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Gaussian process / Bayesian optimization

Introduction

Advantages/Disadvantages

Bayesian optimization in a nutshell

Bayesian optimization = Gaussian process + sampling strategy

Advantages:

optimize with uncertainty consideration (e.g. noisy observations)

active machine learning (balance exploration-exploitation)

derivative free (avoid computing Jacobian)

global optimization (convergence in probability to global optimum)

good convergence rate (provable asymptotic regret)

Disadvantages:

high-dimensionality

scalability: computational bottleneck O(n3)
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Gaussian process / Bayesian optimization

Introduction

Bayesian optimization features

very versatile (can solve a lot of practical problems)
Gaussian process regression:

multi-task/multi-output

multi-fidelity

gradient-enhanced

physics-constrained (monotonicity, boundedness, convexity, symmetry, etc.)

stochastic, heteroscedastic: non-Gaussian, student-t

time-series (forecasting)

mixed-integer, e.g. discrete/categorical

scalable to Big Data

latent variable model

high-dimensional

non-stationary kernel

Bayesian optimization:
constrained on objectives (known + unknown constraints)

multi-objective optimization (Pareto frontier/optimal, domination)

batch parallel optimization → asynchronous parallel optimization
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Gaussian process / Bayesian optimization

Fundamentals

Classical GP: Fundamentals

Let Dn = {xi , yi}ni=1 denote the set of observations and x denote an
arbitrary test points

µn(x) = µ0(x) + k(x)T (K+ σ2I)−1(y −m) (1)

σ2
n(x) = k(x, x)− k(x)T (K+ σ2I)−1k(x) (2)

where k(x) is a vector of covariance terms between x and x1:n, K is the
covariance matrix.
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Gaussian process / Bayesian optimization

Fundamentals

Classical GP: Fundamentals

assuming stationary kernel → k(x, x′) only depends on r = ||x− x′||
the covariance matrix: symmetric positive semidefinite matrix made
up of pairwise inner products

Kij = k(xi , xj ) = k(xj , xi ) = Kji (3)

kernel choice: smoothness assumption, e.g. C∞

Matérn kernels:

Ki,j = k(xi , xj ) = θ
2
0

21−ν

Γ(ν)
(
√
2νr)νKν(

√
2νr), (4)

Kν is a modified Bessel fuction of the second kind and order ν.
Common kernels:

ν = 1/2 (very rough): kMatérn1/2(x, x
′) = θ2

0 exp (−r)

ν = 3/2: kMatérn3/2(x, x
′) = θ2

0 exp (−
√
3r)(1 +

√
3r),

ν = 5/2: kMatérn5/2(x, x
′) = θ2

0 exp (−
√
5r)

�
1 +

√
5r + 5

3 r
2
�
,

ν → ∞ (very smooth): ksq-exp(x, x
′) = θ2

0 exp
�
− r2

2

�
Log (marginal) likelihood function:

log p(y|x1:n, θ) = −
n

2
log (2π)| {z }

data likelihood ↓ as n↑

−
1

2
log |Kθ + σ

2I|| {z }
“complexity” term

smoother covariance matrix

−
1

2
(y − mθ)

T (Kθ + σ
2I)−1(y − mθ)| {z }

“data-fit” term
how well model fits data

(5)
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Gaussian process / Bayesian optimization

Acquisition

Acquisition function: How to pick the next point(s)

how to pick the next point: exploitation (if σ2
A = σ2

B but µA > µB then
choose A) or exploration (if µA = µB but σ2

A > σ2
B then choose A). If

different flavors:
1 probability of improvement (PI) (Mockus 1982)

αPI(x) = Φ(γ(x)), (6)

where

γ(x) =
µ(x)− f (xbest)

σ(x)
, (7)

2 expected improvement (EI) scheme (Huang et al. 2006; Mockus 1975)

αEI(x) = σ(x)[γ(x)Φ(γ(x)) + ϕ(γ(x)] (8)

3 upper confidence bound (UCB) scheme (Srinivas et al. 2009, 2012)

αUCB(x) = µ(x) + κσ(x), (9)

where κ is a hyper-parameter describing the exploitation-exploration
balance.

4 pure exploration∗:
maximal MSE σ2(x) ⇔ maximal entropy: 1

2 log
�
2πσ2(x)

�
+ 1

2

maximal IMSE
R
x∈X σ2(x)

5 other: KG (generalized EI), MES, PES, etc.
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Gaussian process / Bayesian optimization

Acquisition

Acquisition function: Reparameterization

Reparameterization in deep learning by Wilson, Hutter, and Deisenroth
2018.

Table: 1+/−: right-/left-continuous Heaviside step function; ReLU + sigmoid (σ)
+ softmax: activation function; Σ = LL⊤: Cholesky; γ ∼ N (0,Σ) residual

Abbr. Acquisition function L Reparameterization
EI Ey[max(ReLU(y − α))] Ez[max(ReLU(µ+ Lz− α))]

PI Ey[max(1−(y − α))] Ez[max(σ(µ+Lz−α
τ

))]
SR Ey[max(y)] Ez[max(µ+ Lz)]

UCB Ey[max(µ+
q

βπ
2
|γ|)] Ez[max(µ+

q
βπ
2
|Lz|)]

ES −Eya [H(Eyb|ya [1
+(yb −max(yb))])] −Eza [H(Ezb [softmax(

µb|a+Lb|azb
τ

)])]
KG Eya [max(µb +Σb,aΣ

−1
a,a(ya − µa))] Eza [max(µb +Σb,aΣ

−1
a,aLaza)]
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Gaussian process / Bayesian optimization

Optimization parallelism

Optimization parallelism on HPC for MPI applications

P = 0.95 → SpeedUp ≈ 20
times

fixed computational budget: 256
× 60 CPU hours

sequential: simulation takes 3
hours to finish with 256 procs →
20 cases in 60 hours

parallel: 60 hours (2.5 days)
with 1 proc for 1 case → 256
cases in 60 hours

Amdahl’s law for parallelization.
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ICME applications

Overview – MGI with ICME

1 Gaussian process / Bayesian optimization

2 ICME applications
Overview – MGI with ICME
Inverse problems in process-structure (kinetic Monte Carlo)
Inverse problems in composition-property (DFT + MD)
Inverse problems in structure-property (CPFEM)

3 Conclusion
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ICME applications

Overview – MGI with ICME

Process-structure-property relationship

process: x+ δ, δ ∼ N [0, σ2
d ] – deterministic, controllable within a

tolerance δ (in a manufacturing context)

(micro)structure – random/stochastic, spatio-temporal, microstructure
representations (physics-based vs. data-driven), image (i.e.
high-dimensional), limited/scarce data

property/performance: y = f (x) + ε, ε ∼ N (0, σ2
ε) – deterministic

with Gaussian noisy observations

COMPOSITION PROCESS STRUCTURE PROPERTY PERFORMANCE
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ICME applications

Overview – MGI with ICME

Process-structure-property relationship

Nature of inverse problems

The nature of the input, i.e. deterministic or stochastic, determines the
methodology for solving the inverse problem in PSPP.

for deterministic variables in process → composition,
process→structure: Bayesian optimization (or any other optimization
methods)

for stochastic variables (typically affiliated with microstructure), such
as grain size distribution, orientation distribution, in
structure→property: Bayesian inference is more appropriate to infer a
distribution of features
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ICME applications

Overview – MGI with ICME

Multi-scale ICME models as forward models

Courtesy of Prof. Dierk Raabe.
https://www.dierk-raabe.com/multiscale-modeling/.

Common ICME models: DFT, MD, PF, CPFEM, kMC, CA, DDD.

Multi-physics ICME models: DFT+MD, PF+CPFEM, kMC+CPFEM,
kMC+PF, DDD+CPFEM, MD+CPFEM, PF+kMC, MD+kMC, etc.
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ICME applications

Overview – MGI with ICME

Beyond forward ICME models: MGI as inverse problems (2010s)

US NSTC 2011 Holdren et al. 2014 Lander et al. 2021
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ICME applications

Overview – MGI with ICME

Beyond forward ICME models: MGI as inverse problems (MGI in 2020s)
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New frontiers for the materials genome initiative
Juan J. de Pablo1, Nicholas E. Jackson1, Michael A. Webb1, Long-Qing Chen2, Joel E. Moore3, Dane Morgan 4, Ryan Jacobs4,
Tresa Pollock5, Darrell G. Schlom6, Eric S. Toberer7, James Analytis3, Ismaila Dabo2, Dean M. DeLongchamp8, Gregory A. Fiete9,
Gregory M. Grason10, Geoffroy Hautier11, Yifei Mo 12, Krishna Rajan13, Evan J. Reed14, Efrain Rodriguez15, Vladan Stevanovic16,
Jin Suntivich6, Katsuyo Thornton17 and Ji-Cheng Zhao 18

The Materials Genome Initiative (MGI) advanced a new paradigm for materials discovery and design, namely that the pace of new
materials deployment could be accelerated through complementary efforts in theory, computation, and experiment. Along with
numerous successes, new challenges are inviting researchers to refocus the efforts and approaches that were originally inspired by
the MGI. In May 2017, the National Science Foundation sponsored the workshop “Advancing and Accelerating Materials Innovation
Through the Synergistic Interaction among Computation, Experiment, and Theory: Opening New Frontiers” to review
accomplishments that emerged from investments in science and infrastructure under the MGI, identify scientific opportunities in
this new environment, examine how to effectively utilize new materials innovation infrastructure, and discuss challenges in
achieving accelerated materials research through the seamless integration of experiment, computation, and theory. This article
summarizes key findings from the workshop and provides perspectives that aim to guide the direction of future materials research
and its translation into societal impacts.

npj Computational Materials �����������(2019)�5:41� ; https://doi.org/10.1038/s41524-019-0173-4

INTRODUCTION
In 2011, the announcement of The Materials Genome Initiative
(MGI) challenged the scientific and engineering communities to
accelerate the pace of materials discovery, design, and deploy-
ment by synergistically combining experiment, theory, and
computation in a tightly integrated, high-throughput manner.1

In this approach, vast materials datasets could be generated,
analyzed, and shared; researchers could collaborate across
conventional boundaries to identify attributes underpinning
materials functionality; and the time for the deployment of new
materials could be shortened considerably. While the drive to
uncover the “materials genome” is the all-encompassing goal of
the MGI, the impetus to find and design new materials that solve
problems and improve societal well-being has been at the heart of
human advancement for thousands of years. Indeed, the materials
available to us (and those that are not) affect the ways we think
about, interact with, and manipulate the world around us. Prior to
the Industrial Age, it was unimaginable that the coordinated
movements of metals as mechanical parts, as exemplified by
Charles Babbage’s difference engine or the Scheutzian calculation
engine, could be used to accelerate basic computations by orders
of magnitude. Similarly, the creators of such mechanical

computers could not have envisioned further increases in
computational power enabled by the development of semicon-
ducting materials for transistors. Further still, those working on the
Apollo 11 guidance computer would not have wagered that more
than half of Earth’s population in 2018 would have devices in the
palms of their hands featuring x1000 more computational power
than a computer developed to guide spaceflight. Yet, progres-
sively, materials discovery and engineering ingenuity open new
frontiers for technological advancement. Today, we have realized
the creation of metallic hydrogen, devised multijunction photo-
voltaics to exceed the Schockley-Queisser limit, succeeded in
pinpoint gene editing, and developed an infrastructure that
supports near instantaneous access to petabytes of information
with the click of a button.
Analogous to these past developments, further pursuing design

and discovery of new materials via scientific research will dictate
future societal developments. Flexible biosensors could be
implanted in vivo and harmlessly degrade when their job is done.
Recyclable plastics could be created from excess carbon dioxide
towards a waste-free circular materials economy. Materials that
harvest static electricity and thermoelectric power derived during
daily activities could be integrated to power personal electronic
devices. 3D printers could print bone implants, braces, or contact
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Julie Christodoulou, Lisa E. Friedersdorf, Linda Sapochak, 
and James A. Warren

The Second Decade of 
the Materials Genome 
Initiative

JOM, Vol. 73, No. 12, 2021

https://doi.org/10.1007/s11837-021-05008-y
Ó 2021 The Minerals, Metals & Materials Society
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Christodoulou et al. 2021

NASA/CR�2018-219771 3

Vision 2040:

A Roadmap for 

Integrated, Multiscale 

Modeling and Simulation 

of Materials and Systems

Prepared under Contract NNC15BA06B

Liu et al. 2018
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TMS Studies

IV.  Industrial Sector Focus: Automotive i

The Minerals, Metals & Materials Society

Integrated Computational 

Materials Engineering (ICME):

Implementing ICME in the Aerospace,  

Automotive, and Maritime Industries

A Study Organized by The Minerals, Metals & Materials Society  

Modeling Across Scales:

A Roadmapping Study for Connecting 
Materials Models and Simulations 
Across Length and Time Scales

A Study Organized by The Minerals, Metals & Materials Society  A Study Organized by The Minerals, Metals & Materials Society  

Opening New Pathways to Discovery and 
Innovation in Science and Engineering

A Study Organized by The Minerals, Metals & Materials Society  

A WORKSHOP STUDY ORGANIZED BY  

The Minerals, Metals & Materials Society (TMS) on behalf of 
MForesight: Alliance for Manufacturing Foresight

A Study Organized by The Minerals, Metals & Materials Society  A Study Organized by The Minerals, Metals & Materials Society  A Study Organized by The Minerals, Metals & Materials Society  

A Study Organized by The Minerals, Metals & Materials Society  

CREATING THE NEXT-GENERATION

MATERIALS GENOME INITIATIVE 
WORKFORCE 

ACCELERATOR STUDYA

A Study Organized by The Minerals, Metals & Materials Society  A Study Organized by The Minerals, Metals & Materials Society  A Study Organized by The Minerals, Metals & Materials Society  
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DOE Office of Science / ASCR-BES-FES

BASIC ENERGY SCIENCES

NOVEMBER 3–5, 2015

ROCKVILLE, MARYLAND

BES
EXASCALE 
REQUIREMENTS 
REVIEW
An Office of Science review sponsored jointly by  
Advanced Scientific Computing Research and Basic Energy Sciences

ENERGY
U.S. DEPARTMENT OF

Advanced Manufacturing Office 

Workshop on Artificial Intelligence 
Applied to Materials Discovery and 
Design 
Workshop Summary Report 

August 9–10, 2017 

Pittsburgh, PA 

DATA AND MODELS:   
A FRAMEWORK FOR ADVANCING AI IN SCIENCE

Report of the Office of Science Roundtable on Data for AI June 5, 2019
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Beyond forward ICME models: MGI as inverse problems

The Fourth Paradigm:

Data-Intensive Scientific

Discovery Hey, Tansley,

Tolle, et al. 2009.

The four paradigms of science: empirical, theoretical, computational, and

AI. Agrawal and Choudhary 2016.

ICME is the 3rd paradigm,

AI is the 4th paradigm,

Is SciML the 5th?
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Overview – MGI with ICME

Beyond forward ICME models: MGI as inverse problems

Challenges:

optimization under (microstructure-induced) uncertainty

small (sparse) + noisy datasets, high-dimensional

high computational cost for ICME models → sample-efficient

Goals:

traditional approach: 20+ years

accelerate materials design by “2× at a fraction of the cost” (original)

Accelerators:

ICME: experimental2 → computational3

ML/AI: computational3 → ML4

COMPOSITION PROCESS STRUCTURE PROPERTY PERFORMANCE
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Overview – MGI with ICME

GP advantages

What are Gaussian process regression and Bayesian optimization useful for?

(multiscale) design optimization under microstructure-induced uncertainty, e.g.
manufacturing, chemical processing, AM, materials discovery,

ICME model calibration (e.g. CPFE, DDD, kMC, MD, DFT, PF)

surrogate model (ML) for forward and inverse UQ,

AutoML for materials applications, e.g. tuning other ML hyper-parameters, such as
AdaBoost and RandomForest,

automation, taking human out of the loop, in both experimental and computational
context.

Why are they useful?
flexible – easy to modify to suit your needs,

versatile – solve many problems in theory and practice,

not too many hyper-parameters,

optimization under (microstructure-induced) uncertainty,

rigorous on mathematical ground: analytical convergence rate (both GP and BO),

work well on small datasets with low- to intermediate-dimensional problems.

When is GP not useful?
emulates field responses,

spatial-temporal problems.
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Inverse problems in process-structure (kinetic Monte Carlo)

Inverse problems in process-structure
(joint work w/ Laura Swiler, John Mitchell, Tim Wildey, Theron Rodgers)

Reference

Anh Tran et al. (2020a). “An active-learning high-throughput
microstructure calibration framework for process-structure linkage in
materials informatics”. In: Acta Materialia 194, pp. 80–92

Problem statement:

There exists a forward tool f (·) to predict microstructure, u = f (x)
(represented as images)

Given a target u∗ (represented as images)

Task: find x∗ such that f (x∗) = u∗ ≈ u

≈ is defined in the sense of statistical equivalence for microstructures, pD
is the p.d.f. of statistical microstructure descriptors D, i.e.

pD : Ω → L1 : pD(u∗) ≈ pD(u) (10)

d
�
pD(u∗), pD(u)

�
≤ TOL (11)

Hint: quantitatively differentiate microstructures using statistical
microstructure descriptors
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Inverse problems in process-structure
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Inverse problems in process-structure (kinetic Monte Carlo)

Inverse problems in process-structure
(joint work w/ Laura Swiler, John Mitchell, Tim Wildey, Theron Rodgers)

An asynchronous parallel Bayesian optimization workflow for inverse problems in process-structure linkage.
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Inverse problems in process-structure (kinetic Monte Carlo)

Inverse problems in process-structure
(joint work w/ Laura Swiler, John Mitchell, Tim Wildey, Theron Rodgers)

Reference

An asynchronous parallel constrained Bayesian optimization Anh Tran
et al. (2022). “aphBO-2GP-3B: a budgeted asynchronous parallel
multi-acquisition functions for constrained Bayesian optimization on
high-performing computing architecture”. In: Structural and
Multidisciplinary Optimization 65.4, pp. 1–45.

Batch-sequential parallel Multi-α asynchronous parallel
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Inverse problems in process-structure (kinetic Monte Carlo)

Inverse problems in process-structure
(joint work w/ Laura Swiler, John Mitchell, Tim Wildey, Theron Rodgers)

Collecting local and global statistical microstructure
descriptors given a microstructure.

Convert multi-objective optimization to
single-objective optimization by scalarization.
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Inverse problems in process-structure (kinetic Monte Carlo)

Inverse problems in process-structure
(joint work w/ Laura Swiler, John Mitchell, Tim Wildey, Theron Rodgers)

Reverse engineering an AM specimen through kinetic Monte Carlo (SPPARKS).
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ICME applications

Inverse problems in composition-property (DFT + MD)

Inverse problems in composition-property
(joint work w/ Julien Tranchida, Aidan Thompson, Tim Wildey)

Reference

Active learning from chemical composition space to material property
Anh Tran et al. (2020b). “Multi-fidelity machine-learning with uncertainty
quantification and Bayesian optimization for materials design: Application
to ternary random alloys”. In: The Journal of Chemical Physics 153 (7),
p. 074705.

Problem statement:

Multiple forward ICME models that share the same inputs and
outputs:

MD-MLIAP: low-fidelity (low accuracy, low cost)

DFT: high-fidelity (high accuracy, high cost)

Exploit correlation between low- and high-fidelity models

Input: chemical composition

Output/QoI: bulk modulus B0

What chemical composition would optimize the QoI?
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Inverse problems in composition-property (DFT + MD)

Inverse problems in composition-property
(joint work w/ Julien Tranchida, Aidan Thompson, Tim Wildey)

Ab-initio:

DFT implemented in Quantum

ESPRESSO

high cost + high accuracy
→ high-fidelity

MD:

MD with ML interatomic
potential (SNAP)

orders of magnitude faster

low cost + low accuracy
→ low-fidelity

Birch-Murnaghan polynomials for B0:

E(V ) = E0+
9V0B0

16

B′
0

�
V0

V

� 2
3 − 1

3

+

�
V0

V

� 2
3 − 1

2 6 − 4

�
V0

V

� 2
3


(12)

EOS calculations for 6 configs. −: DFT; −:

MD+SNAP
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Inverse problems in composition-property (DFT + MD)

Inverse problems in composition-property
(joint work w/ Julien Tranchida, Aidan Thompson, Tim Wildey)

Kennedy and O’Hagan 2000: a chain of auto-regressive model connecting
across fidelity hierarchy, bottom-up approach.

Consider s levels of fidelity model {yt(x)}st=1 with y1(x) as the lowest
fidelity-level, ys(x) as the highest fidelity-level, the auto-regressive
model assumes:

yt(x) = ρt−1yt−1(x) + δt(x), 1 ≤ t ≤ s (13)

Bi-fidelity covariance matrix

K̃ =

�
σ2
LKL(xL, xL) ρσ2

LKL(xL, xH)
ρσ2

LKL(xH , xL) ρ2σ2
LKL(xH , xH) + σ2

DKD(xH , xH)

�
(14)

Log marginal likelihood

log p(ỹ|x1:nL+nH
, θ̃) = −

1

2
(ỹ−m̃)T (K̃θ̃+σ

2I)−1(ỹ−m̃)−
1

2
log |K̃θ̃ + σ

2I|−
nH + nL

2
log (2π)

(15)

Selection of fidelity-level to query

t∗ = argmin
t

�
Ct

Z
X
σ2(x)dx

�
, (16)

Ct : computational cost at level t.
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Inverse problems in composition-property (DFT + MD)

Inverse problems in composition-property
(joint work w/ Julien Tranchida, Aidan Thompson, Tim Wildey)

R2 = 0.7122: not exactly the same
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Low-fidelity: MD with SNAP potential.
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Multi-fidelity GP ≈ high-fidelity: DFT.
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Inverse problems in structure-property
(joint work w/ Tim Wildey, Hojun Lim)

Reference

Anh Tran and Tim Wildey (2020). “Solving stochastic inverse problems for
property-structure linkages using data-consistent inversion and machine
learning”. In: JOM 73, pp. 72–89

Ingredients:

1 Crystal plasticity finite element as forward ICME model

2 Heteroscedastic Gaussian process as ML model for microstructure -
homogenized materials property relationship

3 A data-consistent UQ technique (Butler, Jakeman, and Wildey
2018a,b) to solve a stochastic inverse problem (on ML model)
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Inverse problems in structure-property
(joint work w/ Tim Wildey, Hojun Lim)

Problem statement:

Given a deterministic or stochastic map (either analytical as
Hall-Petch or numerical ML) from microstructure features to
homogenized materials,
Given a (target) distribution of homogenized materials properties,
Task: infer a data-consistent distribution of microstructure features, in
the sense that forward propagation of this microstructure feature
distribution matches the target distribution on homogenized materials
properties

Stochastic Forward: given uncertain input λ → uncertain output Q(λ);
Stochastic Inverse: given uncertain output Q(λ) → uncertain input λ.
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Inverse problems in structure-property
(joint work w/ Tim Wildey, Hojun Lim)

microstructure generation

microstructure propertiesmachine learning

spatially average

DREAM.3D

DAMASK

crystal plasticity

finite element model

ParaView
DAMASK MTEX

PETSc

Microstructure-homogenized properties map over an ensemble of microstructures
with a heteroscedastic GP.
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Inverse problems in structure-property
(joint work w/ Tim Wildey, Hojun Lim)

Steps:

1 Parameterize deterministic λ as microstructure features, e.g. average
grain size, location/scale/shape parameters for Weibull, exponential,
extreme value distribution, etc.

2 Sample N microstructure RVE (DREAM.3D)

3 Run crystal plasticity over an ensemble of RVEs (DAMASK)

4 Estimate quantities of interest Q(λ) by Monte Carlo average

5 Approximate Q(·) by a heteroscedastic Gaussian process regression

6 Infer the distribution of microstructure features (Butler, Jakeman, and
Wildey 2018a,b)

πupdated
Λ (λ) = πinit

Λ (λ)
πobs
D (λ)

π
Q(init)
D (λ)

, λ ∈ Λ (17)

7 Sample πupdated
Λ (λ) by rejection sampling
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Inverse problems in structure-property
(joint work w/ Tim Wildey, Hojun Lim)

Ensemble average yield stress via Monte
Carlo with different grain sizes

Comparison: GP (ML/UQ) and the
Hall-Petch (ordinary least square)

Noise depends on grain size!
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Inverse problems in structure-property
(joint work w/ Tim Wildey, Hojun Lim)

Initial density and updated density:
normal case

Comparison: Distributions of materials
properties
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Inverse problems in structure-property (CPFEM)

Inverse problems in structure-property
(joint work w/ Tim Wildey, Hojun Lim)

Initial density and updated density:
uniform case

Comparison: Distributions of materials
properties
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Conclusion

Takeaway message

Gaussian process is a versatile machine learning, uncertainty quantification,
and (global) optimization toolbox for multiscale ICME applications.

In this talk, we:

introduce a gentle tutorial to Gaussian process and Bayesian
optimization

demonstrate with multiscale ICME applications (all are open-source)
density functional theory: Quantum ESPRESSO
molecular dynamics: LAMMPS
kinetic Monte Carlo: SPPARKS
crystal plasticity finite element: DREAM.3D + DAMASK
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Thank you for your time and listening.
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