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CMS Level-1 trigger system

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0 m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
— Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
- Silicon strips ~16m? ~137,000 channels

i = FORWARD CALORIMETER
Vo =K ~ Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Plastic scintillator ~7,000 channels

* Level-1 trigger system:

e Selects 100 kHz of interesting events from 40MHz pp collisions

* Fixed latency: Decision within 3.8 us, whilst full-resolution data held in
pipeline memories

* |[nput: coarse data from calorimeters & muon detectors
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Level-1 trigger upgrade

* 2015: LHC restarts after Long Shutdown 1

* Higher energy & luminosity; trigger efficiency must remain same / improve

 Trigger upgrade from 2015 (partial) to 2016 (full)

%

s

e 2016 trigger system:
eca | [ owe | HCAL ’CSCHits‘ ’RPCHits‘ %’ @I-E]
energy energy energy L J J CuOF
N ]
¥ ¥
\AA f I )
- S C
| L2
Calo S E—
Q — |
Q/ Layer-2 CPPF TwinM
O Calo |
/)‘ v v v V—l v Y
% [ DeMux ] [ DeMux ] d-cap overlap barrel
track track track
@/( finder | finder finder
L St
j_ icr
'[ uo

e 8 subsystems — different algorithms & scales
e O(100) boards, O(3000) links

5 different designs of processor boards
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Online software requirements

* Aim: Control & monitor electronics, with high operational efficiency

GUI: “configure”

button \
Message OV@/

network
(SOAP RPC)

Read parameters
from database

Configure
programmable logic

Monitoring phase

T Yes

No

06/06/2016
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Online software requirements

 Aim: Control & monitor electronics, with high operational efficiency

Reliable & predictable, ALWAYS!
Two operation modes:

- Entire system

- Per subsystem, independently
Monitoring phase

GUI: “configure” T Ves
button \
Read parameters Configure
from database programmable logic
Message oveL " e varty o
(SOAP RPC) clocking many registers, No
readout on many boards
energy thresholds
etc
< Alert shift crew | <

Must diagnose & fix problems quickly
=> GUI with details

06/06/2016 Tom Williams — |IEEE Real Time 2016 5



Online software requirements

* Aim: Control & monitor electronics, with high operational efficiency

Read monitoring
> registers

Wait n l

seconds
A
L Monitoring
Good state

lError/waming

Alert shift crew
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Online software requirements

* Aim: Control & monitor electronics, with high operational efficiency
Reliable & predictable, ALWAYS!

Read monitoring

—> registers Archiving of monitoring data in database
Wait n l I - | Write to DB
seconds
A o Wait n’ l
L Monitoring seconds
Good state
Error/warning L—
l Yes
Alert shift crew Nol
GUIs: enough info to Alert shift crew
quickly diagnose & fix Critical info  Non-critical info
Small volume Larger volume
Fix problems Must not interfere with
Immediatel critical services
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Even more online software requirements

 Commissioning: Rapidly adapt software
* Operational needs & experience: Continually evolve
e Short commissioning time: No bugs/regressions!

e Common interfaces: Test-able without hardware

* Development & maintenance:
* Minimise the person power

* Maintainable lifetime: several years

* Existing libraries: Mustn't reinvent the wheel ...

* £E.g. XDAQ & Trigger Supervisor — provide building blocks for
distributed control & monitoring

e ... and try to keep developers sane!
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Common processor model

e Fach subsystem’s data-processing nodes ...
 are all AMCs following the MicroTCA specification

 transmit/receive the trigger data on high-speed serial optical links

* implement the processing logic in an FPGA (Virtex 6/7 series)

y Y
Optical
] TTC
>|| Input
| Algorithm
> O“tPUt:|'< Readout

~ Clock
TTC

»DAQ

06/06/2016
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Common system model

e Each subsystem:

* One or more processor boards, in MicroTCA crates
* One "AMC13” board in each crate:

« Common CMS board; provides clock, timing & DAQ services via backplane

—————————————————————

System A : i System B i

Trigger Control & Distribution System Data AcQuisition network
clock & fixed-latency commands Sink for readout data
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SWATCH framework (1)

« SWATCH: SoftWare for Automating the conTrol of Common
Hardware

* Design based on common processor/system models
e Abstract C++ interfaces for controlling & monitoring hardware
e Specialisation through inheritance

e Subsystem-agnostic description of hardware

e E£.g. locations & names of processors, optical I/O ports & AMC13s;
Interconnections

* Factory pattern for creating instances of subsystem-specific classes

* Tricky tasks — e.g. thread-safety & multi-threading —
implemented within generic AP

06/06/2016 Tom Williams — |IEEE Real Time 2016 11



SWATCH framework (2)

* Generic interfaces for controlling individual boards:
« Command — stateless action; basic building block
* Sequence of Commands
* Finite State Machine (FSM) — stateful actions

* Gatekeeper — abstract pool of configuration parameters
* Independent of source of the parameter values (file, database ...)

» Generic interfaces for monitoring individual boards:
* Metric — individual piece of monitoring data, read from hardware

* Error/warning conditions

* Monitorable object

e Create multi-level trees of monitoring information

06/06/2016 Tom Willlams — |IEEE Real Time 2016
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Distributed control & monitoring

* Level-1 Function Manager (L1FM):

o Gateway from top-level CMS run control

Y
Hardware

» Retrieve parameters from DB

. Y L1 FM
e java application
» Central cell: [
» Coordinates multiple subsystems Cir;tlll'al query Da;?ok))(z;se
« SWATCH cell: I )
« One per trigger subsystem S O N C D
. '"|Subsystem| | TCDS I
» Contains a SWATCH system el cell W :: e
» Generic implementations of services: ! |, & X( /\/
« Network-controllable “run control” FSM | &[5 batabase |
ole proxy |
» Publish monitoring state : |
| l
! |

e Common DB schema L - - ——— = - h

e Control/monitoring GUIs
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Generic GUIs

» Subsystem-agnostic SWATCH API;

e Access to common & subsystem-specific control/monitoring primitives

e Could develop detailed subsystem-agnostic GUIs:
e Significantly reduced required person power
e Uniform interface for operation personnel!

= CALOL2 SWATCH Ceoll ) Control Panels ) SWATCH Commands (@)

xw

Scloct abjoct type: Sclect command: Sclect device:
> Defown cRlol2-Demux AWGTs MNP0
Calol2: :NalrProcessor AUMAIGNNGTs NP
62 Opeaticas swalch-amot 3-AMC 1 3Manager cagture NP2
cigOVFormatiar NP3
* Control Parels cigharFormater NPY
Aot cigRxihMors L
SWATOM Omd Sequences et ——
SWAT O Cormvrands SELECT ALL SELECT NONE
SWATCH Log apecton
SWAT O Masxng ang Owsadies Parameters
SWATCH Metrcs Load from GamiKenper:
SWATCH Montonng e e (£ nun commano
SWATCH Setp :
SWATDH Setup (0kd miertace) ey
SWATCH Suan mathwes agply
SWATH System styte machres
) otamag
a Monitorng polarty
Peoers Last ypciiond: 203506
co Otject Status :'mm Progress Mcasage Result
MON
Configure Rx MGTS completsd: R0, R02, R, R4,
RS, Rl 08, FR0B, R0 12, Rt Fate,
Rx'5, leG. Rx18 Rl!9, RﬁO 1, Ra22, Ra23, R24,
va0 o TR PG, R0, A7, PR, R, Rt Rt Rk, R, Rl
Rx45, Reds, Rt Red® RSO RS2, RxS3, RxSa,
ass, M Futd, Fate, Fa 0,
Conki

o
; 88
gfZ8s ZRIERILs
g

|

g
g
&
z

=
o
H
=
=
>
Ry

5
:

i
B

i
£
i’

hJ
-
"
N 5]
»
191-5
o -
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N
-
5
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Generic GUIs

» Subsystem-agnostic SWATCH API:

e Access to common & subsystem-specific control/monitoring primitives
e Could develop detailed subsystem-agnostic GUIs:

e Significantly reduced required person power
e Uniform interface for operation personnel!

Q System
8o Opernations y

§2D11-28

SWATCH Crdt Sequances
SWATCH Commands

I
S EEEEERERE e
SWATCH Log Inapacece SEEEEERERERE uE
SEEEEERERR e
SWATCH Mastnd and Disebied EEEEEEERE ul & —_————
el iinainan
SWATCH Monitoring
SWATCH Setup
SWATCH Setup (old intarface)
SWATCH State machines
SWATCH System state machnes
23 VMcekoring
D v
()
D8 Processor ID Slot Status algo readout tic inputPorts outputPorts
MON
MPO 1
MP1 2
MP2 3
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Generic GUIs

» Subsystem-agnostic SWATCH API;

e Access to common & subsystem-specific control/monitoring primitives
e Could develop detailed subsystem-agnostic GUIs:

e Significantly reduced required person power
e Uniform interface for operation personnel!

= CALOL2 SWATCH Cell > Control Panels ) SWATCH Monitoring

Irpat Pocts
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

T SEEEEESEEEEEEEEENEEES SEESEEESSEEEEEEEEEEES

&:Nmﬂﬂﬂ nﬂ.lpm ﬂlll;n:ﬂnﬂ

DEMUX

Input Port

S S EESEEEENEEEEEEES

- 2 R B

u - 2 2 B

Outout Ports

uuuuuuu

Input Port Details

Moniorng: Enabled

MPO v

Port ID Status Monitoriag Maskod alignCycle alignErroes aligeBx packetCountor crefirrors isAigned isLocked

Fx00 Enabled False ®° ®° 0 3498 O s ®° 0 true 0 tree

R0 Enablod False o e 0 405 0 255 ®° 0 true 0 tree

P02 Enabled False ®° ®° ) 3495 O =5 ®° 0 true o tree

-
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Commissioning: Did we survive?

e Short integration phase:

« 25th February: New system used as CMS trigger (no beams)
e 1st time online software integrated into global “run control” hierarchy

e 25th March: Trigger on “splashes” (beam commissioning)

* High operational efficiency of software, despite various new
features, e.Q:

e Transition from file-based configuration to database
* Major migration of GUIs to HTML5-based libraries (Polymer)

e Success critically depended on design of SWATCH:
e Large fraction of software is common
« Common SWATCH plugins used wherever common firmware is used
« Extensive hardware-independent testing

06/06/2016 Tom Williams — |IEEE Real Time 2016 17



ONclusions

» Successfully controlled & monitored
upgrade system since February

« SWATCH API based on detailed
common model of hardware & firmware

* Flexible & reliable approach

* [ncrease Iin uniformity & fraction of
common software across subsystems

—————————————————————

]

Optical

Y

Input

A

YY

| E—

Output

Algorithm

A

Clock

TTC

TTC

Readout

»>DAQ

@

=  CALOL2 SWATCH Cell ) Control Panels ) SWATCH Monitoring

38 Commenss
= CALOL2 SWATCH Cell ) Control Panels ) SWATCH Commands o calol2 system overview [E
> it
Commands Cyetn %
£ Seloct object type: Beiect command: Seiect device: og Operations Systemn s
> Ostwn calo2-Demux AgWGTs (L)
calon2: MairProcessor AMAIGNGTs P W Control Paneis NP .
43 Opetiens Swaton amet 3 AMC 1 3Manager cagn P2 S2D11-29 WpotPorts
- About SEEEEEEE D
P Conwol Paness o SWATCH Cendt Saquances a
wes SWATCH Commands LU L
SWATCH Cmd Sequences - SWATCH Log Inspecace e
SWATCH Commants SELECTALL || SELECT NONE SWATCH Masied and Disadied
SWATCH Loxg Wsgrectir SWATCH Matrics
SWATCH Masang s Dusadies Parameters SWATCH Montoring
SWATCH Metres Lod from Gamieaper:
" [ nun commano SWATCH Setup
SWATCH Momtoring DEMUX
SWATCH Beap SWATCH Satup (old intrface) t Ports
SWATCH Setup (oid miertace) SWATCH State machines T
SWATCH Sute machinss ot SWATCH System state machines — -
SWATOH Sysiem state machews. T
0 ovrg &3 Vonkoring Outout Ports
&3 Vonorng polarty D11 v T
R st upiond. 203505 -4~ Peers
oo Otgect Status Susning Progress Message o8 Processor ID Slot Status algo readout th
woN MON
Gostigute Ru UGS comcle MPO 1 |
RS, An 7, Ru8, 3
Rt 5, Rxl, Fxct7, R, B Input Port Details
a2, a8, 27, P2, MP1 2 G
e 0360+ 5 105, R, 137, R,
Rxd5, Rt Rnd . M:
RS, RiSh, s, RS, 0 v
ks, R, a7, P, A MP2 3 9
Configure Rix MGTH completed -
RS, RxDS, RxD7, R8, RS, Rt R, Port ID Status Monitoriag
x5, A1, T a1, 20, M2, Rz, Pz, s,
- a0t 5, R, 27, B, R, R, R, Ria2, ok, Rk,
: 100% Rx)5, R, Rxd?, R38Rk, Rndd), Red 1, Rnk2, Rxdd, Reds, P00 Enabled
Rk, Rud, Rd?, Rudt, RudS, RS0, RS, RS2, Rk, RSe,
RS, R, a7, PSR, R, R, A2, R, R,
Pt R, Fus7, R R, F70. Rt | RO Enabled
Configure Rx MGTs complessd: R0, R, Rx02, R0, Rid4,
oS, Maln, Ma0?, P08, FaOS, Mt Matd, a2, Ma), faoid, P2 Crabled

)

alignCycle alignErrom
0 0
0 0
0 °

aligeBx packetCountor
3495 s
3495 2355
3495 55

crefrrors isligned
o true
0 true
0 true
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BACKUP: Legacy trigger system

» _evel-1 trigger before 2015: A
° Severa| Subsystems Global Trigger TnggerControl System

° 0(4000) prO(?eSSOr boarqS. Global Muon Tngg.er\(;k)mmm;nmeterﬁigger
custom application-specific I I
designs / \;\

TrackDIJ;nderI:—1Trach;<SF(|:nder Regional Calorimeter Trigger
T T RPC I
Local Local | LLM9ger
DT Trigger CSC Trigger ‘ Trigger Primitive Generators
T T T T T
DT CSC RPC ECAL HCAL HF
Muon Trigger Calorimeter Trigger

e Controlled and monitored by
medium-sized distributed system

* Approx. 40 computers, 200 processes
e Small fraction of online software common between subsystems

* High long-term maintenance costs & risk of losing critical knowledge
through turnover of developers
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BACKUP: Integrating drivers into SWATCH

* Low-level driver software — libraries performing individual
register reads/writes
* Independent of SWATCH for most boards

« SWATCH “plugin” libraries implement corresponding SWATCH commands
& monitorable objects

* Upgraded trigger uses common hardware & firmware
 £E.g. AMC13, common infrastructural firmware blocks (TTC, DAQ, optical I/O)
 One common “SWATCH” plugin for each common component

e Greatly reduced commissioning time
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