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Imaging



High precision imaging

• Very Large Array Telescope
• Cygnus A galaxy

• Data 
• 500MB size
• 1M data points per frequency
• 512 channels (4-8 GHz)

• Image
• 15GB size
• 2560 x 1536 x 512 channels
• 0.06 arcsec spatial resolution
• 8MHz spectal resolution



Low frequencies

• Dirty image (low resolution original)



Low frequencies

• CLEAN reconstruction



CLEAN

• Greedy non-linear deconvolution
• Iteratively searching for atoms to be included in the 

solution. 
• Matching pursuit algorithm with greedy selection
• Not easily parallel to large scale
• Requires full data sets in single or small number of 

nodes
• Suited to point sources

• SARA is Convex Optimisation algorithm
• Sparsity-aware models for compressive sensing
• Sparse representation in pre-defined set of dictionaries
• Iterative reconstruction approach



Low frequencies

• SARA reconstruction



High frequencies

• Original dirty image



High frequencies

• CLEAN reconstruction



High frequencies

• SARA reconstruction



Left lobe





Science discoveries

• Second black hole identified at 8.4GHz 
• (Perley et al.2017)



• Also visible at 6.6GHz for SARA 



Meerkat – SKA precursor



SARA algorithm



Distributed memory parallelisation



Primal Dual



Parallel Primal Dual

• Five stage parallelisation possibilities
• Shared memory for individual loops

• Distribute wavelets (image data)

• Distribute measurement operator (visibility data)
• Distribute channels (frequencies)

• Distribute blocks within a frequency (time blocks)

• Split blocks



Parallel Primal Dual

• Data distribution



Distributions







Domain decomposition

• Balanced and adaptable domain decomposition 
key for performance
• Different simulations have

• Different channel numbers

• Different blocks per channel

• Different visibilities per block

• Current simulations have
• Larger images than visibilities

• Cygnus A -> 0.5 GB visibilities to 15 GB image

• Future simulations will have
• Much larger visibilities than images

• SKA -> 1TB visibilities to 1-10GB image



Implementation

• C++ framework 
• Templated implementation

• Enables different operators and algorithms to be used

• Two levels of functionality
• Core algorithmic functions: psi

• Application of algorithms: puri-psi



Primal Dual – solver
template <class SCALAR> void PrimalDual<SCALAR>::iteration_step(t_Vector &out, t_Vector &residual, t_Vector &s, t_Vector &v, t_Vector &x_bar) const {

t_Vector prev_sol = out;

t_Vector prev_s = s;

t_Vector prev_v = v;

auto const l2ball_proximal = proximal::L2Ball<Scalar>(l2ball_epsilon());

// v_t = v_t-1 + Phi*x_bar - l2ball_prox(v_t-1 + Phi*x_bar)

t_Vector temp = v + (Phi() * x_bar);

t_Vector v_prox = l2ball_proximal(0, temp-target()) + target();

v = temp - v_prox;

// s_t = s_t-1 + Psi_dagger * x_bar_t-1 - l1norm_prox(s_t-1 + Psi_dagger * x_bar_t-1)

t_Vector temp2 = s + (Psi().adjoint() * x_bar);

t_Vector s_prox;

proximal::l1_norm(s_prox, kappa()/sigma1(), temp2);

s = temp2 - s_prox;

//x_t = positive orth projection(x_t-1 - tau * (sigma1 * Psi * s + sigma2 * Phi dagger * v)) 

out = prev_sol - tau()*(Psi()*s*sigma1() + Phi().adjoint()*v*sigma2());

if(positivity_constraint()){

out = sopt::positive_quadrant(out);

}

x_bar = 2*out - prev_sol;

residual = Phi() * out - target();

}



Primal Dual – solver convergence

std::pair<Real, Real> objectives{sopt::l1_norm(Psi().adjoint() * out, l1_weights), 0}; 

for(; niters < itermax(); ++niters) {

iteration_step(out, residual, s, v, x_bar);

objectives.second = objectives.first;

objectives.first = sopt::l1_norm(Psi().adjoint() * out, l1_weights);

t_real const relative_objective = std::abs(objectives.first - objectives.second) / 
objectives.first;

auto const residual_norm = sopt::l2_norm(residual, weights);

auto const user = (not has_user_convergence) or is_converged(out);

auto const res = residual_convergence() <= 0e0 or residual_norm < residual_convergence();

auto const rel = relative_variation() <= 0e0 or relative_objective < relative_variation();

converged = user and res and rel;

if(converged) break;

}



Primal Dual – measurement operator
sopt::Vector<t_complex> rand = sopt::Vector<t_complex>::Random(measurements->imsizey() * measurements->imsizex() * nlevels);

auto const pm = sopt::algorithm::PowerMethod<sopt::t_complex>().tolerance(1e-6);

auto const nu1data = pm.AtA(Psi, rand);

auto const nu1 = nu1data.magnitude.real();

auto sigma1 = 1e0 / nu1;

rand = sopt::Vector<t_complex>::Random(measurements->imsizey() * measurements->imsizex() * (over_sample/2));

auto const nu2data = pm.AtA(measurements_transform, rand);

auto const nu2 = nu2data.magnitude.real();

auto sigma2 = 1e0 / nu2;

auto const kappa = ((measurements_transform.adjoint() * uv_data.vis).real().maxCoeff() * 1e-3) / nu2;  

auto const pd = sopt::algorithm::PrimalDual<t_complex>(uv_data.vis)

.tau(tau)

.kappa(kappa)

.sigma1(sigma1)

.sigma2(sigma2)

.levels(nlevels)

.l2ball_epsilon(epsilon)

.nu(nu2)

.relative_variation(1e-5)

.positivity_constraint(true)

.residual_convergence(epsilon * 1.001)

.Psi(Psi)

.itermax(500)

.is_converged(convergence_function)

.Phi(measurements_transform);



CygA



Code

• MATLAB and Python algorithms available

• C++ code in progress

• https://basp-group.github.io/Puri-Psi/


