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General introduction

Hadrons



High-level lattice QCD workflow

• Gauge field generation: MCMC sampler, on supercomputer, using HPC lattice library 

• Observable calculation: process gauge fields into observable samples, typically QFT 
correlation functions; on supercomputer 

• Data analysis: statistical data analysis of observables, on laptop/workstation 

• Hadrons aims at solving the observable calculation step
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Main problems to solve

• MCMC sampler is quite homogeneous in terms of workflows 

• Observable calculation varies very much across the field 

• However: elementary steps are similar 
(e.g. quark propagator calculations, Feynman diagram contractions, etc…) 

• Similar low-level steps, heterogeneous high-level structure 
 
                   Good application for dataflow programming paradigm 
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Dataflow programming

• A calculation is a graph off elementary steps (modules or nodes) 

• A modules take inputs and generate outputs 

• Inputs are generated by other modules etc… 

• Initial modules have no inputs, final modules have no outputs 

• Data flows between computation steps 

• Module design is independent from complexity of high-level calculation
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Language and dependencies

General design of Hadrons

• Hadrons is a GPL v2 open-source C++14 library 
🔗 https://github.com/aportelli/hadrons 

• It is built as a high-level extension of the Grid library 
🔗 https://github.com/paboyle/Grid 

• Grid is a multi-platform HPC lattice library supporting 
x86, ARM, AMD/NVIDIA/Intel GPUs 

• Hadrons use Grid API for low-level operations 

• Documentation https://aportelli.github.io/Hadrons-doc 
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Modules

General design of Hadrons

• The Environment is a global object container 

• Objects are identified by strings and can have 
any C++ type 

• Modules are arbitrary Grid routines that  

1. (maybe) read inputs from the environment 

2. Do some processing 

3. (maybe) store outputs in the environment
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Module graph overview

General design of Hadrons
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Real module graph

General design of Hadrons
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Global containers: Environment
General design of Hadrons

• The environment class is implemented using a singleton pattern 

• It can be accessed anywhere with 

• It can be accessed within a module with  

• It stores grids and objects, they can be created using the functions above, or the 
convenience macros from Module.hpp (look for all                             )  

• Memory management is automatic (I’ll come to this in a few slides) 

• Object can have standard/temporary/cache scope
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Environment::getInstance()

env()

#define env… 



Global containers: VirtualMachine
General design of Hadrons

• Also a singleton (access with                                                                   and           ) 

• Stores the modules themselves 

• Stores dependency graphs for modules and objects 

• Can execute a module graph 

• At a high-level, it is unlikely you need to directly interact with it
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VirtualMachine::getInstance() vm()



Application class

General design of Hadrons

• The Application class is a high-level API  
to create a workflow with modules 

• Handles interactions with the VM, including: 

- Inserting modules in the graph 

- Running the application 

• Applications created using an XML or C++ API 

• C++ API strongly recommended for production
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    Application              application; 
                                              
    // global parameters 
    Application::GlobalPar globalPar; 
    globalPar.trajCounter.start             = 1500; 
    globalPar.trajCounter.end               = 1520; 
    globalPar.trajCounter.step              = 20; 
    application.setPar(globalPar); 

    // gauge field 
    application.createModule<MGauge::Unit>(“gauge"); 

    // sources 
    MSource::Z2::Par z2Par; 
    z2Par.tA = 0; 
    z2Par.tB = 0; 
    application.createModule<MSource::Z2>("z2", z2Par); 
    MSource::Point::Par ptPar; 
    ptPar.position = "0 0 0 0"; 
    application.createModule<MSource::Point>("pt", ptPar); 

    // sink 
    MSink::Point::Par sinkPar; 
    sinkPar.mom = "0 0 0"; 
    application.createModule<MSink::ScalarPoint>("sink", sinkPar); 
    application.createModule<MSink::SMatPoint>("sinkMat", sinkPar); 

    // ... 

    // execution 
    application.saveParameterFile("spectrum.xml"); 
    application.run(); 



Module execution sequence

• All modules derive from ModuleBase 

• The setup virtual function deals with memory 
allocations and small parameter parsing 

• The execute virtual function do the actual physics 
calculation 

• execute is always ran after setup 

• After the execution step, garbage collection is done 
(this is done automatically, see next slide)
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Module dependencies

• Modules can overload getInput() and getOutput() 

• Both functions just return a vector of strings with the inputs/outputs names 

• More advanced: getObjectDependencies() setup dependencies between objects 
(e.g. if an output own a reference on an input) 

• When the graph is complete, all inputs must be the outputs of modules 

• Outputs do not need to be inputs 

• The dependencies ignore types, a type error would potentially happen in execute
14



Module parameters

• Module parameters are provided as a Grid 
serialisable class 

• This is a template argument of Module 

• Anywhere in the module, runtime parameters 
can be accessed through  

• Parameters are provided through the C++/XML 
API when the module is created
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class PointPar: Serializable 
{ 
public: 
    GRID_SERIALIZABLE_CLASS_MEMBERS(PointPar, 
                                    std::string, position); 
}; 

template <typename FImpl> 
class TPoint: public Module<PointPar> 
{ 
    // ... 
}; 

// in the module code one can use par().position  
// to get the string above 

par()



Execution scheduling

Scheduling

• Assuming the graph is acyclic, scheduling is done 
through a topological sort 

• This is standard, however in general many schedules  
are possible (factorial growth) 

• Two modes 

- Naive scheduler: modules scheduled in the order they 
were inserted in the application 

- Genetic scheduler: a genetic algorithm try to find a 
schedule minimising the maximum memory occupancy
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Garbage collection scheduling

Scheduling

• After each module execution 

1. Any object with temporary scope is destroyed 

2. Any object which is  
      a) not the input of a future module  
      b) not the dependency of any required object 
is destroyed 

• Things can get complicated, the log says explicitly what is destroyed 

• The debug log will dump the whole garbage collection schedule
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Database support

• Hadrons supports  cataloguing informations in SQLite databases 

• Three databases 

• Application DB: module graph and parameters 

• Stat DB: realtime run statistics 

• Result DB: result file catalogue (user-defined) 

• See Test_hadrons_spectrum for an usage example of the result DB 

• Data analysis crawling through a file tree is fragile, use databases!
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Integrated profiling

• At the of a run the application will 
automatically return an ordered list of the 
heaviest modules by names and types 

• Steps in a module can also be profiled using 
the startTimer/stopTimer functions 

• This is zero-overhead ad-hoc profiling 

• In most cases it will get you 90% of the way 
to optimal code, think about it before using 
complicated third-party profilers
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for (unsigned int step = 1; step <= par().steps; step++) { 
    flowt += evolve.epsilon; 
    LOG(Message) << "Step " << step << " (tau = "<< flowt << ")" << std::endl; 
    startTimer("evolution"); 
    evolve.evolve_gauge(Uwf); 
    stopTimer("evolution"); 
    if (step % par().meas_interval == 0) { 
        LOG(Message) << "Compute observables" << std::endl; 
        startTimer("observables"); 
        evolve.gauge_status(Uwf,result,flowt); 
        stopTimer("observables"); 
    } 
}

................ Module type breakdown 
                        Grid::Hadrons::MFermion::GaugeProp: 5.788e+04 s (58.4%) 
                       Grid::Hadrons::MFermion::ZGaugeProp: 3.196e+04 s (32.2%) 
                         Grid::Hadrons::MFermion::EMLepton: 3327 s (3.4%) 
                 Grid::Hadrons::MContraction::WardIdentity: 1774 s (1.8%) 
        Grid::Hadrons::MIO::LoadCoarseFermionEigenPack250F: 1652 s (1.7%) 
            Grid::Hadrons::MContraction::WeakMesonDecayKl2: 1517 s (1.5%) 
                        Grid::Hadrons::MContraction::Meson: 536.9 s (0.5%) 
                               Grid::Hadrons::MSink::Smear: 323.8 s (0.3%) 
                         Grid::Hadrons::MSource::SeqAslash: 80.95 s (0.1%) 
                         Grid::Hadrons::MAction::ScaledDWF: 34.77 s (0.0%)

module type profile in log

custom timers for profiling within a module



Showcase
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We present the first ab initio calculation at physical quark masses of scattering amplitudes describing the
lightest pseudoscalar mesons interacting via the strong force in the vector channel. Using lattice quantum
chromodynamics, we postdict the defining parameters for two short-lived resonances, the ρð770Þ and
K#ð892Þ, which manifest as complex energy poles in ππ and Kπ scattering amplitudes, respectively.
The calculation proceeds by first computing the finite-volume energy spectrum of the two-hadron systems
and then determining the amplitudes from the energies using the Lüscher formalism. The error budget
includes a data-driven systematic error, obtained by scanning possible fit ranges and fit models to extract
the spectrum from Euclidean correlators, as well as the scattering amplitudes from the latter. The final
results, obtained by analytically continuing multiple parametrizations into the complex energy plane, are
Mρ¼796ð5Þð50ÞMeV, Γρ ¼ 192ð10Þð31Þ MeV, MK# ¼ 893ð2Þð54Þ MeV, and ΓK# ¼ 51ð2Þð11Þ MeV,
where the subscript indicates the resonance and M and Γ stand for the mass and width, respectively, and
where the first bracket indicates the statistical and the second bracket the systematic uncertainty.

DOI: 10.1103/PhysRevLett.134.111901

Introduction—Over the past decade, precision has
become increasingly crucial in particle-physics investiga-
tions of deviations between theory and experiment. In this
vein, it is essential to reliably incorporate the strong force,
defined by the theory of quantum chromodynamics (QCD),
in all such predictions. In particular, resonances such as the
ρð770Þ andK#ð892Þ play an important role in the search for
new physics beyond the standard model, because their
detailed properties affect a wide range of observables, from
the anomalous magnetic moment of the muon [1] to heavy
flavor weak decays that could reveal new CP-violating
physics [2].
This Letter presents a state-of-the-art calculation of the

properties of the aforementioned two resonances, each of
which is clearly visible in experimental cross sections of
their corresponding decay products: ππ → ρð770Þ → ππ
(isospin I¼1) and Kπ→K#ð892Þ→Kπ (isospin I¼1=2)
[3–6]. More precisely, such cross sections are used to

extract partial-wave projected scattering amplitudes, where
the resonances can be unambiguously characterized as
poles in the complex energy plane. In this Letter, we
extract the same partial-wave amplitudes and poles from a
first-principles computation in the framework of lattice
QCD. The only inputs are the QCD Lagrangian and the
masses of pions and kaons as well as the omega baryon
mass to set the fundamental energy scale of the theory.
In lattice QCD, the path integral defining the theory is

evaluated numerically using Monte Carlo importance
sampling. This is feasible only when the theory is defined
in a discretized finite volume, with imaginary (Euclidean)
time. As a result, all extracted correlation functions carry
these modifications. As we detail in the following, it is
possible to reliably extract finite-volume energies from
such correlators which, while still depending on the lattice
spacing and finite volume, do not carry any effects of the
metric signature. In a second step, following the seminal
work of Lüscher and its many extensions [7–18], these
finite-volume energies can be related to the ππ → ππ and
Kπ → Kπ partial-wave amplitudes.
A number of previous works have applied this Letter

flow to investigate both the ρð770Þ [19–33] and the
K#ð829Þ [26,34–39]. The calculation presented here is
the first to directly use a physical implementation of the
light and strange quark masses, in the definition of both
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• 5 year projects 

• Many thousands of modules 

• 100s of TB of intermediate products 

• Ran the same application in parallel 
on both a CPU and a GPU system 

Image credit: Nelson Lachini (DiRAC Science Highlight)



How to get started

• Module documentation: https://aportelli.github.io/Hadrons-doc  

• Read simple module code (e.g. sources or actions) 

• Read examples in the tests folder 

• A C++ application template is available in the application-template folder
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Future features

• The Grid serialisation is rigid and bound to C++ code 

- Overhaul of the serialisation in Hadrons as a separate library: Scribe 

- Will support schemas, HDF5 & JSON, Python binding, etc… 

• The genetic scheduler does not currently scale for large workflows 

- The main issue is the memory counting 

- Will be overhauled with a parallel algorithm based on freeing priority 

• Jet GUI: cf. Ryan’s talk now
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