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Why HEP-CCE?

HEP computing resource challenges
Notably 10x more data, 10x more complexity @ HL-LHC3
— need PetaFlops sustained per experiment
Project CPU and Storage resource shortage

orage [EB]

US long-term investment in HPCs

HEP-CCE
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Platform of choice for simulations, and, more recently,
data processing (light sources, LIGO, cosmology...)

Expect O(10) ExaFlops peak performance by 2026
— Challenging to run at 10% of peak

DOE would very much like HEP to partake
— Most of the cycles provided by accelerators
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Why HEP-CCE? “Extreme Heterogeneity” HEP-CCE

“A New Golden Age for Accelerators
Computer Architectures” Intel NVidia AMD FPGA | Other
(D- PatterSOn) o=210F| Intel Aurora Cori Tsukuba
Piz Daint
Tsukuba
MareNostrum . (Amazon Graviton2
AMD Perimutter Frontier . Google Cloud TPU
El Capitan Microsoft Azure
IBM Summit ».Intel DevCloud
Sierra
Opportunity to MareNostrum
bring HEP into Arm Wombat Astra*
the "HPC family” Fujitsu Fugaku

e Develop practical solutions to port hundreds of kernels, complex data models
e Collaborate with HPC community (including networking) on data intensive use cases
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What is HEP-CCE? HEP-CCE

Three-year (2020-2023) pilot project
four US labs, six experiments, ~12 FTE, ~30 collaborators https://www.anl.gov/hep-cce

1. Portable parallelization strategies
. exploit massive concurrency

. portability requirements l DOE |
HEP ASCR

2. Fine-grained 1/0O and related storage issues i
. new data models (zero-copying, SOA,...) kW(ER)L‘*mgt(P?fy) coppnss
. event batching (XPU offloading) 2 {De;g;;g;ﬁm] [<((()>,)]

3. Optimizing event generators _ —— -

4. Running complex workflows on HPCs EApE=a cogan
. main use case: cosmology surveys TechnicalTeams

Open collaboration
https://indico.fnal.gov/category/1053/
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https://indico.fnal.gov/category/1053/
https://www.anl.gov/hep-cce

CCE/PPS: Goals and Year 1 priorities HEP-CCE

Investigate a range of software portability solutions:

» Kokkos /Raja (. products are rapidly evolving R
« SYCL / dpc++ . we have some hope of seeing

« Alpaka the emergence of industry standards

« OpenMP / OpenACC \ atthe C++ language level )

Port a small number of HEP testbeds to each language
« Patatrack Pixel Tracking (CMS)
o WireCell Toolkit (DUNE)
e FastCaloSim (ATLAS)

Define a set of metrics to evaluate the ports, and apply them
« Ease of porting, performance, code impact, relevance, etc

Make recommendations to the experiments

« Must address needs of both LHC style workflows with many modules and many developers, and
smaller/simpler workflows
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https://indico.fnal.gov/event/46114/contributions/201011/attachments/137050/170710/20201105-CCE_PatatrackStatus.pdf
https://indico.fnal.gov/event/46114/contributions/201009/attachments/137052/170715/2020-11-05_all-hands_meeting_v2.0.pptx
https://indico.fnal.gov/event/46114/contributions/201010/attachments/137029/170704/2020.11.05_CCEPPS.pdf

CCE/PPS: Year 1 achievements oo Nov20porep oo 1ET-CCE

for details

CCEIPPS: Metrics: Evaluation of PPS Platform HEP-CCE
Ease of Ieamirng (experts and novices) and extent Address needs of all types of workflows i
of code modification « scaling with # kernels / application CCE/PPS: Software Support Overview e
i n 'ustom selector: Selec! devices
Code conversion + scaling with # developers (largetable soon! - ) based on driver
+ CPU - PPL/CUDA - PPL/PPL -~ PPL * compute vs memory bound -
isti Long-term sustainability and code stabilit
Impact on other existing code g Yy OpenMP Koki dpc++ . A i . B e
« Event Data Model * Support model of technologies = stability of Offload Okkos 1SYCL paka s o b
. i i i i implementation if underlying libraries (CUDA) cha 5 Context-sharing: When you create multiple
does it take over main(), does it affect the threading lying queues, even from the same device, a
< % 5 K qu evice, < [ Simplified data structures: In addition o
or execution model, etc * CUDA is going to be around for a long time, what ne b ext 93“(“’“‘"&::3‘:3:" thne. A)S virtual function calls, function pointers,
] : . - such, any buf fer (oral ted memory) ions, ..., the SYCL 2020 e
Impact on existing toolchain and build infrastructure the portabikly Solutions? . NVidia GPU Rl created from a given context wil be bound =3 R St et o A
p 8 « Long term support for technologies by vendors to that context (cf. CUDA contexts). I
+ do we need to recompile entire software stack? s 3
+ cmake / make transparencies Compilation time AMD GPU prototype” | wiampsSyct | L
Hardware mapping * separate builds for different architectures?
« current and future support Performance: CPU and GPU Intel GPU ot L 274-page ..t ! & & L) .r, \
* new architectures * degradation of CPU code? Momoryn{dsmwz‘l’g\ AR "B U m ths M .
N e now pal specificification, as w~ as _up r
Feature availability Validation CPU o o floating-point type atomic operations, leading to faster and
« reductions, kernel chaining, callbacks, etc ASSHETIES ; 1 iy . easier development (not so many private builds of intel/iivm).
. i Fortr b
concurrent kernel execution  compatibility with C++ standards an
Ease of Debuqqing Kernel function objects: Callables that are 0
FPGA =" i insantalod witin & command group Unit tests: Validation of host and device o
handler, a led directly vi geometries, ensure reproducible random D
ainglel p(c"| tvlmmg Iamhda . for numbers produced on different devices )
We are seeing rapid and ongoing development e D ettt

SYCL Performance

tests on an integrated Intel GPU (Iris Pro P580) w/ public dpcpp beta10
ansfer speeds are RAM—RAM so don’t count

Reasons for poor performance

FastCaloSim Kernel Timing Relative To CUDA ‘

- - * Kokkos port runs more kernels than the original CUDA pro¢ (> :’af,‘j,‘j‘j;,ﬁj;I’:;g‘;"i;efjg::\‘c‘jgz;:fnf""°W‘"€ We used Eigen’s fftw FFT backend to do this in the CPU version.
FastCaloSim Kokkos Kernel Timing Relative To CUDA . i o e e s
5 ® — Kokkos does not have team-wide parallel_scan() yet Wi /»« /m Wt S S e o R D oD
El ¥ . 1 r T, I o L, )a L = 5 9
HE * Currently calling a parallel_scan() for the entire league and p e e
T; N - mimic team-wide parallel_scan() M (wiwe) = Rlwiws) ® S(wr,wy)
b [=] o .
n‘; . 3 — Kokkos does not have a sort function callable from device = R
e . Wire pitch direction Ee "
. g * By default Kokkos: :View does not use any memory pool ]
s 2 — cudaMalloc()+cudaFree() are expensive (and synchronize) | | e desont . .
H ! Random Number Generation in
0 o= n;e * Only limited use of asynchronous execution - ’ p SYCL with cuRAND
g * No event-level concurrency s f )
3 I m p rove HEP-CCE All-Hands Meeting
» Induced current
longrongs laio Vincent R. Pascuzzi
S— Physics Division

reset simulate reduce copyd-h evert loop Lawrence Berkeley National Laboratory
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https://indico.fnal.gov/event/46114/timetable

CCE/IOS: Goals HEP-CCE

|OS will focus and concentrate effort on:

o Parallel serialization/de-serialization of HEP data models
= both single node and multi-node access patterns

o Persistable data representations tuned for HPC storage systems.
= Connection to PPS exploration of portable parallelization libraries
= can benefit from Write-Once/Read-Many HEP access models

o Accessing partial, partitioned or sub-event data blocks

= matched to specific algorithm consumption requirement
o Runtime memory mapping of data

m exploit batched, vectorized, and data parallel operations and transforms on
columnar data.

m taking into account CPU-XPU communication
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CCE/IOS: Year 1 Activities HEP-CCE

Darshan for ROOT 1/O in HEP workflows on HPC.

e ROOT I/O is central to all HEP experiments. Measurements of its performance on
HPC using tools like Darshan, could give valuable insights for possible
Improvements.

Investigate HDF5 as intermediate event storage for HPC processing

e In some workflows, such as the ATLAS EventService, temporary data is written to
ROQT files. Moving this data to a parallel file format such as HDF5 could be
beneficial.

Testing framework for understanding scalability and performance of HEP output
methods

e An ability to simulate HEP output of specific data products (e.g., RECO, AOD,
miniAOD) in different scenarios prepares us for deeper analysis of intermediate data
storage options.
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CCE/IOS: Year 1 Achievements

|

attributes

offset or size.
Different options explored

in collaboration with SCIDAC-4
HEPonHPC and HEPnOS projects

|

Testing Framework Purpose

» Mimic the characteristics of a HEP data processing framework

* Use ROOT C++ object serialization concurrently
« Allow each serialized Event to be compressed concurrently

« Similar multi-threaded behavior
« Similar I/O behavior
+ Should reasonably behave like CMS, ATLAS anc

+ Easily try different I/O implementations
» Choose what to use via command line argument

» Experiment agnostic
+ With ability to read actual experiment ROOT files
» ROOT will dynamically load serialization/deserializ:

* Make it easier to perform performance me
* 1/O performance
+ threaded scaling performance

There is no direct mapping to HDF5 way of organizing

e map a subrun/lumi to a group and add lumi and ru

e map each data product to multiple data sets; first «
product itself, and the second dataset for event ID

700

& &

Event Throughput (Ev/sec)
@
8

200

WOFS out.hs" {
GROUP */* {
GROUP “Lumt”
ATTRIBUTE “lusisec” {
DATATYPE  HST_STO_I32LE
DATASPACE  SCALAR

Mapping HEP data to HDF5  ..""

DATATYPE  HST_STO_I32LE
DATASPACE  SCALAR

3
DATASET "BranchListIndexes” {
DATATYPE  HST_STD_ISLE
DATASPACE SIMPLE { ( 162 ) / ( HSS_UNLIMITED ) }

}
DATASET "BranchlistIndexes_sz” {
DATATYPE  HST_STD_UBALE
DATASPACE SIMPLE { ( 10 ) /  HSS_UNLIMITED ) }

}
DATASET "EventAuxiliary” {
DATATYPE  HST_STO_IBLE
DATASPACE SIMPLE { ( 1215 ) / ( HSS_UNLIMITED ) }

}
DATASET "EventAuxiliary.sz" {
DATATYPE  HST_STD_UBSLE
DATASPACE  SIMPLE { ( 10 ) / ( HSS_UNLIMITED ) }

}
DATASET "EventProductProvenance” {
DATATYPE  HST_STD_ISLE
DATASPACE SIMPLE { ( 378 ) / ( HSS_UNLIMITED ) }

}
DATASET "EventProductProvenance_sz" {
DATATYPE  HST STD_UIB0LE
DATASPACE  SIMPLE { ( 10 ) / ( HSS_UNLIMITED ) }

3
DATASET "EventSelections” {

DATATYPE  WST_STD_ISLE

DATASPACE SIMPLE { ( 369 ) / ( HSS_UNLIMITED ) }
}

e read and write performance will depend on access patterns

e
<

8 16 24 32
Number of Threads/Concurrent Events

o i DUNE workflow /O analysis

HEP-CCE

Darshan analysis of ATLAS 1/O

PO —

Equal numbers of reads/seeks, reads mostly sized at O(10s
of KB), I/O noticeably less sequential than write phase

CMS workflow 1/O: Step 4 final output

110 volume (MB)

Step
1

Similar in nature to CMS workflow pattern described prev
detector simulation + reconstruction)

File Count Summary
(estimated by POSIX 1/0 access offsets)

Preliminary Darshan results

—

1/0 performance (MB/sec)

370

880

- =g

> Similar dependence on technologies like cvmfs, XRootD, etc.

10,200

q
y 850 50
7 I e G
2 3 s

Optimization
opportunities?

2400

¥ 75 150
Step Step Step

Some open questions:

Write activity to cvmfs,

which is read-only?

DUNE output files not

currently captured by

Darshan?

for standard reconstruction of type | nuaber of fles | avg, sze | max size 1.
ProtoDUNE-SP raw data on Rt o I
DUNE interactive machines witc-only files 3| 7K 8K 2.
. read/write files 10 791M 7.7G
> Raw inputs read from  created files 13 eoM| 776
NFS for these tests Data Transfer Per Filesystem (POSIX and STDIO)
(rather than traditional File System e s LT E—
AReciBreaaliG of auta i T e e | oo s
y /evmfs/larsoft.opensciencegrid.org | 0. . .43 .953
> Run 5 events (input file UNRROWN TIA635 022877 0.00000 | 0.00000
i /grid/fermiapp 0.00000 | 0.00000 0.00000 | 0.00000
contains O(100) events)
0.00000 000000 0.00000 000000
[ /dune/data 006373 | 009952 [ 0.00000 | 0.00000 ]
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CCE/EG: Event Generators HEP-CCE
Why improve event generators?

-Event generation might consume more resources at HL-LHC that we currently extrapolate
-Generators code generally not well written =» scaling issues even on HTC resources, never mind HPC

Building on previous improvements
-Parallelized Pythia particle-level event generation
-Improved performance of Sherpa, particularly 1/O (HDF5)

-Novel integrator using Neural Networks and Normalizing Flows

CCE plans

-Complete rewrite of matrix-element generator for CPUs & GPUs
-Paradigm shift from “best of scaling” to “best for computation”
-Exploration of different frameworks (low-level, Kokkos, ... )
-Alternatively try to revive existing implementations (HELAS/MG)
-Coordinate with HSF and worldwide effort

BERKELEY LAB

Bringing Science Solutions to the World
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CCE/CW: Complex Workflows HEP-CCE
Why complex workflows?

-Workflows enable representation and execution of analyses composed of heterogeneous components
-Single node codes, multi-node MPI applications, scripts, binaries, glue code, etc.
-HPC systems and environments are not designed for such workloads

-Millions of tasks, diverse and varying requirements (cores, duration, CPU/GPU), co-scheduling
and dynamic sizing

» CCE plans

-Support development and use of workflows within target domains
-Apply a modular, interoperable, and inclusive approach
-Leverage/combine components from existing workflow systems
-Democratize access to advanced workflow capabilities and reduce overheads on small collaborations

-Enable use of accelerators, heterogeneous hardware, without knowledge of low-level
programming

-R&D related to portability, scalability, performance, and reproducibility

BERKELEY LAB
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HEP-CCE

Year 2 Priorities

PPS
Added use cases:
e CMS track follower/fitter: math-intensive kernel

e ACTS: experiment-independent end-to-end tracking package
New activity: Event Batching

e in collaboration with IOS

|OS
New activity: Data Model and storage for CPU/XPU communication

o Cross-educate on ASCR and HEP activities
m awkwardarray, dataframes, ATLAS/CMS columnar AODs

EG
e Madgraph port to CUDA/Kokkos in collaboration with Madgraph team.

Offce o Argonne & BRookHmwEN 2 Earmilab
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https://github.com/acts-project/acts

Outlook HEP-CCE

PPS and I0S have made significant progress in Year 1

Project presented in multiple venues and conferences with positive feedback

e very good interactions with experiments and tool developers
o Will target vVCHEP next.

Ramping up effort (big challenge these days!)

e recruiting more developers from the experiments and DOE/ASCR experts
e several hires of postdocs and summer students

Very hopeful that there will be a significant impact on the experiments

e HEP-CCE will produce strategies tested on prototypes
o Production-level implementations will require direct experiment involvement.

entor | Office of :
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HEP-CCE

Thanks!

https://www.anl.gov/hep-cce

pcalafiura@lbl.gov
©ENERGY <. Argonne & srookunuen 3= Fermilab Bl serkeLEY Las



https://www.anl.gov/hep-cce

Cast of Characters
PPS

- Taylor Childers (ANL)
-Mark Dewing (ANL)
-Zhihua Dong (BNL)

-Oli Gutsche (FNAL)
-Michael Kirby (FNAL)
-Matti Kortelainen (FNAL)
-Kyle Knopfel (FNAL)
-Charles Leggett (LBNL)
-Meifeng Lin (BNL)
-Vincent Pascuzzi (LBNL)
-Peter Nugent (LBNL)
-Liz Sexton-Kennedy (FNAL)
-Yunsong Wang (LBNL)
-Sam Williams (LBNL)
-Haiwang Yu (BNL)

HEP-CCE
10S

-Peter van Gemmeren (ANL)
-Rob Ross (ANL)

-Doug Benjamin (ANL)
-Suren Byna (LBNL)

4 )
not official list; taken

from those who call

into weekly meetings
\_ J

-Philippe Canal (FNAL)
-Matthieu Dorier (FNAL)
-Chris Jones (FNAL)
-Kenneth Herner (FNAL),
- Patrick Gartung (FNAL).

-Rob Latham (ANL)

-Liz Sexton-Kennedy (FNAL)
-Saba Sherish (FNAL)
-Shane Snyder (ANL)

- Torre Wenaus (BNL)

-Jakob Blomer (CERN)
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CCE/PPS: Software Support Chart

NVidia GPU

AMD GPU

Intel GPU

CPU

Fortran

FPGA

OpenMP
Offload

Kokkos

dpc++
/| SYCL

HIP

CUDA

Alpaka

HEP-CCE

Supported

Not Supported

Platform support still a moving target: Charles Leggett updates this chart often!
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Metrics for Evaluation of PPS Platform HEP-CCE

Ease of learning (experts and novices) and extent of
code modification

Code conversion
. CPU —- PPL/ CUDA — PPL/PPL — PPL

Impact on other existing code
- Event Data Model
- does it take over main(), does it affect the threading or

execution model, etc
Impact on existing toolchain and build infrastructure
- do we need to recompile entire software stack?
- cmake / make transparencies

Hardware mapping
- current and future support
- new architectures

Feature availability
- reductions, kernel chaining, callbacks, etc
- concurrent kernel execution

Ease of Debugging

Address needs of all types of workflows
- scaling with # kernels / application
- scaling with # developers
- compute vs memory bound

Long-term sustainability and code stability

- Support model of technologies =» stability of implementation
if underlying libraries (CUDA) change

- CUDA is going to be around for a long time, what about the
portability solutions?

- Long term support for technologies by vendors

Compilation time

- separate builds for different architectures?

Performance: CPU and GPU
- degradation of CPU code?

Validation

Aesthetics
- compatibility with C++ standards

“” U.S. DEPARTMENT OF Office of
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CCE/PPS: CMS Patatrack Pixel Tracking

HEP-CCE

Goal is demonstrate that part of the CMS HLT Pixel local reconstruction can be efficiently offloaded to a GPU

-reconstruct pixel-based tracks and vertices on the GPU
-leverage existing support in CMSSW for threads and on-demand
reconstruction

-minimize data transfer

Copy the raw data to the GPU

Run multiple kernels to perform the various steps
-decode the pixel raw data
-cluster the pixel hits (SoA)
-form hit doublets
-form hit quadruplets (or ntuplets) with a Cellular automaton
algorithm — clean up duplicates

Take advantage of the GPU computing power to improve physics
fit the track parameters (Riemann fit, broken line fit) and apply quality cuts
-reconstruct vertices

‘ raw data {

“' pixel tracks |
(SoA)

R B
‘ pixel tracks
(legacy) |

‘ pixel vertices

(SoA) _

/ \

‘ pixel vertices
(legacy)

' raw data ’

’ digis ‘
;

\ clusters l
/

’ doublets ’

‘ quadruplets ’

%

’ ' pixel tracks i

%

I pixel verticesl

Copy only the final results back to the host (optimised SoA) CPU GPU
-convert to legacy format if requested
© ENERGY T Argonne & Brooknrven 3% Earmilab BBl serkeLEy LaB
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CCE/PPS: Wire-Cell Toolkit HEP-CCE

Much of DUNE software is based on LArSoft, which is single-threaded and has high memory
usage.

Wire-Cell Toolkit (WCT) is a new standalone C++ software package for Liquid Argon Time
Projection Chamber (TPC) simulation, signal processing, reconstruction and visualization.

- Written in modern C++ (c++17 standard)
-Follows data flow programming paradigm

- Supports both single-threaded and multi-threaded execution with the choice determined by user
configuration.

- MT graph execution supports pipelining, more than one "event" may be in flight through the flow graph.
-Runs from stand-alone command line program or from a LArSoft module.

WCT includes central elements for DUNE data analysis, such as signal and noise simulation,
noise filtering and signal processing

-CPU intensive; currently deployed in production jobs for MicroBooNE and ProtoDUNE
-Some algorithms may be suited for GPU acceleration

Preliminary CUDA port of the signal processing and simulation modules show promising
© ENERGY oo Argonne & BrookunueN 3t Farmilab
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CCE/PPS: ATLAS FastCaloSim HEP-CCE

Calorimeter-dominated

ATLAS Calorimeter simulation measures the energy
deposition of O(1000) particles after each collision

Full detailed simulation uses Geant4
-very slow due to complex LAr Geometry

Fast calorimeter simulation uses parametrization
less accurate, but much faster than Geant4

FastCaloSimV2: a relatively self-contained code base forfact ATI AS
parametrized calorimeter simulation restiaasin Ronmazsd Temigs

@® EventLoop @ GPU ChainB Total Job

BNL group has already created a CUDA port
-modify/flatten data structures (eg Geometry) to

tim rmalized to 1 job
§ v,

offload to GPU
-multi-stage CUDA kernels to generate histograms S S N N S N
-current efficiency hampered by small work sizes concarentobs

fAeedtouse articles or i ;
O ENERGY T ® G HEDS srooknnuen 2& Formilab BBl sereeLEy Lag
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Kokkos provides portability via various
backends: OpenMP, CUDA, (tbb), etc

Single source C++, standard dependent on
backend (nvcc limits to C++14) Kokkos Abstractions

Abstractions usually provided via C++
header libraries
-parallel_for, reduction, scans

Data interaction via Kokkos::Views<...>
-explicit memory movement Under
-memory space selected via policy In Production Development
-impact on C++ code

Execution is bound to an Execution Space
-device backend must be selected at

DENERGY oo Argonne & BrROOKHAVEN 2% Formilab B BerkeLEy LaB
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SYCL / dpc++ HEP-CCE

SYCL 1.2.1 plus Intel extensions (some of which are from SYCL 2.X)
Single source C++ (understands C++17)
Explicit memory transfers not needed
-builds a DAG of kernel/data dependencies, transfers data when needed on device

Executes on all platforms (or at least will "soon")
-including CPU, GPU, FPGA
-selectable at runtime (mostly)
-complex ecosystem

Intel wants to push into llvm main branch

-OneAPI to become an open specification

Long term OpenCL IR layer in question: Intel is replacing it with "LevelZero"
-OpenCL 1.2 standard is too limiting

Concurrent kernels don't work, for ANY backend (and won't for the foreseeable future)

-except CPU, where you can get 2 threads/core concurrently

© ENERGY ™= Argonne & Brookunven 2= Farmilab BB serkeLey LAB
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SYCL Ecosystem HEP-CCE

dpc++
Intel
OneAPI

SPIR/SPI

Intel OpenCL Drivers POCL Drivers N\;'di CUDA Drivers

Int Xe Ot GR

el FP her ROCm Drivers
GP GA CP AMD

Y Y GPU

2l BERKELEY LAB

Bringing Science Solutions to the World
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Alpaka

Single source C++ kernels, standard limited by backend
Platform decided at compile time

CUDA like, multidimensional set of threads
-grid / block / thread / element

Maps abstraction model to desired acceleration

back ends

Data agnostic memory model:

-allocates memory for you, but needs directives for
hardware mapping

-same AP for allocating on host and device

Uses templates for a "Zero Overhead Abstraction Layer”

Straightforward porting of CUDA kernels using cupla
-only include and kernel calls need to be changed

HEP-CCE

On Chip RAM
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