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NESSIE First-Principle Simulation Framework

From Fundamental First-Principle Calculations to Nanoengineering Applications: A review of the NESSIE project,  
J. Kestyn, E. Polizzi, IEEE nano magazine (Dec. 2020)

                 www.nessie-code.org

NESSIE

Objectives: 
● Nanoelectronics from the bottom-up
● Large-scale simulations targeted to nanoengineering applications
● Predict “many-body-effects” operating principle of emerging devices (plasmonic, etc.)
● Operate the full range of electronic spectroscopy: UV-ViS, X-ray, and near IR
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Optimal filter: spectral projector
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Polizzi, Phys. Rev. B. (2009)
Tang, Polizzi, SIAM SIMAX (2014) 
Guettel, Polizzi, Tang, Viaud, SIAM SISC  (2015)



FEAST non-Hermitian algorithm
Kestyn, Polizzi, Tang, SIAM, SISC (2015)

 Right projector

 Left projector



FEAST Solver: Algorithm + Library
Robust, parallel and unified framework for solving various eigenvalue problems

Release dates www.feast-solver.org

Hermitian
● Phys. Rev. B. Vol. 79, 115112 

(2009)- Polizzi
● SIAM Journal on Matrix 

Analysis and Applications 
(SIMAX), 35, 354-390 (2014)- 
Tang, Polizzi

● SIAM Journal on Scientific 
Computing (SISC), 37 (4), 
pp2100-2122 (2015)- Guttel, 
Polizzi, Tang, Viaud

non-Hermitian
 

● SIAM Journal on 
Scientific Computing 
(SISC), 38-5, ppS772-
S799 (2016) Kestyn,  
Polizzi, Tang

Non-Linear 
Eigenvalue

● Journal of Computational 
Science, V. 27, 107, 
(2018), Gavin, Miedlar, 
Polizzi

● arxiv.org/abs/2007.03000, 
Breneck, Polizzi

Non-Linear 
Eigenvector

 
● J. Chem. Phys. 138, 

194101 (2013), Gavin, 
Polizzi
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(good stochastic estimate possible)-
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● Robust and systematic convergence
● Standard and Generalized
● Hermitian and non-Hermitian
● Linear and Non-Linear
● 3 levels of parallelism

● Multiple search intervals
● Multiple shifts along the contour
● Linear system solves

●  Interfaces: 
● Predefined: dense, banded, sparse storage using lapack/spike/pardiso/iterative solvers
● RCI:  independent of matrix format, mat-vec, and system solvers, can be customized by end users

●  Used by many third-party Software and Libraries
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1- IFEAST (inexact linear system solve using iterative solvers), residual tolerance 
needs to be gradually increased over the FEAST iterations. 
Remark: convergence is still linear (α linear system solve residual)

Basic FEAST

2- basic FEAST would not work for non-linear systems (when T(z) is not linear)

Solution: Residual Inverse Iterations

FEAST residuals (at a given iteration / linear case)



Residual Inverse Iterations:  Application to linear problems
Generalization of previous works on residual inverse iterations

Golub G., Ye Q. BIT p671 (2000)
A. Neumaier, SIAM J. Numer. Anal. 22 (5) (1985)



Residual Inverse Iterations:  Application to linear problems
Generalization of previous works on residual inverse iterations

Golub G., Ye Q. BIT p671 (2000)
A. Neumaier, SIAM J. Numer. Anal. 22 (5) (1985)

Reformulation of the contour integration solve (for the linear case) 



Residual Inverse Iterations:  Application to linear problems
Generalization of previous works on residual inverse iterations

Golub G., Ye Q. BIT p671 (2000)
A. Neumaier, SIAM J. Numer. Anal. 22 (5) (1985)

Reformulation of the contour integration solve (for the linear case) 



Residual Inverse Iterations:  Application to linear problems
Generalization of previous works on residual inverse iterations

Golub G., Ye Q. BIT p671 (2000)
A. Neumaier, SIAM J. Numer. Anal. 22 (5) (1985)

Reformulation of the contour integration solve (for the linear case) 

Theorem 1: The two formulations are equivalent using exact arithmetic

Theorem 2: Solving  with tolerance  

is equivalent to solving  with tolerance
that is ε below the convergence of the eigenvalue problem
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Residual Inverse Iterations:  Application to linear problems

Consequences:
inexact solves with a fix ε (ε=10-1 in FEAST v4.0 by default) 
low accuracy (mixed-precision FEAST) for direct or iterative solvers
generalization to non-linear systems

Solver
precision:

FEAST
(pardiso)

● IFEAST
● (bicgstab 30 iter. max,

jacobi prec.)

double 8s (3 iter.) 51s (10 iter.)

single 5s (3 iter.) 33s (10 iter.)

Example: C6H6
 (P2-FEM generalized),
 n=49K, m=6 lowest, m0=20 nc=5
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Residual Inverse Iterations:Application to non-linear problems

Beyn’s method: recent contour integration technique for general non-linear problem 
(beyond polynomial)- non-iterative

J. Brenneck, E. Polizzi, An Iterative Method for Contour-Based Nonlinear Eigensolvers, arxiv (2022)

Upcoming NLFEAST v5: new hybrid NLFEAST-Beyn scheme for general non-linear 
problem- iterative approach until convergence.

Examples of eigenvalue problems (from polynomial to general non-linear)

*B. Gavin, A. Miedlar, E. Polizzi, FEAST eigensolver for nonlinear eigenvalue problems, JCS (2018) 
*B.Gavin, UMass PhD thesis (2018)

NLFEAST: residual inverse iteration leads to a non-linear polynomial reduced system

Remark: reduced eigenvalue problem becomes non-linear
solved using companion problem for polynomial in v4.0



Residual Inverse Iterations:Application to non-linear problems

Hadeler Problem



Conclusion
FEAST v4.0
New implementation using Residual Inverse Iterations
● PFEAST (MPI-MPI-MPI)
● IFEAST (w/o factorization, modest convergence residuals)
● All linear systems are solved inexactly using single precision
● Applicable to non-linear problems (polynomial)

Upcoming v5.0:
● non-linear problems (beyond polynomial)
● Hybrid low-accuracy spike-based MPI solvers (Braegan Spring)
● Single precision GPU for linear systems (Chenkai Zhang) 
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