  ≈ 1 0 0   K B  ≈ 1  M B  x  1 0  
    
B u n c h  S e p a r a t i o n  22 µs 25  n s x  1 0 3 
B u n c h  C r o ssi n g  R a t e  4 5  K H z  4 0  M H z  x  1 0 3 
R a t e  o n  T a p e  1 0  H z  1 0 0  H z  x  1 0  
A n a l y si s 0 . 1  H z  

( Z 0 ,  W )  
1 0 -6 H z  
( H i g g s)  

x  1 0 5 
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Basic Concepts
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Trivial DAQ
External View

sensor

A D C  C a r dsensor C P U

d is k

P h y s ic al View

A D C s to rag e

T rig g er ( p erio d ic )

L o g ic al View P ro c es -
s ing
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Trivial DAQ with a real trigger

ADC

Sensor

D el a y

P roc es-
si ng

I nt erru p t

D i sc ri m i na t or

Trigger

St a rt

st ora g e
� W h a t  i f  a  t ri g g er i s p rod u c ed  w h en 

t h e A D C  or Processing i s b u sy  ?
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Trivial DAQ with a real trigger (2)

ADC

S e n s o r

De l a y

P r o c e s -
s i n g

I n t e r r u p t

Di s c r i m i n a t o r

Trigger

S t a r t

Set QCl ear

a n d n o t
B u s y  L o gic

R e a d y

s t o r a g e
� D ea d t im e ( % ) - t h e  r a t i o  b e t w e e n  t h e  t i m e  

t h e  DAQ  i s  busy a n d  t h e  t o t a l  t i m e
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Trivial DAQ with a real trigger (3)

� Buffers: De-r a n d o m i z e d a t a   ->  d ec o u p l e d a t a  
p r o d u c t i o n  f r o m  d a t a  c o n s u m p t i o n                           
->  Bet t er p erfo rm a n c e

A DC

S en s o r

Del a y

P r o c es -
s i n g

Di s c r i m i n a t o r
T ri g g er

S t a r t Busy  L o g i c

F I F O
F u l l

Da t a R ea d y

and

s t o r a g e



14C. Gaspar CERN/EP, Summer Student Lectures 2002

Derandomizer b u f f ers  ( q u eu es )

ADC

S e n s o r

De l a y

P r o c e s -
s i n g

I n t e r r u p t

Di s c r i m i n a t o r
Trigger

S t a r t

Set QC l ea r

a n d n o t
B u s y  L o gic

R e a d y

s t o r a g e

ADC

S e n s o r

De l a y

P r o c e s -
s i n g

Di s c r i m i n a t o r
Trigger

S t a r t B u s y  L o gic

F I F O F u l l

Da t a R e a d y

and

s t o r a g e� busy during ADC 
c o nv e rs io n t im e  +  
p ro c e s s ing t im e

� busy during ADC 
c o nv e rs io n t im e  if  
F I F O  no t  f ul l

Input rate

Ou
tp
ut
 ra

te
No deadtime
1 % / H z
5 % / H z
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Queue Theory

� For simple cases, the behavior of the system can be 
calcu lated  analytically u sing  queue theory.  S oon you  
have to u se simu lation techniq u es.

Process

F I F O

Arrival time following
ex p onential d is trib u tion ( P ois s on p roc es s )

D ep th  1 ,  3 ,  5

P roc es s ing time following
gau s s ian d is trib u tion 

Efficiency

< P r o ces s ing  t im e> / < I np u t  p er io d >1.0 2 .0

1.0

0.5

1 b u f f e r

3  b u f f e r s
5  b u f f e r s
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Less trivial DAQ

ADC

N channels

Proces-
si n g

st ora g e

ADC

Proces-
si n g

N channels

ADC

Proces-
si n g

N channels

Trigger

S o m e p r o cessi ng
can p r o ceed  i n 
p ar allel

Proces-
si n g

E v en tB u i l d i n g
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Trivial DAQ in collider mode

ADC

S e n s o r

Proces-
si n g

Discriminator
Trigger

S t a r t

s t o r a g e

B u s y  L o gicF I F O
Da t a R e a d y

Tim in g
B X

Ab o r t

B e am crossing

F u l l

� W e  k n o w  w h e n  a  c o l l i s i o n  h a p p e n s                    
t h e  T R I G G E R  i s  u s e d  t o  “ r e j e c t ”  t h e  d a t a
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LEP collider timing

100 ms

8  ms

3 0 µs

e+e– C r o s s i n g  r a t e 4 5  k H z  ( 4  b u n c h es )

2 2 µs4 5  k H z

L e v e l  2

10 H z R e a d o u t

6  µs
L e v e l  1

L e v e l 3

100 H z

8  H z

� Level 1 trigger latency < inter bunch crossings −> N o d ead tim e
� N o event overlap p ing
� M ost of  the electronics outsid e the d etector
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LHC timing

≈ µs

p p crossing rate 40 MHz (L=1033- 4⋅1034 cm -2 s-1)

2 5  n s

L e v e l  1
4 0  M H z

≈ m s

L e v e l  2
1 0 0  k H z

L e v e l  n
1  k H z

� Level 1 trigger time exceeds bunch interval
� E vent o verlap  &  signal p ileup  ( multip le cro ssings since the detecto r 

cell memo ry  greater than 2 5  ns)
� V ery  high number o f  channels
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Trivial DAQ in LHC

ADC

S e n s o r

Proces-
si n g

Pipelined
T r ig g er

C l ock

s t o r a g e

B u s y  L o g ic
F I F O

D a t a R ea d y

T im ing
B X

A ccep t / R ej ect

Beam crossing

F u l l

A nal og
P ip el ine

� F r o nt -end Pipelines :  T o  w a i t  f o r  t h e  t r i g g e r  
d e c i s i o n  +  t r a n s m i s s i o n  d e l a y s  a r e  l o n g e r  t h a n  
b e a m  c r o s s i n g  p e r i o d
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LEP readout structure

A/D Trigger
l ev el  1

Trigger
l ev el  2

4 5  k H z

1 0 0  H z

Digitizers

Z ero  S u p p ressio n
F o rm a ttin g
E v en t B u il d in g

Trigger
l ev el  3

B u f f ers

1 0  H z

8  H z
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LHC readout structure

Trigger
l ev el  1

Trigger
l ev el  2

4 0  M H z

1 0 0  k H z

Pipelines

Z er o  S u ppr essio n
F o r m a t t ing

E v ent  B u ild ing

Trigger
l ev el  3

B u f f er s

1  k H z

1 0 0  H z

B u f f er s
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Readout structures differences

A/D Trigger
l ev el  1

Trigger
l ev el  2

Trigger
l ev el  3

Trigger
l ev el  1

Trigger
l ev el  2

Trigger
l ev el  3

LEP LH C

� Rates are very different.
� A t L E P  th e reado u t o f th e dig itiz ers is o nl y do ne after L evel -2  

ac c ep t ( few  1 0  µs) .
� A t L E P  th e trig g er data fo r L evel -2  c o m es fro m  detec to r. 
� A t L H C  yo u  need data p ip el ines and data b u ffers to  sto re th e 

events du ring  L evel -1  and L evel -2  p ro c essing
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Front-e nd  e s s e nti a l s
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Front-E nd s
�Detector dependent (Home made)
�On Detector
⌧Pre-a m p l i f i c a t i o n ,  D i s c ri m i n a t i o n ,  S h a p i n g  
a m p l i f i c a t i o n  a n d  M u l t i p l ex i n g  o f  a  f ew  c h a n n el s
� T ra ns m i s s i on
⌧ L o n g  C a b l es  ( 5 0 -1 0 0  m ) ,  el ec t ri c a l  o r f i b er-o p t i c s
� I n C ou nti ng  R oom s
⌧ H u n d red s  o f  F E  c ra t es  :                                   
R ec ep t i o n ,  A / D  c o n v ers i o n  a n d  B u f f eri n g
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Front-E nd s  ( 2 )
�Example: Charged particle creates 
io n iz atio n       e- drif ted b y  electric 
f ield
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Compare entity with a series of
ru l ers in seq u enc e ( stand ard  A D C,
c ou nting )  or in paral l el  ( fl ash A D C)

Analog to digital conversion
� Digitizing means measuring something (charge, amplitude, time, ...)  

comparing it w ith a ref erence unit.
� E x :  F lash A DC

Entity to be measured
R ul er unit V  in E nc od er

N  to:
L og 2 N  b its

c l oc k
R # 1
V  ref

R # 2
R # 3

R # N

D ifferential  c omparator

L og 2 N  b its

#bits

P o w e r

� T he f astest method
� P rohib itiv e f or >  1 0  b its
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Front-e nd  s tru c tu re
Amplifier
F ilt er
S h a per
R a n g e c o mpres s io n

c lo c k S a mplin g
D ig it a l filt er
Z ero  s u ppres s io n
B u ffer

F o rma t  &  R ea d o u t
B u ffer
F ea t u re ex t ra c t io n

D et ec t o r
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Front-e nd  e x a m p l e :  D E L P H I  T P C
Amplifier
S h a per
S a mplin g

D ig it a l filt er
Z ero  s u ppres s io n
B u ffer

B u ffer
F ea t u re ex t ra c t io n

D et ec t o r

4  ra w  d a t a  b a n k s .
c lo c k

1 3 M H z

D I G D E L

F I P F o rma t  &  R ea d o u t
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F.E. at LHC (challenges):
�Small bunch interval
� Pipeline buffering (analog) to keep events until trigger decision 
(2 µs - 1 0 0  col. )
� V ery  F ast A / D  conversion
� V ery  precise tim ing distribution (order of sub-ns) 
� L arg e N r.  o f  channels
� H igh  I ntegration (C ustom  V L S I  ch ips)
� P iled -up  E vents
� D igital S ignal Processors (D S P) to sort th em  out 
� L arg e amo unt o f  d ata
� D ata C om pressors (instead of z ero skipping)
� P o w er C o ns ump tio n
� R ad iatio n L evels
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Front-e nd  a t L H C
40 MHz

1 00 K Hz

1 000 Hz
~ G b y t e s / s

R a t e

1 00 Hz
~ M b y t e s / s
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Trigger
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Trigger System
The trigger system is the system which triggers the
reco rd in g o f  the d a ta  in  a n  ex p erimen t.

T he trigger is a  f u n ctio n  o f :T( ) REJECTED
A CCEP TED

E v en t d a ta  &  A p p a ra tu s
P hysica l  cha n n el s &  P a ra meters

S in ce the d etecto r d a ta  a re n o t p ro mp tl y a v a il a b l e a n d  the 
f u n ctio n  is highl y co mp l ex ,  T ( . . . )  is ev a l u a ted  b y su ccessiv e 
a p p ro x ima tio n s ca l l ed :

TR I G G E R  L E V E L S
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Trigger Goals
�Leptonic C ol l is ions  ( e+ e- col l id er s )

�Cross Section - probability of interaction               
( u nit =  barn =  1 0 -24 cm -2)
⌧σ tot = 30 - 4 0 n b  ( 30-4 0 * 1 0-3 3 c m -2)

� L u m inosity  - d ens ity of cros s ing  beam s                      
( ~  nb.  of particles  per s ection) 
⌧L  = 1 0 3 1 c m -2s-1 ( L E P )
� E v ent ra te ( L  * σ )  0 . 1  - 1  ev ents/ s

�σ interes ting  ≈ σ tot ( A ll interactions  are 
interes ting )
� N o p h y sics rej ection need ed

� B u t back g rou nd  rej ection is  cru cial to perform  
precis ion m eas u rem ents :
⌧Cosmics, Beam-g as, O f f -momen t u m e+ -, D et ect or  n oise
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Trigger Goals (2)
�Hadronic col l is ions  (fixed target or pp)

�Cross Section
⌧σ tot = 30 - 4 0 m b    ( 30-4 0 * 1 0-27 c m -2)

� L u m inosity
⌧L  = 1 0 3 0 c m -2s-1 ( S P S ),  1 03 4 c m -2s-1 ( f i x e d  ta r g e t),            
1 0 3 4 c m 2s-1 ( L H C )

� E v ent ra te 1 0 5 - 1 0 9 ev ents/ s
�σ interesting ≈ nb → p b  

� R ej ection need ed  of  1 0 6 → 1 0 1 3 ( L H C)
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Trigger Design (Physics Aims)
�Leptonic inter a ctions

�High rejection of background
� C riteria:
⌧Very good efficiency for selected channel ≈ 1 0 0 %
⌧ G ood  rej ection b ack grou nd.  D ep ends on 
p hysics/ b ack grou nd ratio,  i. e.  on m achine 
conditions.  ≈ 1 0
⌧ G ood m onitoring of efficiency ± 0 . 1 %

�For High precision measurements:
� “ A  6 0 %  w ell k now n efficiency is m u ch b etter than a 
9 0 %  u ncertain efficiency”
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Trigger Design (Physics Aims)
�Hadronic I nt e ract ions

�High rejection of physics events
� C riteria :
⌧Good efficiency for selected channel ≥ 
5 0 %
⌧Good  rej ection of u ninteresting  ev ents        ≈1 0 6

⌧Good m onitoring  of efficiency 
± 0 . 1 %

�Similar criteria, but in totally different  
rang es  of v alues
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Trigger Design (2)
�Simulation studies
�It is essential to build into the experiment's 
simulation the trig g er simulation.
� F or detec tor/ mac hine bac k g round rej ec tion
⌧Try to include detector noise simulation
⌧ I nclude mach ine b ack g round ( not easy) .
⌧ F or ex amp le at L E P  th e trig g er rate estimates 
w ere ab out  5 0 -1 0 0  times too h ig h .
� F or phy sic s bac k g round rej ec tion,  the 
simulation must inc lude the g eneration of  
these bac k g rounds
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Trigger Performance
�Efficiency monitoring

�Key point: REDUNDANCY
�Ea c h  ev ent s h ou l d  f ir e a t l ea s t tw o ind epend ent s u b -
tr ig g er s  ( th e g l ob a l  tr ig g er  is  a  l og ic  O R of  a l l  s u b -
tr ig g er s )
⌧Use the simulation (or common sense!) to evaluate for 
d ifferent sub -trig g ers how  red und ant they  are.
⌧Use D AT A (after reconstruction) to comp ute efficiency .

� Ex : El ec tr ons  Ef f ic ienc y
.

. .

.

.
. .

.
.

.N
A B

�
� �

�
�A =  T P C  ( t r a c k i n g )

B =  C a l o r i m e t e r
εA =  )(

)(
BN
BAN ∩
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Trigger Levels
� Since the detector data is not promptly available and 
the trig g er f u nction is hig hly complex ,  it is evalu ated by 
successive approximations.
� W e need to optimiz e the amou nt of  data needed and 
the time it tak es to provide a decision.
� T rig g er levels
�Hardware trigger: Fast trigger wh ic h  u s es  c ru de data f ro m  f ew 
detec to rs  an d h as  n o rm al l y  a l im ited tim e b u dget an d is  u s u al l y  
im p l em en ted u s in g h ardwired l o gic .
⇒ Level-1  s o m etim es  Level-2
� S o f tware triggers : S ev eral  trigger l ev el s  wh ic h  ref in es  th e  
c ru de dec is io n s  o f  th e h ardware trigger b y  u s in g m o re detail ed 
data an d m o re c o m p l ex  al go rith m s .  I t is  u s u al l y  im p l em en ted 
u s in g p ro c es s o rs  ru n n in g a p ro gram .
⇒ Level-2,   Level-3 ,   Level-4 ,  . . .
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Example:B meson trigger in L H C b

� Efficiency versus background rejection

� D iscrim inating variabl e: Transverse momentum (PT)
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LHCb L0  Ca l o r i m e t e r  T r i g g e r
�Select the particles with the highest PT
�For the Level 0 decision, we need only the 
p a rticle with the hig hest P T
� C heck  if  a b ove threshold

� I d en tif y  ho t spo ts
� D etect a  hig h energ y in a  ‘ sm a ll’  su rf a ce
� U se a  sq u a re of  2  x  2  cells a rea
⌧8 x 8 cm2 in the central region of ECAL
⌧more than 5 0  x 5 0  cm2 in the ou ter region of H CAL

x

y
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LHCb L0  Ca l o r i m e t e r  T r i g g e r  ( 2 )
� Build the 2x2 sums
�Work inside a 32 channels (8x4) front-end card
⌧To obtain the 32 2x2 sums, one needs to get the 8 + 1 + 4 
neighbour s
⌧V ia the bac k p l ane ( bus)  or  dedic ated p oint-to-p oint c abl es

 :  8  b i t s  L V D S  m u l t i p l e x e d  l i n k
:  8  b i t s  o n  t h e  b a c k p l a n e

N e i g h b o u r s  
o f  e a c h  c e l l
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LHCb L0  Ca l o r i m e t e r  T r i g g e r  ( 3 )
� Select the local maximum in the card
�Simple comparison of the summed ET.
� C urrently  implemented in 4  A L T ER A  F P G A ' s
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LHCb L0  Ca l o r i m e t e r  T r i g g e r  ( 4 )
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Central Decision Logic
�Look Up Tables

�Use N Boolean i nf or m at i ons t o m ak e a si ng le d ec i si on:  Y E S  /  NO
�Use a R A M  of  2 N b i t s
� E x am p le:  N= 3

RAME M   µ T R
0     0     0
0     0     1
0     1     0
0     1     1
1     0     0
1     0     1
1     1     0
1     1     1

RA
M
 A
dd
re
ss

No t r ac k ,  no E M
T r ac k ,  no µ
µ ,  t r ac k  i nef f i c i ent
µ ,  t r ac k
E M ,  no t r ac k
E M ,  t r ac k ,  no µ
E M ,  µ ,  t r ac k  i nef f i c .
E M ,  µ ,  t r ac k

� To Trigger On:
� “ S i ng le P h ot ons”
� 0 , 0 , 0 , 0 , 1 , 0 , 0 , 0
� “ A t  least  one µ”
� 0 , 0 , 1 , 1 , 0 , 0 , 1 , 1
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Trigger Levels in DELPHI (LEP)

Trigger
l ev el  1
Trigger
l ev el  2

D igit iz ers

Z ero S u p re.
F o rm a t t in g

E v en t  
B u il d in g

Trigger
l ev el  4

E v en t
B u f f er

S t o ra ge

D et ec t o rs

Trigger
l ev el  3

R ea d o u t
B u f f ers

� Level-1  ( 3  µs )  ( h a r d w a r e p r o c . )
� S i n g le d et ec t o r  I n f o r m a t i o n :
⌧ E n ergy :  c a l o rim et er ( E M  a n d  H a d .)
⌧Tra c k s :  c o u n t in g,  c o in c id en c es
⌧ M u o n s :  H a d . C a l . a n d  M u o n  C h a m b ers
⌧ L u m in o s it y :  a n a l o g s u m s

� Level-2  ( 3 6  µs )  ( h a r d w a r e p r o c . )
� D et ec t o r  C o i n c i d en c es :
⌧ A c c ep t  o n l y  t ra c k s  c o m in g f ro m  t h e I P .
⌧ B ea m -ga s  rej ec t io n . U s es  t h e TP C

� Level-3  ( ≈ m s )  ( I n  p a r a llel f o r  ea c h  s u b -
d et ec t o r :  O S 9  p r o c es s o r s )
� V erif ies  L 2  t riggers  w it h  d igit iz ed  d a t a

� Level-4  ( ≈ m s )  ( a  s m a ll f a r m :  3  a lp h a  C P U )
� R ec o n s t ru c t s  t h e ev en t  u s in g a l l  d a t a
� R ej ec t s  E m p t y  E v en t s
� Ta ggin g o f  in t eres t in g p h y s ic s  c h a n n el s
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Trigger Levels in ATLAS (LHC)

Trigger
l ev el  1

Trigger
l ev el  2

F ro n t -en d
P ip el in es

E v en t  
b u il d in g

Trigger
l ev el  3

P ro c es s o r
F a rm s

S t o ra ge

D et ec t o rs

R o I
R ea d o u t
b u f f ers

R egio n  o f
in t eres t

� Level-1  (3. 5  µ s )  (c u s t o m  p r o c es s o r s )
� E n ergy  c l u s t ers  in  c a l o rim et ers
� M u o n  t rigger:  t ra c k in g c o in c id en c e 

m a t rix .

� Level-2 (1 0 0  µs )  (s p ec i a li z ed  p r o c es s o r s )
� F ew  R egio n s  O f  I n t eres t  rel ev a n t  t o  

t rigger d ec is io n s
� S el ec t ed  in f o rm a t io n  ( R O I )  b y  ro u t ers  

a n d  s w it c h es
� F ea t u re ex t ra c t o rs  ( D S P  o r s p ec ia l iz ed )
� S t a ged  l o c a l  a n d  gl o b a l  p ro c es s o rs

� Level-3 (≈m s )  (c o m m er c i a l p r o c es s o r s )
� R ec o n s t ru c t s  t h e ev en t  u s in g a l l  d a t a
� S el ec t io n  o f  in t eres t in g p h y s ic s  c h a n n el s
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Trigger Levels in LH C b ( LH C )
Trigger
l ev el  0

F ro n t -en d
B u f f ers

E v en t  
b u il d in g

Trigger
l ev el  2 & 3

P ro c es s o r
F a rm s
S t o ra ge

D et ec t o rs

R ea d o u t
b u f f ers

Trigger
l ev el  1

40  M H z

1  M H z

40  k H z

� Level-0  ( 4  µs ) ( c u s t o m  p r o c es s o r s )
� H igh  pT f o r el ec t ro n s , m u o n s ,  h a d ro n s
� P il e-u p v et o .

� Level-1  ( 1 0 0 0  µs ) ( s p ec i a li z ed  p r o c s )
� V ert ex  t o po l o gy  ( prim a ry  &  s ec o n d a ry  

v ert ic es )
� Tra c k in g ( c o n n ec t in g c a l o rim et er c l u s t ers  

w it h  t ra c k s )

� Level-2  ( ≈ m s ) ( c o m m er c i a l p r o c es s o r s )
� R ef in em en t  o f  t h e L ev el -1 .  B a c k gro u n d

rej ec t io n .

� Level-3  ( ≈ m s ) ( c o m m er c i a l p r o c es s o r s )
� E v en t  rec o n s t ru c t io n .  S el ec t  ph y s ic s  

c h a n n el s .
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LEP: Trigger Distribution

� Trigger decision logic: look up tables
� Trigger protocol ( B usy ,  L 1 y es,  A bort,  etc.)
� Trigger identif ier can be deliv ered to each  R O C .
� P rogram m able TS  and L TS  to distribute trigger signals and collect 

th em  f rom  subsets of R O C s.

Trigger
D ec is io nTim in g s u b -t r i g g e rTrigger

S u p erv is o r

ROC ROC ROCROC ROC ROC Re a d Ou t Co n t r o l l e r s  

E v en t  b u il d in g

L TS L TS L TS

s u b -t r i g g e r

L o c a l  T r i g g e r  
S u p e r v i s o r s  
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LHC: Trigger communication loop

Trigger
P rim it iv e
G en era t o rF o n t -E n d

L o c a l  l ev el -1G l o b a l  Trigger

accept/reject
pi pel i n e d el ay
≈ 3µs

≈ 3 µs
l aten cy
l o o p

T i m i n g  an d
tri g g er i s
d i stri b u ted  to
th e f ro n t-en d
b y  th e T T C
sy stem

� 40 MHz synchronous digital system
� S ynchronization at the ex it of  the p ip eline non triv ial.         

⇒ T iming calib ration
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LHC: Timing & Trigger distribution

G l o b a l  T r i g g e r

L v l 1
C a l

L v l 1
M u o n

E n c o d e r

M o d u l a t o r
L a s e r

1 : 3 2 T r e e  c o u p l e r

R e c e i v e r
c h i pJ T A G

I2C

LH C cl o ck

L1  A ccept

P a s s i v e  O p t i c a l  D i s t r i b u t i o n

– 4 0 . 0 8  M H z  c l o c k
– L e v e l  1  t r i g g e r  a c c e p t
– B u n c h  c o u n t e r  r e s e t
– B u n c h  c r o s s i n g  n u m b e r
– E v e n t  c o u n t e r  r e s e t
– E v e n t  n u m b e r
– B r o a d c a s t  c o m m a n d s

S y s t e m  c o n t r o l
Parameters 
&  co mmands

�The TTC system

TTC Tx

TTC R x
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LHCb:  T i m i n g  &  F a s t  Co n t r o l

ODE

T T Crx A D C

D SP
F Ech i pF Ech i pL1b uf fCtrl

L1

F Ech i p

Reado ut
Superv i so r

Sw i tch

Reado ut
Superv i so r

L H C b  t r i g

L-1
L-0

L0 L1
Reado ut

Superv i so r

Sub det
tri g .

Sub det
tri g .

S L0 S L1 S L0 S L1

T T Ctx T T Ctx

S L0 , S L1 S L0 , S L1

LHC
Cl o c k

Fa
nou

t

DA
Q
th
ro
tt
le

T T C o pti cal
f an-o ut

F EE

T T Crx

L0
 t
ri
gg
er
 d
at
a

L1
 t
ri
gg
er
 d
at
a

F Ech i p
F EE

T T Crx

ODE

T T Crx A D C

D SP

DA Q  s y s t e m

De
tec

tor
 sig

nal
s

Co
ntr
ol 
sys
tem

S lo w  Co n tro l F lo w
Clo c k ,  T ri g g e r F lo w
D a ta  F lo w

F Ech i pF Ech i pF Ech i p F Ech i pF Ech i pF Ech i p

F Ech i pF Ech i pL1b uf f

C l k , L0 , R S TC l k , L0 , R S T

Ctrl
L1

C l k

L0 , L1
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Data Acquisition
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DAQ Readout
�Reading data from FE buffers to form 
a ful l  “ ev ent”  on tap e:
�(Sub-e v e n t  bui l d i n g )
� E v e n t  B ui l d i n g
�(P r o c e s s i n g )  
�St o r a g e
� A sy nc h ronous w ith  beam c rossing
� H W  ( and S W )  c an be c ommon to al l  
sub-detec tors
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LEP Readout Architecture
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Event Building
Data sources
E v en t F rag m en ts

E v en t B ui l d i n g

Data storag e

F ul l  E v en ts
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data
s o u r c e s

data
p r o c e s s o r s

Readout Networks
� Since the early 70’s there have been a need for a 
standard for bu ilding  big  readou t system s w ith m any 
hu ndred thou sands of electronics channels.
� B asic com p onents needed:
�FE boards (digitizers, etc), Readout controllers, Crates, Crate 
interconnects

� W ith these com p onents you  can bu ild netw ork s u sing          
bu ses or sw itches.  
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Buses used at LEP
� Camac

� Very robust system still used by small/medium size experiments
� L arg e v ariety of  f ront-end modules
� L ow  readout speed ( 0 . 5 -2  M bytes/s)
� F as t b u s

� F ast D ata T ransf ers ( C rate:  4 0 M byte/s,  c able:  4  M byte/s)
� L arg e B oard S urf ac e (  5 0 -1 0 0  elec tronic  c h annels)
� F ew  c ommerc ial modules ( mostly interc onnec ts)
� V M E

� L arg e av ailability of  modules
⌧CPU boards (68k, PowerPC, Intel), Memories, I/O interfaces (Ethernet, D isk, 
… ), Interfaces to other bu ses (Camac, F astbu s,… ), F ront-end boards.

� S mall B oard S ize and no standard c rate interc onnec tion
� B ut VI C B us prov ides C rate I nterc onnec ts
� 9 U  C rates prov ide larg e board spac e

crate crate
Branch
C o nt ro l l e r C rat e

C o nt ro l l e r

S
M I

V ICbu s
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Choice of the bus standard
� LEP experiments had to choose a standard bus. 

� H ow  to choose:
⌧There is no truth
⌧There a re f a shions a nd  p ref erenc es.

� H y brid sol utions are possibl e.
� C hoices tak en:
⌧ O P A L C a m a c , F a stb us, V M E  f or F ront-end , V M E  f or R ea d out
⌧ A L E P H     F a stb us f or F ront-end , V M E  f or R ea d out
⌧ L 3 F a stb us
⌧ D E L P H I   F a stb us +  f ew C a m a c f or F ront-end

� F or LH C ,  standard buses w il l  not be used to readout the 
data ( perf ormance l imitations) . V M E may  be used f or 
conf ig uration and control .
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Readout in Delphi
�FE data

�Fu l l  Ev e n t
� In Total: 200 F as tb u s C r ate s ,  7 5  p r oc e s s or s  
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Event builder techniques
D a t a  s o u r c e
D a t a  d e s t i n a t i o n

� Time-s h a r ed  B u s
�Most common at LEP (VME, F astb u s)
� B i -d i r e cti onal
� Li mi te d  to th e  max i mu m th r ou g h p u t
� S tag e d  e v e nt b u i l d i ng  b y  i nd e p e nd e nt 

b u se s i n p ar al l e l  (tr e e s).  N o r e al  g ai n, 
b u t r e d u ce s ov e r h e ad .

� D u a l -p o r t  memo r y
� Ev e nt f r ag me nts ar e  w r i tte n i n p ar al l e l  

and  r e ad  se q u e nti al l y  b y  th e  d e sti nati on 
p r oce ssor .
� Easy  to i mp l e me nt.  C omme r ci al l y  

av ai l ab l e .  ex. D0, OPAL (VME/VSB)
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Event builder techniques(2)
� Cross bar switch
� Complete, non blocking interconnection all 

inpu ts / all ou tpu ts .
� I d eal band w id th  ef f iciency .
�N2 cros s points .
� Control of  th e path  rou ting:
⌧External control (barrel shifter).
⌧ A u to-rou ting  (by  d ata). D ata fram e p rotocols.

� Switches vs. Buses
� T otal band w id th  of  a B u s  is  s h ared  among all th e proces s ors . 

A d d ing more proces s ors  d egrad es  th e perf ormance of  th e oth ers . 
I n general, Buses do not scale v ery  w ell. 
� W ith  s w itch es , N s imu ltaneou s  trans f ers  can co-ex is ts . A d d ing 

more proces s ors  d oes  not d egrad e perf ormance ( bigger s w itch ) . 
S w i tch es ar e scaleab le.
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LHC Readout
40x10640 M H z

100 K H z

1000 H z
~ G b y t e s / s

R a t e

100 H z
~ M b y t e s / s
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LHC Readout Architecture

Detector Front Ends

Ev ent B u i l der ( N etw ork )

S tora g e

R ea dou t U ni ts

Ev ent Fi l ter 
U ni ts

Ev ent 
M a na g er

T ri g g er 
L ev el  1 / 2

...

...
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Event Building to a CPU farm
Data sources
E v en t F rag m en ts

E v en t B ui l d i n g

Data storag e

F ul l  E v en ts

E v en t f i l ter C P U s
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LHC Event Building Technologies
�Industrial Digital Switching Technology
�From Telecommunications and Computing Industries
� S ome P ossib ilities:
⌧ATM (speeds up to 9.6 G b / s)

• 5 3  b y t e  c e l l s ,  e x p e n s i v e
⌧F i b er  C h a n n el  (1  G b / s)

• C o n n e c t i o n  o r i e n t e d  ->  m o r e  o v e r h e a d
⌧My r i n et (2 .5  G b / s)

• U n l i m i t e d  m e s s a g e  s i z e ,  c h e a p  s w i t c h e s
• N o  b u f f e r  i n  t h e  s w i t c h  ->  l e s s  s c a l a b l e
⌧S C I  - S c a l a b l e C oh er en t I n ter f a c e (4  G b / s)

• M e m o r y  m a p p e d  I O ,  6 4  b y t e  m e s s a g e s
⌧G i g a b i t E th er n et (spec i f i c a ti on  f or  1 0 G b / s)

• C h e a p e r ,  e t h e r n e t  p r o t o c o l

ATM
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Event Building protocol
� Push protocol
�The data is pushed to the destinations by the sources.
�The source needs to k now  the destination address. 
� I t is assum ed that there is suf f icient data buf f er at the destination.
�There is no possibil ity of  re-transm itting  a f rag m ent of  ev ent.
�The protocol  is sim pl e.
� Pull protocol
�The data in the sources is pul l ed f rom  the destinations.
� O nl y buses can im pl em ent a pure pul l  protocol .
� S ources need in any case indicate to the destinations w hen data is 

ready ( interrupt? ? ) .
� D estinations can re-read the ev ent f rag m ent.
� D estinations need to indicate w hen the transf er is f inished to f ree 

m em ory in the source.
�The protocol  is heav ier.
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LHCb D A Q  ( P u s h  P r o t o c o l )

Read-o u t  N et w o r k  ( RN )

RU RU

C o n t r o l  
& 

M o n i t o r i n g

RU

2-4  G B / s

4  G B / s

20  M B / s
V ar i ab l e l at en c y

L 2 ~ 1 0  m s
L 3  ~ 20 0  m s

LA
N

Read-o u t  u n i t s ( RU )

T i m i n g
&
F ast

C o n t r o l
F r o n t -E n d E l ec t r o n i c s

V D E T     T RA C K    E C A L    H C A L  M U O N     RI C H
LHC-B  D e t e c t o r

L 0

L 1

L ev el  0
T r i g g er

L ev el  1
T r i g g er

4 0  M H z
1  M H z

4 0  k H z
F i x ed l at en c y  

4 . 0  µs

V ar i ab l e l at en c y  
< 1  m s

D at a
r at es

4 0  T B / s

1  T B / s

F r o n t -E n d M u l t i p l ex er s ( F E M )1  M H z
F r o n t  E n d L i n k s

T r i g g er  L ev el  2 & 3
E v en t  F i l t er

S F C S F C

C P U
C P U

C P U
C P U

S u b -F ar m  C o n t r o l l er s ( S F C )

S t o r ag e

Th
ro
ttl
e
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CMS DAQ (Pull Protocol)
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Event Filters

Event 
b u i l d i ng

T r i g g er
l evel  3 , 4Event f i l ter

S to r a g e

� LHC experiments can not afford to write all acquired data into 
mass-storag e.  ->  O nly  useful ev ents sh ould b e written to th e 
storag e
� T h e ev ent filter function selects ev ents th at will b e

used in th e data analy sis.  S elected ph y sics ch annels.
� T h e alg orith ms are usually  h ig h  lev el ( dealing  with

ph y sics quantities)  th erefore imply ing  a full or partial ev ent 
reconstruction.

�Higher level triggers (3, 4, …)
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Parallel versus Farm processing

Parallel
CPU CPU CPU

CPU CPU CPU

CPU CPU CPUCPU

CPU

CPU

CPU CPU CPUCPU

Massive parallel processing

Farm

CPU

CPU

CPU

� A single CPU can not provide the required processing 
pow er ( especially  in L H C)

� Low latency, complex, 
expens i v e.

� Lar g er  latency, s i mple, s calab le.
� E xploi ts  th e f act th at each  ev ent 

i s  i nd epend ent of  th e next one.
� U s e of  commer ci ally ( commod i ty 

i tems )  av ai lab le pr oces s or s
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Data Storage
�Data logging needs:
�LEP experiments:
⌧Storage bandwidth < 1 MB/s
⌧D ata is stored on disk  and then c op ied to m agnetic  tap e.
⌧D ata set:  5 0 0  G B/y ear
�LH C  experiments:
⌧ Storage bandwidth:  »  10 0  MB/s ( general  p u rp ose)
⌧ E x p ec ted data set:  »  10 0  T B/y ear

� H ier ar c h ic al S tor age S y stem  ( H S S )
� F il e sy stem w h ere f il es a re mig ra ted  to  th e ma ss 
sto ra g e sy stem ( ta pe ro b o t)  a u to ma tic a l l y  w h en no t 
in u se a nd  retriev ed  a u to ma tic a l l y  w h en need ed .  
� C a c h e sy stem a t th e l ev el  o f  f il es.
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Data Storage (2)
� How the data is organized in the storage
�The LEP experiments organized the data in events and banks 
w ithin the events w ritten seq u ential l y .  
� S tu dy ing the data ac c ess patterns on the anal y sis programs 
( w hic h data are more of ten u sed and w hic h are hardl y  ever 
ac c essed)  shou l d give u s an idea on how  to store the data.  
� D ata is w ritten onc e and read many  times.  Theref ore the 
optimization shou l d go into the read ac c ess.

� O rganizing the ev ent data store as a hu ge 
distrib u ted datab ase
� W e c ou l d prof it f rom the database tec hnol ogy  to have f ast 
ac c ess to spec if ic  data.  S ophistic ated data q u eries to do event 
sel ec tion.  
�Probl ems:  H ow  to popu l ate the database at the req u ired 
throu ghpu t?  D atabase bac ku p?  S c hema evol u tion?  . . .
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# of interesting events produced
# of interesting events on ta pe

T ota l  E fficiency  =

=   T rigger efficiency  * D ea dtim e *  
D A Q  efficiency  *  O pera tion efficiency

D e t e c t o r  p r o b l e m s :
b a c k g r o u n d ,  d a t a  q u a l i t y

D A Q  s y s t e m  n o t
r u n n i n g

weighted by the Luminosity

System Performance

� All the factors have equal importance. Therefore all of 
them need  to b e optimiz ed .
� The performance need s to b e monitored  in ord er to 
d etect prob lems and  point w here there is a need  for 
improvement.
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Trigger & DAQ Control
�Run Control
�Configuration
⌧Type of RUN, loading of parameters, 
enab ling/ disab ling parts of th e ex periment
� P artitioning
⌧ A b ility to ru n parts of th e ex periment in stand-
alone mode simu ltaneou sly
� E rror R e p orting &  R e c ov e ry
� M onitoring
� U s e r I nte rfac ing
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Experiment Control (ECS)
�In charge of the Control and Monitoring of: 
�Data Acquisition and Trigger (Run Control)
⌧FE Electronics, Event building, EFF, etc.
�Detector Control (S low  Control)
⌧G a s, H V , L V , tem p era tures, ...
� E x p erim ental I nf rastructures
⌧C ooling, ventila tion, electricity  distribution, ... 
� I nteraction w ith  th e outside w orld
⌧M a gnet, a ccelera tor sy stem , sa f ety  sy stem , etc. 
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ECS Scope
Detector Channels

F ront E nd  E lectroni cs

R ead ou t N etw ork

P rocessi ng / F i lteri ng

S torag e

T ri g g er
Ex
per

ime
nt 

Co
ntr

ol S
yst

em

DA Q

DCS  Dev i ces ( H V ,  L V ,  G A S ,  T em p eratu res,  etc. )

E x ternal S y stem s ( L H C,  T echni cal S erv i ces,  S af ety ,  etc)
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ECS Requirements
�Integrate the different activities
⌧Such that rules can be defined (ex: Stop DAQ when SC in Error)
� A l l o w  S tand-al o ne co ntro l  o f su b -sy stem s
⌧F or independent dev elopm ent and concurrent usag e.
� A u to m atio n
⌧Av oids hum an m istak es and speeds up standard procedures
� E asy  to  o p erate
⌧T wo to three operators (non-experts) should be able to run the 
experim ent.

� S cal ab l e &  F l ex ib l e
⌧Allow for the integ ration of new detectors
� M aintainab l e
⌧Experim ents run for m any  y ears
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Experiment Control
�Keyword: Homogeneity
�A Common Approach in the design and 
impl ementation of  al l  parts of  the sy stem:
⌧Facilitates inter-d o m ain integ ratio n
⌧ M ak es it easier to  u se:

• S t a n d a r d  f e a t u r e s  t h r o u g h o u t  t h e  s y s t e m                   
( e x :  p a r t i t i o n i n g  r u l e s )  

• U n i f o r m  L o o k  a n d  F e e l
⌧ A llo w s an easier u p g rad e and  m aintenance
⌧ N eed s less m anp o w er
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Control System Architecture
�Hierarchical

...

To Devices (HW or SW)

Commands

S t at u s &  
A l ar ms

ECS

D CS D A Q

DetDcs1 DetDcsN

S u b S y s1 S u b S y s2

Dev 1 Dev 2 Dev 3

DetDa q 1

S u b S y sN

Dev N

L H CT . S.

...G A S
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Partitioning

...

To Devices (HW or SW)

ECS

D CS D A Q

DetDcs1 DetDcsN

S u b S y s1 S u b S y s2

Dev 1 Dev 2 Dev 3

DetDa q 1

S u b S y sN

Dev N

...

...

Operator1

Operator2
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Partitioning (2)

Digitizers
R ea d o u t
U n its
E v en t 
B u il d in g
E v en t
B u f f er

S to ra ge

Detec to r
C h a n n el s

E v e n t  b u f f e r

E v e n t  b u i l d e r

Partition A B C

�Partitioning the DAQ imposes strong 
c onstraints in the sof tw are and  hard w are.  
S ome resou rc es are shareab l e and  some not

� A  trig g e r s ou rc e  ( l oc al  trig g e r or 
trig g e r s u p e rv is or)
� A  s e t of  re ad ou t u nits  ( d ata 

s ou rc e s )  attac h e d  to th e  
d e te c tor p arts  w h ic h  w e  w ant to 
u s e .
� S om e  b and w id th  on th e  e v e nt 

b u il d ing .
� Proc e s s ing  re s ou rc e s .
� D ata s torag e .
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System Configuration
�All the components of the system need to be 
confi g u r ed befor e they ca n per for m thei r  
fu ncti on.
�Detector channels: thresholds, calibration constants 
need to be dow nloaded.
� P rocessing  elem ents: p rog ram s and p aram eters.
� R eadou t elem ents: destination and sou rce addresses.  
T op olog y  conf ig u ration.
� T rig g er elem ents: P rog ram s, thresholds, p aram eters.
� C onfi g u r a ti on needs to be per for med i n a  
g i v en seq u ence.
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System Configuration (2)
�Databases
�The data to configure the hardware and 
s oftware is  retriev ed from  a database 
sy stem .  N o data s houl d b e hardwired on the 
code ( addres s es ,  nam es ,  p aram eters ,  etc. ) .

�Data Dr i v en  C o d e
� G eneric s oftware s houl d b e us ed wherev er 
p os s ib l e ( it is  the data that changes )
� I n D el p hi al l  s ub -detectors  run the s am e 
D A Q  &  D A Q  control  s oftware
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System Configuration (3)
�Finite State Machine methodology
�Intuitive way of 
m od el ing  b eh aviour ,  
p r ovid e:
⌧Sequencing
⌧Sy nch r o niz a t io n
� S om e F S M  tool s  al l ow:
⌧P a r a l l el is m
⌧H ier a r ch ica l  co nt r o l
⌧D is t r ib ut io n
⌧R ul e b a s ed  b eh a v io ur
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Automation
�What can be automated
�Standard Procedures:
⌧Start of fill, End of fill
� D etecti on and R ecov ery  f rom  ( k now n)  error 
si tuati ons

� H ow
� E x p ert Sy stem  ( A l ep h )
� F i ni te State M ach i nes ( D el p h i )
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Delphi Control System
�Hierarchical
� F u lly  A u t o m at ed
�Ho m o g en eo u s
�One single control 
m ech a nism
�One single 
com m u nica tion 
sy stem
�One u ser 
interf a ce tool
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Monitoring
�Two types of Monitoring
�Monitor Experiment’s B eh a v iou r
⌧Automation tools whenever possible
⌧ G ood  U ser I nterf ac e
�Monitor th e q u a l ity  of  th e d a ta
⌧Automatic  histog ram prod uc tion and  analy sis
⌧ U ser I nterf ac ed  histog ram analy sis
⌧ E vent d isplay s ( raw d ata)
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Run Control U.I.
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Histogram Presenter
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LHC Control Systems
�Based on Commercial SCADA Systems 
(Supervisory Control and Data Acquisition)
�Commonly used for:
⌧Industrial Automation
⌧ C ontrol of  P ow e r P lants,  e tc .
� P rov i di ng :
⌧ C onf ig uration D atab ase  and T ools
⌧ R un-time  and Arc h iv ing  of  M onitoring  D ata 
inc luding  disp lay  and tre nding  T ools.
⌧Alarm de f inition and re p orting  tools
⌧ U se r Inte rf ac e  de sig n tools
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Concluding Remarks
� Trigger and Data Acquisition systems are becoming increasingly 

comp lex  as th e scale of  th e ex p eriments increases.  F ortunately th e 
adv ances being made and ex p ected in th e tech nology are j ust about 
suf f icient f or our requirements.
� R equirements of  telecommunications and comp uting in general h av e

strongly contributed to th e dev elop ment of  standard tech nologies
and mass p roduction by industry.
�Hardware: Flash ADC, Analog memory, PC, Helical scan recording, Dat a 

comp ression, I mage p rocessing, Cheap  M I PS , . . .
� S of t ware: Dist rib u t ed comp u t ing, I nt egrat ion t echnology, S of t ware 

dev elop ment  env ironment , . . .
� W ith  all th ese of f -th e-sh elf  comp onents and tech nologies w e can 

arch itect a big f raction of  th e new  DAQ  systems f or th e L H C  
ex p eriments.  C ustomiz ation w ill still be needed in th e f ront-end.
� I t is essential th at w e k eep  up -to-date w ith  th e p rogress being 

made by industry.


