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GRETA Science Program

GRETA (Gamma Ray Energy Essential Instrument for FRIB
Tracking Array) is a 4w tracking at MSU
detector which can reconstruct

the energy and 3d-position of |
gamma-ray interactions O
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The Detector Elements - HPGe Crystals

» The detector material is a high purity Ge

(HPGe) cooled to LN temperatures
Close pack 120 crystals in a sphere
around the target position to
» Large HPGe crystal (9cm long, 8cm maximize efficiency

diameter)

« Each crystal segmented - 6 longitudinal
and 6 azimuthal segments

* Produces 36 voxels

Schematic diagram of a

« Charge deposited in a voxel is hexagonal 36-way segmented \
collected on its corresponding segment HPGe detector N
pad .

Tiling a sphere with 120 crystals
— 4320 “effective” detectors
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Locating Where the Gamma-Ray Interacted

« Each point in the detector can be associated with a unique set of waveforms on
the detectors pads

* Likely to be multiple such interactions per segment - experiment sees a
superposition of these signals



The Inline Computation to Be Carried Out

» Generate a grid and simulate charge
collection on segment pads for unit charge
on each grid point (~250,000 grid points)

« Search linear combinations of these signals
to identify the positions which contributed to
the sum signal (Signal Decomposition)

 Current algorithm: adaptive grid search +
non-linear least square fit

* ~5 ms/ core/ event

Segment C5

Segment C3 Segment C2

Grid point on equi-sensitivity grid in x-y plane
(D. Radford, K. Lagergren)



Streaming / Processing on Interactive Timescales

« Experiments are of relatively short
duration (1-5 days)

* Frequent changes to complex
experimental setups and device
configurations

75~

 Need to debug / optimize setups
without resorting to detailed offline

analysis
 Require a streaming readout and . = g
significant inline processing with Projection of gamma-ray interaction

points from a collimated source derived
seconds of latency from trace data.



GRETA Experimental Requirements

«Computing scale set by the online signal processing requirement (signal decomposition
*480 k events / s (objective KPP - CD4A requirement)
*Implies 4 GB / s aggregate post FPGA processing - 8 kB / event (when compressed)

*Base calculation requires ~5 ms / signal decomposition - requires large, detector-specific, in-
memory simulation (~ 2 GB each)

*Each experiment can load the cluster differently*™ - up to 7:1 rate asymmetry in detector rates
Latency from electronics — online analysis is <10s

Implies:
*A mid-size cluster (several thousand cores needed to just keep up)

*A flexible way to allocate cluster resources to detector needs**

*Key issue:
*How to connect ~30 large FPGA's (Xilinx Ultrascale+) with 4800 FADC-fed signal processing
pipelines to computing resources to perform this calculation? (with a handful of people working
part-time, limited budget)




Network-based Architecture

Both computing and electronics components are interconnected by a high-speed
network (no explicit ‘bus-based’ interfaces)

Data from electronics boards as a stream of UDP packets

All computing components are networked Linux-based systems, software
deployed as containers with HT TP-based APls used throughout

Advantages:

« Standard components (Ethernet switches, commercial server and cluster
hardware, etc.)

« Standard software (nanomsg, docker, prometheus)
* No need to re-invent the wheel
« Significant productivity gains
« Ease future maintenance of the system




Pipeline-Based Network Architecture

Mode 3 Aggregate Mode 3 Mode 2 Interaction Point Aggregate Mode 2
Waveform Data, Waveform Data, Data + Mode 3 (debug) Interaction Point Data +
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) Event
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Cluster
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x30 Filter Boards x4 Forward 36 nodes,
Buffer Nodes 2560 cores, Time-ordered Mode 2 Prompt
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File: GRETA-Main-v43.vsdx

See ‘Simple and Scalable Streaming: The GRETA Data Pipeline, EPJ Web of Conferences 251, 04018 (2021)’



Key Pipeline Components

« Forward Buffer:

 Mediates communication
between the electronics
and computing cluster

« Allows electronics to be
free running and cluster
nodes to self-schedule

- Event Processing:
+ Locate interaction points

from waveforms (signal
decomposition)

- Each compute node

presents a number of job
slots which are assigned to
a specific detector

* Hybrid CPU/GPU

implementation

- Event Building:

- Aggregates events
according to timestamps
into global events

 Provides a tap for online
data monitoring

 Pipeline components transfer data via GAP (Greta Application Protocol) layer, based
on nanomsg - zero copy, low latency, excellent stability (https://nanomsg.org)

Transport and Physics aspects are well separated in the protocol -
simplifies application to other experiments / application domains
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https://nanomsg.org

Forward Buffers

» Forward buffer is central to GRETA’'s computing architecture

» Aggregates data from electronics, serves data for event processing:
 Allows electronics to be free running - have a simple ‘push’ interface using UDP
» Event processing containers can implement a ‘pull’ interface and self-schedule
« Fill state of forward buffer queues allows implementation of global flow control

Containers in signal decomp

cluster
| Forward buffer node (~10 GB) e
orwar urrer noae (~ e
| - — =
o —
i To global trigger - signal
| |_ before overflow < \
FPGA /filter boards

This architecture greatly simplifies the FPGA readout implementation; allows use
of standard networking/computing hardware and software tools
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Performance - KPP Test Results

 Test ran for an hour over which : X'~ Q14P1 Run2322 y'- Q14P1 Run2322
time 1.85 x 10° compressed

waveform messages were g " 8 -
processed - .
. Slr)gle file of 636 GB of interaction ¢ Q14P Run0643 - Q4P RuN0643
point messages was generated . -
« No events lost in signal g - g .
decomposition or transport S S -
through the pipeline:
e 1857633780 events at x-y projections: blue (GRETA - 10k events), red (GRETINA reference set)
forward buffer ingress, Stop
1 857633780 decomposed F(I;rlj\flfaerrd (SGtI?/Ir'tI') R(e((%qll\jl?l's)t (SC,;IC\)/IEI') Duration (s) Total Msg In Total Msg Out  Rate (Msg/s)
events |n flle n00 23:09:53 0:10:30 0:10:30 3637 463775188 463775188 127516
. n01 23:09:53 0:10:30 0:10:30 3637 465339834 465339834 127946
° Aggregate rate of 510725 Slgna| n02 23:09:53  0:10:30  0:10:31 3638 463581217 463581217 127427
I n03 23:09:53 0:10:30 0:10:30 3637 464937541 464937541 127835
decomDOSItIOHS / S - meets Aggregate 1857633780 1857633780 510725

objective KPP for computing
Statistics gathered from a one hour test utilizing event traffic
simulators and 4 forward buffers in KPP test 12



GRETA Commissioning Run, 5/26

@ Terminal+

File Edit View Search Terminal

G2Run81_27.root

h i G2Run81_28.root
thetaP I G2Run81_29. root
G2RunB1_3. root

G2Run81_30. root

G2Run81_31. root

G2RunB1_32. root

" G2Rung1_33. root

i Help ” ' R = 3 - ! | G2Run81_34. root

applications | Win€oX B € d % = ~itaess 4 G2Run81_35. root
G2RunB1_36. root
G2Rung1_37. root

Ing Array ContrOlS ; S '7 ; K . B —3 : I G2Run81_38. root

w x| signal Filter 80ards X
TTC Overvie

V GRETA User
; Dashid| GRETA Main X || GRETA L

e i | gammaRay Enerdy Tracki o

: 7 1 3 ¢ | _41.root
e s L70 ‘ o= Zrpe k- ] G2RunB1_41

G2Run81_39. root

< : . ntrol oaarle G2Run81_42. root
Reaback Satus | B v i Choose What | Share. Run Co! 25505 \userbase/e25508 ? ] o G2Run81_43. root
S | [ ExperimentName € e path to Data Jglobal 3 3 tuna1 3. ro
) decompGretaOn 2 - oDt G2Run81_45. root
T o 20 S 4 3 45,
osTme_Omei0RC \ scena Number of Files = e - g e
=R | conductor stae | Runng 295628GB : : : : :

Total Size of Files G2RunB1 5. root

13 mw || cer s 7
2

s Rl = . e A ! G2Run81_6. root
ok 10 10 Home » Dashboards > Pipeline Frun Pl L 2006-06-21 175502 ® - T : - G2Run81 7. root
2t 20260 { 4 ] G2Run81_8. root

Run Start Time 4 s 3 2Run1
s o e Elapsed Run Time 13440 St ; . == G2RunB1 9. root
e e query Run End Time - ~3 & -t 5 ~ G2Run82_46. root
= PToPlt | cCiEDRe ~ rn—r % e : :

G2Run82_47. root
root [1] drawFromMode2("G2ROOT.
File: G2RO0T/G2Run82_46.root

o] Run Control PR

o) Msgs Out 105 Rate

5000 Rates ————— i
e Alarm Thresholds

-->99.9757% doneFirst TS 12765:
621
i = AP 7 e LEDrateMin  LEDrateMax ~LEDrateAvg Min Max

Elapsed time:

Done (5761399 events).
| oMseg  15Hz 2255 Hz 74Hz o 0 root [2] drawFromMode2("G2R00T/

SFBSeg 14Hz 1814 Hz 67 Hz 0 0 File: G2RO0T/G2Run82 47.root t

DMCCl  525Hz 1058 Hz 706 Hz 300 2000

: : : : £->99.8417% doneFirst TS 126274
T | .V | : | | V : ke Giad
% 13 S a1l bMCC2 520z 2286 Hz 720 Hz 0 0 : v = T
om .
CCI:LEDrate’, 'DMO02:CC1:LEDrate’, 'DMOO3:CCL:LEDrate’, DMOOA:CC1:LEDral RIS T b i | ‘ V ‘ B
0 0
- w0 ww WO 8% 800 1810 : ", o - ' 5
- i = b - Post='n0T, nstances’ =" T Instance=“forward-buffer”, job="pipeline", serviceic [N 10m ha bt - u ‘ - » > V E EZROUT 'G2R1 =
r ” . X B : ~[[AWarni <
e ‘Smm s - i : : ‘ =] S , e > - L&ided ing in TCIassTahl ::
. SFBCC2 505Hz 2791 Hz 698 Hz o 0 i : ‘ : V V s nrl“trm:k i
B > : i 1 root [1] drawFromMode2(" .
‘ SFBCCI 431Hz 1025 Hz 675Hz 0 o ‘ T 0 - - ﬁ Eoz:gw(r
21 9 8 2 3 0 SFBCCA 498, 1019 Hz. 661 Hz. 0 ) ‘ PR e e
| = -5774% dor
WW\W Segment Activecount 3993 9243 :
: [T S— AAralysisWithTracking/ GRETA
VTrcking/GRET AAnatysis
3 3 evenﬂ!( Iba(ku cycle
3 TF ;. qg lcurrent cycly oo
i : 3 (hackap cyrre).
3 talVsX [current 10
KEY: THOF 3 = ey
v 3 oot 2] gaustop );:V = XtalVsX [backup cycle]
‘ » ‘ Info in d{amis lhk@d{lnvi»
Segment R i 7 5

= o created default Tcanvas with name c1
oot 4] gasstop-sorat)
oot 151 EvsTheta.Draw(“colz®)

_prospt 3
Evmm Drar o) " member reference type ‘TigF +-

is a pointer; did you nean to use *.>¢7

o0t (6] EvsTheta.: ->Draw(*col;

[In(raﬂvll\ll"l o0 1u

lqu\esm@yw : : finc m )| m\a(» failed: Duplicate definition of symbol -

9"\esm@yss N 2036 nsED“‘l‘;!s B : ] o o
52:

2M21_ROOT_Specialobjects8EvsThetat:
oot 110
21.63 =
oo ‘ f T270sme00 GRETAMMALYs1s) emacs PrintTrackGammat. ¢ g
lerawfordawe GRETANaLysis)s rod)

S e——

/




GRETA’s Local Computing Infrastructure

Display Output
(Operator) 120 digitizer modules
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File: GRETA-Main-v43.vsdx

1 configuration/
control host, 10G

1 configuration
database host, 10G

2x10G

36 cluster
nodes, 10G
1x100G

4x100G s
2%1G 1x100G

4 forward buffer

1x1G
1x10G nodes, 100G
1x1G
3 EPICS
servers, 10G
1 prompt analysis
host, 10G 1 systems data
storage system, 1 event builder
1 primary cluster 2x106 node, 100G
node, 10G
1 user data
storage system, 1 archiver
4x100G node, 100G

Can we offload some of
this complexity?
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Geographically Distributed Pipelines

» Changes in landscape:

« Advances in optical networks -100Gb local switched networks common-place,
>400Gb wide area networks (ESnet)

« HPC facilities provide unprecedented compute capability

* The Idea - Distribute pipeline components on multiple experimental and HPC
facilities

 Avoid the need for complex hardware and software deployments at experiments
- make it cheaper, faster

« Send events (not files) with seconds of total latency

» Make pipelines ‘composable’ across facilities so pipeline components can run
where resources are appropriate (compute, storage)

« Enables the application truly large computing resources to real time steering of
experiments
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GRETA/Deleria Project

e Goal:

 Demonstrate high-bandwidth, event-by-event readout with
significant inline processing at remote HPC facilities (OLCF/ORNL)
on interactive timescales.

« Basic idea is to "externalize’ GRETA's forward buffers - serve as
edge devices to national wide area networks

* Multi-area LDRD (Physical Sciences and Computing Sciences at
LBNL) in collaboration with staff at OLCF/ORNL

Deleria - Distributed event-level experimental readout & inline analysis

16



Testbeds we employ

« ACE IRI testbed (ORNL)
» Use the Defiant cluster (Frontier demonstrator)

» Use Slurm (via JANIS/DTNaaS) for container start, Greta/Deleria conductor for pipeline
config

* IRI ESnet testbed (LBNL)
* Nodes to run non-computational intensive pipeline components + high-performance storage

* Uses JANIS/DTNaaS for container management

 Established layer 2 connection between the two systems (currently 40 Gb/s, can be upgraded
to 100 Gb/s)

» Geographical separation allows us to test the impact of high-latency links (RTT = 110ms)

17



Testing/Optimization

» Utilize GRETA filter board simulators to replay experiment events into forward
buffers — OLCF for processing

» Use Deleria-decomp passthrough so we could model calculation latency.

ESnet Testbed (LBNL) ESnet Testbed (LBNL)

_—

Figc_er Eio:t':lrds FiJ;_er Eio?rds Event Storage
imulator imulator Builder Service

Berkeley Berkeley

Formare Fszvzfz:d\ . Currently at 35 Gb/s (to event
RTT = 110 ms Berkeley U builder), 7 Gb/s (to storage), 8

kB event sizes

~o0k events in-Hlight Decomposiior - Meets GRETA's design
at GRETA design custer requirement for bandwidth (32
rate © ACE IRI Testbed - Defiant Gb/s)

Cluster (OLCF/ORNL)
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Testing with Detectors

* During GRETA system assembly
at LBNL, we streamed source data
from the 3 instrumented quads
available from the 88 K-Area
through the ESnet testbed, to
ORNL for interaction position
reconstruction and back

* Plan a second test processing N .
source data collected at FRIB and o -
streamed to Defiant at ORNL with a |
full complement of GRETA quads | B I
(30) | 3 %906 2300 200 <100 0700 200 400 400 '

Data streamed from 3 quad detectors during GRETA
system assembly at LBNL to ORNL - subpanel shows
distribution of interaction points



Al Applications - PD4M

* Labelers are a software component running on a B
oba
machine local to the experiment or theory . Catalogs

calculation

AmSC APIs

PD4M Storage /
Labeler

« Act as a data ‘tap’

Storage /
Index

PD4M

-
Labeler
(Analysis)
o
Theory SDK Gheor)

Block diagram of PD4M showing experimental devices (GRETA,
Gammasphere) and theory codes (Frontier) with PD4M

i i« micai labelers, the theory SDK, data catalogs with the AMSC API.
* Project part of the DOE Genesis mission (DaPP) abelers, the fneory ata catalogs with the

20

* Associates labels with raw data and associated >

context (controls, experimenter annotations,
theory workflows)

» Labelled data / metadata formatted and stored
locally or streamed to AmSC resources



Relationship to Data Streaming

Experiment Side A Experiment Side B

- ldea is to have an “always on capability” - all zwe
data collected is used for future training or online
inference to control and analyze the experiment

- Labelers tap data stream at their source (at or
close to electronics subsystem)

- Labeler sees a duplicate of the experiment’s
data stream (GRETA - switch port mirroring,
Gammasphere - software mirroring)

- Designed to have minimal impact on experiment
operations

- For real time inference and feedback into s PD4M data tap
experiment performant data streaming is

GRETA network diagram showing PD4M taps on core data path
necessary J J g g
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Some Lessons Learned

 Important to build to a physics-based specification

* Multidisciplinary team is essential

* Orchestration problem was underestimated
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* Developed and deployed a streaming readout system for GRETA capable
of running at high rates with significant amounts on inline compute
operating on interactive timescales

» Software based forward buffers allow electronics to be free running while
cluster-based processing to self-schedule

* Demonstrated streaming pipeline can work over high-latency WAN links at
both high message rates and bandwidth enabling online remote
processing at HPC facilities

 Applying techniques to training and real time inference pipelines in
support of the Genesis mission
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 Eric Pouyoul, Eli Dart, Kiran Vasu, Ezra Kissel, Seyoung Yu -
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 Tin Ho, John White - Science IT group, LBNL
* Tynan Ford - Engineering division, LBNL
* Ross Miller - OLCF, ORNL

* Mario Cromaz - Nuclear Science Division, LBNL
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