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A few notes
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• CEBAF is running; users are collecting data


• Please wear your name badge at all times


- Receptionists in the buildings will know to let you in


• This is a public event at a DOE facility


- Please stay in the public areas of the campus


- All information to be presented or discussed must meet DOE standards for public 
release and no information will be presented or discussed that is proprietary or 
protected from release by statue, regulation, DOE policy.



The surroundings
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Breakfast+Lunch:

  JLab Cafeteria

Shops in Tech Center

LiDL



CEBAF Center @ JLab
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CC meeting locations
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Meeting room: L102 & Cafeteria

L102





LQCD ASCR/NP SciDAC-5
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• Argonne:


- Prasanna Balaprakash


- Robert Latham


- Yong Zhao

• Brookhaven:


- Swagato Mukherjee

• JLab


- Jie Chen


- Robert Edwards


- Eloy Romero


- Frank Winter

• Lawrence Berkeley


- Aydin Buluc (& Oguz Selvitopi)


- Sherry Li

• Los Alamos


- Boram Yoon  ->


- Tanmoy Bhattacharya (& Jun-Sik Yo)

Fundamental nuclear physics at the exascale and beyond

• MIT:


- Saman Amarasinghe


- Will Detmold


- Andrew Pochinsky


- Phiala Shanahan

• Oak Ridge:


- Balint Joo

• William & Mary:


- Kostas Orginos


- Andreas Stathopoulos



Publicity and useful repositories
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GitHub:  https://github.com/LQCDSciDAC Website: https://lqcdscida.github.io



Organized around science goals
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• Hadron spectroscopy


- CLAS12 & GlueX @ JLab


• Hadron structure


- JLab & future EIC @ BNL


• Partonic structure of nuclei


- JLab & Future EIC, future DUNE (FNAL) & HyperK (Japan)


• Extreme matter - quark gluon plasma


- RHIC @ BNL and CERN

Science areas recognized in the 2015 NSAC Long Range Plan



Lattice QCD Calculation Workflow
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Gauge Generation Analysis Contractions Physics 
Result

Gauge Configurations Propagators

• Core computational unit is solution of Dirac equation - large sparse linear system


• Gauge Generation:  Few independent chains. Strong scaling challenge


- Carried out on leadership computing facilities


• Analysis: Propagator Calculations


- Many independent solves, throughput challenge


• Contractions: Correlation Function Construction


- Most cost effective on capacity/midrange systems, tho LCFs can also be used

Correlation Functions



Challenges in LQCD workflow
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Gauge Generation Analysis Contractions Physics 
Result

Gauge Configurations Propagators Correlation Functions

• Gauge Generation:  


- Critical slowing down (autocorrelations increase as lattice spacing decreases)


• Analysis: 


- Require much higher statistical precision


• Contractions: 


- Cost/Complexity rapidly increases for many-body systems



Project development directions
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Gauge Generation Analysis Contractions Physics 
Result

Gauge Configurations Propagators Correlation Functions

• Gauge Generation:  


- Critical slowing down (autocorrelations increase as lattice spacing decreases)


- Machine-learning based Markov chain updating


• Analysis: 


- Require much higher statistical precision


- Hierarchial integration - combine gauge and analysis 


• Contractions: 


- Cost/Complexity rapidly increases for many-body systems


- Improved: graph contractions + factorization + sparse representations


• Improved software support & application readiness



How to produce gauge fields?

• Hamilton’s equations - 1st order coupled differential eqns.

• Each integration step:  sparse-matrix solve of Dirac eq. (small # RHS)

• Strong scaling challenge


• Limitations

– Must be “reversible”

– No adaptive time steps

– Symplectic integrators



Metropolis updating via Hybrid Monte Carlo

• Use Molecular Dynamics (MD) to generate proposals to Metropolis


• Global acceptance  expect step-size to be driven by number of sites→

(U1, p1)
(U2, p2) (U′￼2, p′￼(refresh)

2 ) (U3, p3) (U′￼3, p′￼(refresh)
3 ) (U4, p4)

Metropolis 

accept/reject { }U2

Metropolis 

accept/reject { }U3

Metropolis 

accept/reject { }U4

…MD MD MD



Metropolis updating via Hybrid Monte Carlo

• Use Molecular Dynamics (MD) to generate proposals to Metropolis


• Global acceptance  expect step-size to be driven by number of sites


• Multi-time-scale symplectic integrators improve scaling

• Force terms ~ inverse Dirac operator ~ near zero eigenmodes drive physics

→

(U1, p1)
(U2, p2) (U′￼2, p′￼(refresh)

2 ) (U3, p3) (U′￼3, p′￼(refresh)
3 ) (U4, p4)

Metropolis 

accept/reject { }U2

Metropolis 

accept/reject { }U3

Metropolis 

accept/reject { }U4

…MD MD MD



Accelerating QCD gauge generation on GPUs
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• ~10.2x wallclock speed-up on Summit using 8x fewer GPUs than Titan: 
~82x improvement in computational efficiency


• Allows previously unaffordable calculations

Collaboration involving ASCR support and Industry partners
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Partial resolution to critical slowing down

• During integration - solving linear systems

• Multigrid eliminates critical slowing down (ill-conditioning) in the solvers!

• Can use preconditioning techniques - cancellation of force terms


• Mitigates large condition number in solver

(U1, p1)
(U2, p2) (U′￼2, p′￼(refresh)

2 ) (U3, p3) (U′￼3, p′￼(refresh)
3 ) (U4, p4)

Metropolis 

accept/reject { }U2

Metropolis 

accept/reject { }U3

Metropolis 

accept/reject { }U4

…MD MD MD

All sounds good so far…



Major goal - eliminate critical slowing down

• Small lattice spacing is goal

• Using Molecular Dynamics (MD) to generate proposals to Metropolis

• But not all modes of system evolve at same rate - large autocorrelation time

• Radical solution - use ML methods to “learn” underlying probability distribution

• Does it scale?

0 20000 40000 60000 80000 100000
Markov chain step

°4
°2

0
2
4

Q

HMC

HB

Flow

1 2 3 4 5 6 7

Ø

1

10

100

1000

10000

ø int
Q

HMC

HB

Flow

▶︎ ▶︎

x

<latexit sha1_base64="E+xWb622b2P97o+CO1oWwc/7ors=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOjRjQQ=</latexit>

.P 0
µ⌫(x) = h(Pµ⌫(x)|I(x))

<latexit sha1_base64="DBylEEDfzo3DYBu0qWIyU0bKL9E="></latexit>

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎  
active update

 
passive update

 
frozen

 
frozen

Pµ⌫(x̃)!P 0
µ⌫(x̃)

<latexit sha1_base64="eFTEK2In5BMi3LUacylswlCGLdU="></latexit>

Pµ⌫

<latexit sha1_base64="Y7kkpTrXLbIQqVI7A8hA2q2PWPY="></latexit>

P 0
µ⌫

<latexit sha1_base64="DIXcVMM3Omrg2/3UExYXRLIQ9R8="></latexit>

p(Pµ⌫)

<latexit sha1_base64="3oCAe8IV962EFfVNr95O1Z3g1Yw=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiJexKRI9BLx4jmAdklzA7mU2GzM6u8wiEJd/hxYMiXv0Yb/6Nk2QPmljQUFR1090Vppwp7brfztr6xubWdmGnuLu3f3BYOjpuqcRIQpsk4YnshFhRzgRtaqY57aSS4jjktB2O7mZ+e0ylYol41JOUBjEeCBYxgrWVgrTS6GV+bHxhphe9UtmtunOgVeLlpAw5Gr3Sl99PiImp0IRjpbqem+ogw1Izwum06BtFU0xGeEC7lgocUxVk86On6NwqfRQl0pbQaK7+nshwrNQkDm1njPVQLXsz8T+va3R0E2RMpEZTQRaLIsORTtAsAdRnkhLNJ5ZgIpm9FZEhlphom1PRhuAtv7xKWpdVr1a9eqiV67d5HAU4hTOogAfXUId7aEATCDzBM7zCmzN2Xpx352PRuubkMyfwB87nD3aDkek=</latexit>

p(P 0
µ⌫)

<latexit sha1_base64="BowzmUHmI2UKPaa1E8ysKu3BQbI=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRaxXsquVPRY9OKxgv2A7lqyadqGJtklySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzwpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dpo4SRWiDRDxS7RBrypmkDcMMp+1YUSxCTlvh6Gbqtx6p0iyS92Yc00DggWR9RrCx0kNcrp92U18kvkwmZ91iya24M6Bl4mWkBBnq3eKX34tIIqg0hGOtO54bmyDFyjDC6aTgJ5rGmIzwgHYslVhQHaSzqyfoxCo91I+ULWnQTP09kWKh9ViEtlNgM9SL3lT8z+skpn8VpEzGiaGSzBf1E45MhKYRoB5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSPK941crFXbVUu87iyMMRHEMZPLiEGtxCHRpAQMEzvMKb8+S8OO/Ox7w152Qzh/AHzucP2QmSGg==</latexit>

x̃

<latexit sha1_base64="OFJrA71Ci/6WdL5JRreK70NNIqQ=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRi8cK9kPaUDababt0Nwm7E7GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZAiggaKFBCO9HAVCChFYxupn7rEbQRcXSP4wR8xQaR6AvO0EoPXRQyhOxp0itX3Ko7A10mXk4qJEe9V/7qhjFPFUTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNmALjZ7ODJ/TEKiHtx9pWhHSm/p7ImDJmrALbqRgOzaI3Ff/zOin2r/xMREmKEPH5on4qKcZ0+j0NhQaOcmwJ41rYWykfMs042oxKNgRv8eVl0jyreufVi7vzSu06j6NIjsgxOSUeuSQ1ckvqpEE4UeSZvJI3RzsvzrvzMW8tOPnMIfkD5/MHRfWQug==</latexit>

I1(x)

<latexit sha1_base64="fuXW4UdBbqziWNdm7tEPIs3Ex+s=">AAACGHicbVBLS8NAGNzUV62vqEcvwSJUkJi0jdZb0YveKtgHtKFsttt26ebB7kYsIT/Di3/FiwdFvPbmv3GTRtDqwMIwM9/ut+MElHBhGJ9Kbml5ZXUtv17Y2Nza3lF391rcDxnCTeRTn3UcyDElHm4KIijuBAxD16G47UyuEr99jxknvncnpgG2XTjyyJAgKKTUV0+jXnpJl40cOzJ0I8WJoVtnF1Y5IZWaVbEq8U3fLD0cx321+B3S/hIzI0WQodFXZ72Bj0IXewJRyHnXNAJhR5AJgiiOC72Q4wCiCRzhrqQedDG3o3SnWDuSykAb+kweT2ip+nMigi7nU9eRSReKMV/0EvE/rxuKYc2OiBeEAnto/tAwpJrwtaQlbUAYRoJOJYGIEbmrhsaQQSRklwVZgrn45b+kVdbNqm7dVov1y6yOPDgAh6AETHAO6uAaNEATIPAInsEreFOelBflXfmYR3NKNrMPfkGZfQFgbpuR</latexit>

I2(x)

<latexit sha1_base64="LziJcPGNo/1vM3u28HnfrtaVVCM=">AAACGHicbVBLS8NAGNzUV62vqEcvwSJUkJq0jdZb0YveKtgHpCFsttt26ebB7kYsoT/Di3/FiwdFvPbmv3GTRtDqwMIwM9/ut+OGlHCh659Kbml5ZXUtv17Y2Nza3lF399o8iBjCLRTQgHVdyDElPm4JIijuhgxDz6W4446vEr9zjxkngX8nJiG2PTj0yYAgKKTkqKdxL73EYkPXjvWynuJEL5tnF2YlIdW6WTWr0xunUno4njpq8Tuk/SVGRoogQ9NRZ71+gCIP+wJRyLll6KGwY8gEQRRPC72I4xCiMRxiS1IfepjbcbrTVDuSSl8bBEweX2ip+nMihh7nE8+VSQ+KEV/0EvE/z4rEoG7HxA8jgX00f2gQUU0EWtKS1icMI0EnkkDEiNxVQyPIIBKyy4IswVj88l/SrpSNWtm8rRUbl1kdeXAADkEJGOAcNMA1aIIWQOARPINX8KY8KS/Ku/Ixj+aUbGYf/IIy+wJh9puS</latexit>

P 0
µ⌫(x̃)=Pµ⌫(x̃)Uµ(x)U

0†
µ (x)

<latexit sha1_base64="uiG51YXhpXbqpv/pPFiL56pdzO8="></latexit>

U 0
µ(x)=P 0

µ⌫(x)P
†
µ⌫(x)Uµ(x)

<latexit sha1_base64="B08+pW96tbXW1+Rn9kgeI4ZsXWY="></latexit>

Pµ⌫(x)!P 0
µ⌫(x)

<latexit sha1_base64="lzU07WQ24cJ/cdE+FcsR1MjmAVc="></latexit>

Comparison MD, heat-bath, ML flow method Reduced autocorrelation times

2-D toy model with gauge fields
arXiv:2003.06413



SciDAC-5: tasks - ML
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• ML (Shanahan)

- Generative flow (Shanahan)


- Preconditioning (Balaprakash, Shanahan)


- Autotuning (Balaprakash, Detmold)


- Collaborations with ANL, BNL, MIT



Hierarchial HMC

• Usual HMC updates entire lattice (U fields) in each MD trajectory

(U1, p1)
(U2, p2) (U′￼2, p′￼(refresh)

2 ) (U3, p3) (U′￼3, p′￼(refresh)
3 ) (U4, p4)

Metropolis 

accept/reject { }U2

Metropolis 

accept/reject { }U3

Metropolis 

accept/reject { }U4

…

MD MD MD

• Instead, decompose correlation functions into factors localized to sub-domains

• Integrate subdomains independently

• Increases the effective number of statistical samples



SciDAC-5: tasks - HMC
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• Hierarchial HMC (Orginos)

- Need to consider the type of correlation functions & fermion actions


- Clover (Orginos, Detmold)


- Staggered and Domain Wall (Mukherjee)


- Collaborations with JLab, W&M, ORNL, MIT, ANL, BNL



Algorithms for Measurements
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• Distillation  (arXiv:0905.2160)


- Low-dimensional representation of particles 


- Represent as quark line graphs


- O(100K- 1M) graphs, O(100K-1M) Dirac solves


- Supports reuse of propagators


• Generically, requires tensor contractions


• Techniques:


- Equivalent graph identification


- Dijkstra’s method - optimal walk through space 
of evaluation order


• Challenge - large ranked objects (think proton, 
deuteron, etc…)

Foundation for LQCD calculations - all on a single gauge field

I=1/2  K*π   arXiv:1406.4158 



QCD for nuclei
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• Quarks need to be tied together in all possible way


• Manage using algorithmic trickery - still significant graph contractions


• TACO @ MIT (c.f. TCE, Cyclops)  http://tensor-compiler.org  


- general purpose tensor contraction compiler framework


- target to QCD specific problems (sparsity patterns, …)


- Allows for exploration of methodology

Limitations:  needs load balancing, flop minimization, data movement…

http://tensor-compiler.org


SciDAC-5: tasks - “Analysis” (Contractions)
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• Analysis (Detmold)

- Multinode contractions (Chen)


- Determinant ordering & blocking (Buluc, Detmold)


- Sparsity and compression (Amarsinghe, Detmold)


- Collaborations with JLab, LBNL, MIT



SciDAC-5: tasks - Software

25

• Software (Edwards)

- Chroma/domains (Winter) - hadron structure


- Qlua/domains (Pochinsky) - many-body


- Preconditioning [ILU] (Li)


- Preconditioning [Schwarz] (Stathopoulos)


- Tiramisu compiler support (Amarasinghe)


- Staggered and Domain-Wall porting (Mukherjee)


- Storage and I/O (Latham, Romero)


- Collaborations with JLab, WM, LBNL, ORNL, ANL, MIT, BNL, LANL



SciDAC-5: tasks
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• Hierarchial HMC (Orginos)


- Clover (Orginos, Detmold)


- Staggered and Domain Wall (Mukherjee)


- Collaborations with JLab, W&M, ORNL, MIT, ANL, BNL


• ML (Shanahan)


- Generative flow (Shanahan)


- Preconditioning (Balaprakash, Shanahan)


- Autotuning (Balaprakash, Detmold)


- Collaborations with ANL, BNL, MIT


• Analysis (Detmold)


- Multinode contractions (Chen)


- Determinant ordering (Buluc, Detmold)


- Sparsity and compression (Amarasinghe, Detmold)


- Collaborations with JLab, LBNL, MIT


• Software (Edwards)


- Chroma/domains (Winter) + Qlua/domains (Pochinsky)


- Preconditioning (Li, Stathopoulos)


- Tiramisu (Amarasinghe)


- Staggered and Domain-Wall (Mukherjee)


- Storage and I/O (Latham, Romero)


- Collaborations with JLab, WM, LBNL, ORNL, ANL, MIT, BNL, LANL



Timeline
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Structure of meeting
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• Ordering of talks, and subjects constrained by human schedules/availability


• Goal - speak to milestones in proposal


• Thursday


- Graphs and contraction techniques


• Jie Chen, Aydin Buluc, Ryan Abbot, Andrew Pochinsky


- High performance storage


• Robert Latham


- Group dinner this evening - aiming for 6pm @ “Aago” (Warrick Blvd)


• Friday


- ML


• Phiala Shanahan, Prasanna Balaprakash


- HMC


• Dennis Bollweg, Kostas Orginos, Eloy Romero


- Software


• Andreas Stathopoulos, Sherry Li, Frank Winter, Teo Collin, Balint Joo


- Discussion/organization of efforts



