Aquisicao de Dados,
Trigger e Controle

Em Grandes Experiencias

Clara Gaspar, Setembro 2023
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@ Aguisigao de dados no LHC

I O sistema de Aquisicao de Dados disponibiliza os dados
produzidos pelo detector para analise posterior. Definicoes:

| Sistema de “Trigger”

| Selecciona em tempo-real os acontecimentos (eventos) “interessantes”
entre todas as colisdes. Decide se o evento deve ser adquirido ou nao

| Sistema de Aquisicao de Dados

| Colecta os dados produzidos pelo detector e armazena-os (quando a
decisao do Trigger €’ positiva)

| Sistema de Controle
| Encarrega-se da configuracao, supervisao, e operacao da experiéncia
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@ Trigger, DAQ & Control

- Detector Channels
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@E‘ LHC iIn Numbers

LHC (2009)

Bunch Crossing Rate 40 MHz
Bunch Separation 25 ns
Nr. Electronic Channels ~ 10 000 000
Raw data rate ~1 000 TB/s
Data rate on Tape ~ 100 MB/s
Event size ~1 MB
Rate on Tape 100 Hz
Analysis 10 Hz

(Higgs)
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@ LHC Exp DA

Q (até 2020)

Event Size L1 Rate Bandwidth |Storage Rate| Storage
(MByte) (KHz) (GByte/s) (KHz) (GBytes/s)
25 1 25 0.050 1.250
1 100 100 0.200 0.200
1 100 100 0.200 0.200
0.05 1000 50 5 0.250
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Conceitos Basicos
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@A DAQ Trivial

External View

Sensor

Physical View

Sensor ADC Card

Logical View
AD

Trigger (periodic)
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@E‘ DAQ Trivial com Trigger

Sensor

Trigger

l Delay

Start

"[7Discriminator

ADC

Pro% Interrupt

siry

I E se umtrigger for produzido quando a

ADC ou o Processing esta’ ocupado?

Clara Gaspar, September 2023
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@E‘ DAQ Trivial com Trigger (2)

Sensor

Trigger

/, Discriminator

\ 4 Busy Logic
ADC Start
Proces- ntenrpt T set
sin Clear
J Ready
2 I Deadtime (%) — A relacao entre o tempo em
que a DAQ esta’ ocupada e o tempo total.
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‘@‘ DAQ Trivial com Trigger (3)

Sensor

! Delay
Start

Trigger

Busy Logic

ADC

Full

FIFO

DataReady
Proces-

sing ]

Buffers: Dissociam a producao e o consumo dos
dados
-> Melhor “performance”
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@E‘ DAQ Trivial num Acelerador

Sensor

Timing

U U u
Beam crossing

BX

Start

f_ 1

Abort

Full

—

7 Trigger
] Discriminator

EIFO

Proces-
sin

Storage.

DataReady

Busy Logic

I Sabemos quando ha uma colisdo -> o Trigger
e’ usado para “rejeitar” os dados.
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@ Desafios do LHC

p p crossing rate 40 MHz (L=103%3- 4-10%4cm™ s'1)

25ns

40 MHz
Level 1 I:l

<« ~ S -

100 kHz H
Level 2
<~ ~ mIS —_—
1 kHz
Level n

I Timing: Tempo do 19 nivel de trigger excede o “bunch interval”

I Sobreposicdo de eventos e de sinal de varias colisdes (“signal pileup”)
porque a memoria das celulas do detector €’ maior que 25 ns

I Muito alto numero de canais
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r DAQ Trivial no LHC

Sensor

I Timing
Beam crossing LBX

Clock

Analog
Pipeline

Pipelined
Trigger

ADC

+ Accept/Reject

Full

( Busy Logic

EIFO

Proces-
sing

7DataReady

I Front-end Pipelines: Para esperar pela deciséo do
trigger + tempos de transmissao sao maiores que o
periodo do beam crossing.

Clara Gaspar, September 2023
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@ DAQ Menos Trivial

N channels N channels N channels
27
ADC 155—IADC I ADC [+ ( Trigger
Proces) (Proces) (Proces) “°Me processing
- . i can proceed in
SiN Sin SIn

parallel

Clara Gaspar, September 2023
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A Realidade

Clara Gaspar, September 2023
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Trigger
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Sistema de Trigger

I Osistemade Trigger decide se um evento e’
Interessante ou nao

I Evento tipico em
ATLAS e CMS®

I >20 colisbes
podem sobrepor-se

I E istorepete-se
todos os 25 ns

I Um evento Higgs Reconstructed tracks
with pt > 25 GeV

JEm LHCb ndo e’ muito melhor e em Alice (PbPb) pode ate’ ser pior
Clara Gaspar, September 2023 19



@E‘ Niveis de Trigger

I Como os dados nao estao todos imediatamente
disponiveis e a funcao do trigger e’ muito complexa, €’
normalmente avaliada por aproximacdes sucessivas:

| Trigger(s) em Hardware:
| Rapido, usa dados so de alguns, poucos, detectores
| Tem um orcamento de tempo limitado
= 1 Nivel ou, por vezes, 2

| Trigger(s) em Software:

| Refina as decisdes dos triggers hardware usando dados de
mais detectores e algoritmos mais complexos.

| Normalmente implementado usando programas gue correm em
processadores.

= High Level Triggers (HLT) -> Trigger de Alto Nivel

Clara Gaspar, September 2023 20



©) Trigger Hardware

I Felizmente as colisdes pp
produzem principalmente

narticulas com momento o
@
transverso “p,” ~1 GeV TT\§

I A Fisica interessante (conhecida
ou nova) tem particulas com
elevado p;

I Conclusao: o primeiro nivel de trigger tem que
detectar particulas com momento transverso
elevado

Clara Gaspar, September 2023 21



Hardware Trigger

I Calorimetros I Mudes
| Localizacéo de clusters | Detectar trajectorias
| Avaliacao da deposicao de | Avaliacdo do Momento
Energia | Sensores rapidos dedicados

| Menos resolucao

Clara Gaspar, September 2023 22



@ Exemplo: Trigger do Calorimetro LHCDb

I Detectar alta
C ECAL HCAL
concentracao C
. Detector + PM
de energla > b mE" Bxéi -:;ISIFE card
numa pequenat =1+

superficie / / 10 m cables
- e emene
W -
=
VME 9U crat =l
I “Sc_)mar Cem 0S 14 (ECAI_C;?- iS(HCAL) 3
vizinhos S
Each half crate: =
Address - 8 FE cards. =
request - 1 Validation Card =1
HCAL [e]
Validation Walidation <=
Procr it Card Card LVDS links %
resnower
+ SPD = e
I Agregara w0 a4 -
informacéo _ 70 1 !

) Selection Crates
1 Avaliar a(s)

d ecisoes Highest Highest Second Total .
Electron Hadron Highest Energy LWVDS links

LO Decision Box

ypeueg
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‘@‘ LHC: Transmissao do Trigger

Global Trigger Local level-1
f— C e

Os sinais de Timing e II ” — ”ll
Trigger tém que ser : e U
distribuidos a todas i __i i
as cartas eletronicas " —

=~ 3 us
latency

| Trigger
de front-end Primitive
Font-End | Generator
pipeline
delay
accept/reject ‘? ~ 3ms

I Sistemadigital sincrono a 40 MHz

I A sincronizacao a saida do pipeline nao e’ trivial =
“Timing calibration”

Clara Gaspar, September 2023 24



Detectors
40 MH

1 MHz [«

Readout
buffers

Event
building

Processor

Farm
5KH

Storage

Nivels de Trigger: LHCD ez00

I Level-0 (4 us) (processadores especiais)

z

| Alto p; em eletroes, mudes, hadrGes

Trigger
level O

I HLT (=ms) (processadores comerciais)

I Refinamento do Level-0. Rejeicao de
“background”

I Reconstrucédo do evento. Selecéo de
“canais” de fisica.

| Precisa de todos os dados do evento

-

High leve
Trigger

=
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Niveis de Trigger: ATLAS

I Level-1 (3 us) (processadores especiais)

Detectors - | Clusters de energia nos calorimetros

40 MHz | Trigger de Mudes: Matriz de coincidéncia de
Front-end Trigger tracking.
Pipelines level 1

100 KHz —F I Level-2 (ms) (~processadores comerciais)
.R (taglont of I:|I:I_._l | “Regioes de Interesse” (ROI) relevantes para
INteres a decisdo do trigger.
Readout | Agregacéao da informacéo selecionada (ROI)
buffers via routers e switches.
Event ° KHZ | Algoritmos sofisticados com dados detalhados
building mas apenas das regides seleccionadas.
Processor Trigger I Level-3 (»s) (processadores comerciais)
Farms level 3 ~
I Reconstrucdo do evento usando todos os

200 Hz } dados. Selecao de “canais” de fisica

Storage

Clara Gaspar, September 2023 26



Aquisicao de Dados

Clara Gaspar, Setembro 2023



@ Front-end electronics

Detector
Front-End Electronics v Amplifier
N\ Filter
VV V V V V V VYV VY VYV Y VY VY VY VY Y VY Y VYYVYYY I
VA Shaper
|
C Range compression
Event BUlIdlng Network clock / Samp“ng
|
A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 III Digital filter
HLT Compute Units (~2000) | _
LA Zero suppression
|
Pipeline
|
DAQ A\ Feature extraction
: Buffer
lCustom point-to-point radiation-hard links I
| | Format & Readout

Clara Gaspar, September 2023 28



@E‘ Electronica de Front-Ends

I Especifico ao Detector (Home made)

| No Detector
| Pre-amplificacao, “Discrimination”, “Shaping”
amplificacao e “multiplexing” de grupos de canais
| Problemas:
| Niveis de radiacdo, consumo de energia
| Transmissao
| Cabos longos (50-100 m), elétricos ou fibra Optica

| Nas “Salas de Contagem”

| Centenas de crates de FE:
Recepcao, Conversao A/D e Buffering

Clara Gaspar, September 2023
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@ Data Acquisition proper

Front-End Electronics

V.V V V V V V VY VY VY VYV VY VY VY VY VY Y VY VY VY Y VY Y VYYYY

Readout Units (~500)

A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4

Event Building Network

A\ 4 A\ 4 A\ 4 A\ 4 A\ 4 A\ 4 A\ 4 A\ 4

HLT Compute Units (~2000)

A\ 4 A\ 4 A\ 4 A\ 4

DAQ

Cada Readout Unit contem

uma parte dos dados de uma

colisao:

| digitalizados, pré-processados

e marcados com um
identificador (nr. da colisao)

Os fragmentos tém que ser

agregados e enviados a uma

“Compute Unit”

As Compute Units seleccionam
0S eventos interessantes
(High Level Trigger)

Clara Gaspar, September 2023 30



"@‘ Event Building to a CPU farm

Data sources s A A A A A
Event Fragments
- -
[ Event Building ]
| | |
Full Events
Event filter CPUs <> <>

1

Data storage [ ]

Clara Gaspar, September 2023



@] Network Technology

I Avaliar a tecnologia mais
popular -> melhor preco

I Myrinet era muito usada
guando as experiencias do
LHC comecaram a ser
projectadas.

Foi usada por CMS ate 2014

I As outras experiencias
puderam adiar a decisao e
escolheram Ethernet

Top500.0org share by interconnect family

A

Myrinet

Custom

1 Gb/s
Ethernet

(%) 34eys

Infiniband

2002 2014 2018
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@ Trigger Software

I Higher level triggers (3, 4, ...)
Event
building *
Event filter
avel 3.4
Storage 8

I As experiencias LHC nao podem guardar todos os dados
adquiridos -> SO eventos “uteis” devem ser armazenados.

I A funcao de filtragem seleciona os eventos que serao
usados nas analises de fisica.

I Usa processadores disponiveis no comercio (PCs comuns)

Mas precisa de milhares deles em paralelo.

Clara Gaspar, September 2023
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@] High Level Trigger

I Reconstrucao completa do Evento

| Reconstruir todas as trajectorias de particulas carregadas
| Encontrar segmentos, conecta-los.

| Associar as particulas com a colisdo p-p

| Madltiplas interac¢gbes em cada cruzamento.
N VNN I G P pe TR oA

iy ~

| Medir todas as deposicoes de energia nos Calorimetros
| Com granularidade fina
| Associar trajectorias e deposicdes de energia

I Decidir se € interessante
Clara Gaspar, September 2023 34
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. Arquitectura de Readout

I Numa experiencia LHC

[ Detector Front Ends ]

Leve! 1/2I ______ ‘Hininiuninin " [ 1 J[] Readout Units

I I
Manager !
\———-I——

Lo Event Filter Units

A A A

Storage ]

I Com ou sem “Event Manager”
1 Protocolo Push ou Pull

Clara Gaspar, September 2023 36



¥{ Exemplo: LHCb (até 2020)

a Detector R
VELOM ST 1 OT [MRICH [{ ECal [ HCal [{Muon

LO I I I
Trigger

1LOtrigger re | ee | re || e || e

—————— Electronics|| Electronics|| Electronics|| Electronics|| Electronics|| Electronics|| Electronics

| S TN N SRR SN T

Readout Readout Readout Readout Readout Readout Readout
Board Board Board Board Board Board Board

N\ \ \ | / / /

\ 5 5 AronttEnz /‘ 4 /

—— o e e -y
<
<

READOUT NETWORK

AL
\

Event Builfling

7N /1N N N N

plrlrlr|Plr|P|P| (PP [P[P| |PIr|P[P| |PP|P|P| |P|P|P|P
ufululul|u]ululu| |uulu|u| |ulufufu| |u]ulufu| |uju|u|u

HLT farm
Event data Average everfr size 50 kB
— — = Timing and Fast Control Signals Average rate into farm 1 MHz
Control and Monitoring data Avergge rate to Tgpe 5 kHz
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)

W) pgrades

| Até “ontem” | Upgrade (2022-2026) |
L1 Rate |Event Size|Bandwidth] L1 Rate |Event Size|Bandwidth
(KH2z) (MByte) | (GByte/s) (KH2z) (MByte) | (GByte/s)
1 25 25 50 20 1000
100 1 100 200 4 800
100 1 100 1000 4 4000
1000 0.05 50 40000 0.1 4000

Clara Gaspar, September 2023
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@ The Upgrades

DAQ network throughput
40.00
30.00
20.00
10.00
0.00 “ , K ‘ |
Alice Atlas CMS LHCb LHC
combined
up to 2022

Clara Gaspar, September 2023 39



@E‘ LHC Exp. Upgrades

I Razoes:
| Mais Fisica/Melhor Fisica
| (Melhores Detectores)

| Reduzir o impacto dos Triggers Hw:

| Trabalhar com informacao parcial e simplificacbes drasticas tem
um preco:
| Eventos potencialmente interessantes e valiosos sao perdidos
| Direccoes:
| Eliminar / reduzir o primeiro nivel de Trigger (ALICE, LHCb)
| Melhorar substancialmente o Nivel 1 (ATLAS, CMYS)

| Melhorar Alinhamento e Calibracao em tempo real

Clara Gaspar, September 2023 40



@ O exemEIo LHCD

I 12 Grande Experiencia de Fisica a abolir completamente
o Trigger Hardware -> Provavelmente o maior sistema
de aquisicao de dados do mundo neste momento.

Monitoring & Control

o

Detector Channels/Front-Ends
A0 MAZ 4 MHZ
N VVVVVHVVVVHVVVVVVVVVVVVVVilVVVVVVVV
E 1|, Readout Units
Yy V. V.V V V¥V VYV VYV VY VY VY VY ‘&VvPy
- - > Event Building
R - > High Level Trigger
e — pr——
DAQ

I Em funcdes desde 0 ano passado -> E funciona!!

Clara Gaspar, September 2023

L--> Detector Channels/Front-Ende Hz
_ VVVVVVVVVVVVVVVHHHVVVVVVlVVVVVV
o .

e Readout Units

@]

U Yy V. V. V VYV V VYV V VY VY vV VY Vv y
3 e

g,-———> Event Building

5 v

St--» High Level Trigger

=

‘____

DAQ




@ A nova DAQ de LHCD

Detector Channels

N V VYV V V V VvV Y VY VP VY VY VY Y Y Y Yy Yy Yy YYyYy
Front End Electronics

\ 4 \ 4 \ 4 \ 4 \ 4 \ 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4 A 4

i Readout Boards/Event Builder/HLT1

Real-Time

v

Monitoring Alignment |

HLT2 Farm

DAQ
‘ To Offline

A 4

Clara Gaspar, September 2023 42



32 Tb/s

200G 1B

100GbE

—_——— — -

1GbE

40 HLT2 servers

40 HLT2 servers 40 HLT2 servers 40 HLT2 servers

Up to 1‘00 HLT2 sub-farms (4000 servers)

Clara Gaspar, September 2023

I EB Servers

I ~160

I Hosting PCle cards
I Readout Units:

I ~500

I Powerful FPGA

| 48 FE links (1Gb)
18 GPUs:

| ~160 ->~320

| FastHLT1 Pass
I CPUs

I ~4000 (donated)
I Thorough HLT?2

Top500.0rg share by interconnect family

1 Gb/s
Ethernet

Infiniband

t

2002 2014 2018



Configuracao, Controle e
Monitorizacao

Clara Gaspar, Setembro 2023



‘@‘ Operations
I As Experiencias funcionam 24/24 7/7
I (Em LHCDb) 2 operadores (non-experts)

I Configuracao e Controle:

| Preparacao dos varios
componentes em funcao
do tipo de RUN

I Automatizacao

| E acelerar procedimentos
repetitivos

I Monitorizacao
| Para detectar problemas o mais rapidamente possivel

Clara Gaspar, September 2023 45



W) Supervisao

— Detector Control System (HV, LV, GAS, Cooling, etc.)

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ A A A A A A A A A A&

Detector Channels

idd

VYV VYV VYV V PV Y VPV P P Y m Y 9 9 9 9 99 9 yYYYyYy
i Front End Electronics

A

\ 4

\ 4 A 4 A 4 \ 4 A 4 \ 4 A 4 \ 4 A 4 \ 4 A 4 \ 4 A 4 \ 4

\ 4

Readout Network

v

\ 4

HLT Farm

Monitoring F
< > onitoring Farm ‘ DAQ

3
y

— External Systems (LHC, Technical Services, Safety, etc)

Clara Gaspar, September 2023
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Sistema de Controle

Status & Alarms

I Hierarquico, Distribuido, “Inteligente”

when ( LHC in_state PHYSICS ) do StartRun
when ( DAQ in_state ERROR ) do Recover

Commands

SubDetl
GAS

A\ 4
$ ... 3 ..'

Clara Gaspar, September 2023
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41 Monitorizacao (fluxo de dados)

1 O outro “DAQ” vE bata

AutomatIC Counters
I Actions Rate
| Status
Counters Counters
Alarm Rates Rates Timing
Control Alarms er
q\D Uls ~ System HLT HLT SubFarms
Run Control &~ [— HLT SF Ctrl u
( ) : '_ = ik HLT Nodes i
| M g  Tnirast >
—— ’mm ) MV
| N S~ _ M |
I Archive (aggregation) C DQHisto > ] o
(aggregation)
]
I History
| Counters
| nates Storage
Alarms Status, Counters
I < Infrastr >
Histos Counters, Rates
Data  <——1  fooe ==
Quality Monitoring
Ul
] T H'St%“’
= Hlsto Histos K DOH

Reconstr.

Savesets
! )—V
Histos
Automatic \ Alarms “m oM Y
Analyses = Event
Data
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|| Eile Edit View Tools

LHCb Online Presenter

Help,

—Database Page Browser

|40 Ew [ El

Partition: [LHCh ~| Trend legth: |Last 10 minutes v] % Run:

4 ]137312

b [2) History using: |set run number ~ li KO E &

%=-0.00208333, y=0.885007

[ WARNING message 8101

[2013-02-15 173357

L JRILH.

423 shift

LO: Display

LO: Electrons and Photons
AL: Ecal Status Overview
CAL: Heal Status Overview
T:1- LO rates

T.2- HLT1 rates

T: 3- HLT2 rates

T: 4- System Info

T: 5- Mass plots

T 6- Online Conditions

T: 7- HLT Trigger Rates
Clusters

Error banks

CALO: Status

DU: page 1: Status Overview
MUON: Status

: Ch:Total Event Size

] MUON:1 Hits by ODE

i MUON:2 Timing

< : i ]

—Alarms from Automatic Analysis -

D Alarms 0 Warnings 98 archived
= archive

dcao

#-(IMUON

- (JHLT

QA{ least one VELO sensor shows too
=-@m
(3RIcH
cr

—Page Comments

Analysis alarm

Avrg. Occupancy vs. Sensor

Savesets/2012/LHCb/VeloDAQMon/11/12/VeloDAQMon-132114-20121112T014629-EOR.root

Occupancy/%
a

08
0.6
0.4

12fa0,
02

L 1 Il l

1 1 L | |

Entries——

r 1 U 1 l
00

40 60

i v

80

100
Sensor Number

&t least one VELO sensor has 0% occupancy. Please try a fast run change. If that does not fix it, or it re-occurs too frequently, call the VELO piguet. algorithm [i
CheckEmptyBins : Number of empty hins= 23

Created on Tue Aug 21 01:17:14 2012

Occured 44 times, solved 17 times, retriggered 16 times

Disappeared on Mon Nov 12 01:48:57 2012

1 editor canvas

JhistiSavesets/2012/LHCh/VeloDAGQMons1 1/12/VeloDAQMon-132114-20121112T014829-E0R root

%
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Verificar a
gualidade
dos dados
adquiridos
Comparar
com

referencia

Analise
automatica
(machine
learning)

49



o
= \"—~_
- e em— ) — -
o o .
2

7 ’

8 ,

primary vertex- e :
secondary vertex
i 5.4. 2010 1:30:09
VW Run 69618 Event 12484 bld 1786

u.

kaon



I Tipos de Interface Utilizador

[
=1
oAl
oA
ERuninfo
e
EmTFC

- ELT

- [lstorage

- EMonitoring

i+ IR econstruction
Caibration
[oer
EveLoA

4~ EOTA DAQ_FEE Tt

4 [EOTA_DAQ_FEE_T2

- EOTA DAQ_FEE_T
JTA_DAQ_TELLL

| EloTA_DAQ_TellORKContr
[Jota_Runinfo

4 EomaTRe

4ot HT

4 EJ0TA Storage

- [J0TA_Monikoring

[ brother
[servicebomains

1 L]

¥ View All Dwnors

| Alarm Screens and/or e
Message Displays S

| Monitoring Displays e
| Run Control & DCS Control

d Yellow: golden orbit from LH

~Beam Position Right IP8

09 cm radius 0.9 cm radius

13 LHCh: TOP

- state Auto Pilot Tiw O7-Fob 2013 19/11/12  PROTON PHYSICS  DAQ state
LHCD | 8 | 4 [T root Z Mon 06:22:40  STABLE BEAMS Running

Sub-System State Run Info
ocs [ 8 Run Number: Activity:
L) [ [136853 COLUSIONA =] Deferns|
q
LD [ | o Run Start Time: Trigger Config:
Runinfo o ame - [07-F ob-2013 09:37:45 [pA_2013
| L) Run Duration: Time Alignment:
o [ mws -y [o00:15:03 I~ TAE half window
i — N Nr. Events: Max Nr. Events:
sakilddeh [ . 15502054 I~ Run limited to [0 Even
Reconstruction \ 8

= l 1 Step Nr: To Go: Automated Run with Steps:
[o [0 I Step Run with [0 Steps

Vie

” Lo

H | READY -| 2
LO Rate: HLT Rate: Dead Time: g
Deferred HLT Info [ [ -100%
16
LHCh_Defortod | ot aLocareo - | “ .,
Runs/Fil 0/0 0| o i 0%
Processing:| |\ 4 CRC Ert
o 0% 100% 1 1o p s 8 1E+1 Data Err
Disk Usage:29% ]1 17192.04 Hz 558461 Hz 078 % 2
Efficiency | @ |  Trigger Rates | Data Destination: [Cii: Data Type: [[CNFROTONTT -]
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Messages:
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07-Fob-2013 05:03:42 - LHCh in state ACTIVE
07-Feb-2013 06:03:42 - LHCb In state RUNNING.

07-Feb-2013 06:26:21 - LHCh executing action CHA!

_RUN
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‘3_.) Conclusoes

I Os sistemas de Trigger e de Aquisicao de dados sao cada
vez mais complexos.

I Felizmente as exigéncias da industria (telecomunicacoes,
computadores, etc.) também evoluem e contribuem ao

desenvolvimento de novas tecnologias:

| Hardware: Fast ADCs, Field-Programmable Gate Arrays, Analog memories,
multi-core PCs, Networks, Helical scan recording, Data compression, Image
processing (GPUSs), ...

| Software: Distributed computing, Software development environments,
Supervisory systems, Data Analytics and Machine Learning techniques, ...

I Uma grande parte dos nossos sistemas podem agora ser
desenvolvidos usando componentes do comercio (os front-
ends terdo de continuar a ser personalizados)

I E’ essencial acompanharmos os progressos feitos pela
Industria.
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