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methodology is briefly introduced and its parallel implementation in LAMMPS is detailed
and then demonstrated through benchmarks that compare CAC simulation results with
corresponding all-MD (molecular dynamics) results. The parallel efficiency of the algorithm
is demonstrated when simulating systems represented by both atoms and finite elements.

Iég{lvgzif;t atomistic-continuum method The verification benchmarks include dynamic crack propagation and branching in a Si
Molecular dynamics single crystal, wave propagation and scattering in a Si phononic crystal, and phonon
Nonequilibrium processes transport through the phase interface in a PbTe/PbSe heteroepitaxial system. In each of
Parallel algorithms these benchmarks the CAC algorithm is shown to be in good agreement with MD-only
LAMMPS models. This parallel CAC algorithm thus offers one of the first scalable multiscale material

simulation methodologies that relies solely on atomic-interaction models.
© 2022 Published by Elsevier Inc.

1. Introduction

Nanoscale computational methods, such as Density Functional Theory [3,4] (DFT) calculations and Molecular Dynamics
[5] (MD) simulations, have enabled our understanding of materials behavior at the nanoscale. They have also been suc-
cessfully applied to studies of individual defects, interfaces, or simple periodic structures. Once the microstructural feature
size exceeds the nanoscale, establishing the link between the material microstructure and the non-equilibrium thermo-
mechanical behavior is no longer feasible using these atomistic methods [6,7]. A typical example is a polycrystal that
contains micron-sized grains and nanometer-thick grain boundaries, such as those seen in Fig. 1, in which the structure
and the connectivity of the grain boundaries may play a significant role on the mechanical and thermal transport proper-
ties. The desire to predict the properties and behavior of these material microstructures has incentivized the development
of concurrent multiscale methodologies that aim to extend the reach of materials modeling using only potentials for in-
teratomic interaction. The successes and limitations of dynamic simulation with such multiscale methods is reviewed in a
previous work [8].

This work focuses on the Concurrent Atomistic Continuum (CAC) method [9], which has demonstrated broad predictive
capability [10-20] by supplying a truly concurrent governing equation, but lacks an efficient parallel algorithm for the
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Fig. 1. Ceramic polycrystal exhibiting micrometer scale grains and intricate grain boundaries [1].

simulation of systems involving large disparate morphological length scales. Systems at the mesoscale, such as those in
Fig. 1, will still require several million, or even billions, of degrees of freedom (pure atoms and coarse-grained degrees of
freedom) to model; thus, such mesoscale endeavors still demand large-scale parallel computation, even when efficiently
describing crystalline regions.

The CAC method is numerically implemented using the finite element method; this work specifically employs the
Galerkin Method to derive the FEM integral equations of the numerical problem. This leads to a material system, interacting
nonlocally, described in terms of both finite elements and atoms to provide variable resolution as needed. At every resolu-
tion, the CAC method utilizes an interatomic potential to define the internal forces experienced by the material. Additionally,
the numerical solution can be computed without element interconnectivity that is typically required in displacement-based
FE solutions. Hence, discontinuities to arise naturally as a solution of the governing equation. This approach also facilitates
the application of spatial decomposition strategies employed in MD codes, since the finite elements can be represented as
extended particles.

Modern MD algorithms have achieved reasonable parallel efficiency on large supercomputers with up to 100,000 nodes
(CPUs or GPUs) or more than a million CPU cores, an achievement resulting from efforts to optimize spatial decomposition
algorithms that decompose large systems of particles interacting through nonlocal forces. Enabling comparable performance
of the CAC method to MD requires addressing the following additional challenges not present in MD algorithms:

(1) devise an accurate integration scheme to numerically solve the governing equation, using FEM, for a system with non-
local forces and multiple resolutions;

(2) decompose the collection of particles across processes (i.e. MPI processes) when there are disparate resolutions, meaning
large finite elements of multiple sizes as well as atoms (point particles), and efficiently compute the forces between
them;

(3) extend the halo communication strategies of the MD spatial decomposition algorithm to account for extended particles
of different sizes and differing interaction distances, with a minimal communication volume.

This work will address these challenges and develop a parallel algorithm to implement the CAC formulation in the
widely-used LAMMPS MD code [21]. In general, the motivation to implement CAC in an MD code is that they are already
designed to compute non-local force calculations in the context of spatial decomposition methods. The specific choice of
LAMMPS is due to its object orientation for aspects of the MD algorithm that required modification to accommodate the
CAC method, so that CAC-specific changes could be implemented with minimal effort and impact on the rest of the code.
Additionally, LAMMPS has a non-uniform load balancing scheme that can be used to decompose a multiresolution CAC
problem efficiently.

Thus, this paper details the following: a description of the CAC spatial decomposition algorithm, the parallel performance
of the CAC algorithm on LAMMPS when simulating a multiscale model, and the verification of the implementation through
the simulation of several well-known phenomena using both CAC and their equivalent MD-only representations. The mate-
rial processes that will be simulated as verifications will cater to the CAC method’s strengths relative to previous multiscale
methodologies. These include:

(1) Propagation and scattering of a heat pulse in a silicon phononic crystal,

(2) The structure and density of misfit dislocations in a PbTe/PbSe (001) heterostructure and the interaction between
phonons and misfit dislocations in the heterostructure,

(3) Crack initiation, propagation, and branching in silicon.

In each of these cases, it will be demonstrated that the coarse-grained description has the capability to reproduce
essential solutions of these phenomena obtained via MD at full atomic resolution, including phonon scattering and defect
dynamics.
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Fig. 2. (a) crystal structure = lattice + basis, (b) continuous lattice deformation; (c) discontinuities caused by slip.
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Fig. 3. A unit cell V of 2 atoms, and the two types of fluxes.

This paper is organized by section as follows: Section 2 introduces the CAC formulation, Section 3 presents the major
design aspects of the parallel algorithm established on LAMMPS to numerically implement the CAC formulation and dis-
cusses the performance of the algorithm, Section 4 discusses and displays the set of verification simulations comparing the
CAC method’s predictive features to that of MD simulations. Section 5 demonstrates the algorithm with a model containing
disparate numerical resolutions. Section 6 concludes our findings and provides a brief outlook on the algorithm’s impact
and future.

2. The CAC methodology

The CAC method is an atomic-interaction-based multiscale method. The formulation is an extension of the classical
statistical mechanical theory of transport processes by Irving and Kirkwood [22,23] to a two-level description of materials
deformation: the continuous lattice level deformation and the discrete internal motion of atoms embedded within each
lattice point [9,24-26]; see Fig. 2 for a depiction. This leads to a concurrent atomistic-continuum (CAC) methodology [14].
Since CAC is built on the foundation of the classical mechanics of particles, it is fully compatible with the method of MD. It
shares MD’s power to simultaneously simulate the dynamics of defects and thermal transport without the need of a priori
assumptions for mechanisms or empirical parameters other than an interatomic potential. CAC's advantage over MD is the
ability to simulate larger-scale processes, via coarse graining the continuous lattice deformation, while retaining the ability
to concurrently model at full atomistic resolution in critical regions, such as regions with atomic-scale structural disorder,
materials interfaces, crack tips, dislocation cores, etc.

In the CAC formalism, a crystalline material is viewed as a union of several continuous domains of lattice cells, each
domain separated from another via a discontinuous transition, with a group of discrete atoms embedded within each lattice
cell; additionally, the union contains particles in areas where a continuous description of densities is impractical or unnec-
essary. Each atom in the discrete basis of a given continuous domain of lattice cells experiences a gradual deformation from
cell to cell, with respect to the same discrete atom in the basis of nearby unit cells, in that same continuous domain. Sim-
ilar two-level descriptions are also employed in Micromorphic and other generalized continuum mechanics (GCM) theories
[27-33], but CAC contrasts with these GCM theories in that the subscale description consists of discrete atoms. As with the
Irving-Kirkwood formalism, the continuum balance laws may be derived, using instead a concurrent two-level description
of the material, to provide a concurrent atomistic-continuum representation of the conservation laws [9]; the mathematical
tool by which such equations are formulated is the theory of distributions [34]. The resulting conservation equations hold
instantaneously and are valid at the atomic scale without fields needing to be continuous. Consequently, the time rate of
change of any density, such as mass, momentum, and energy, of the a-th species per unit cell volume, a, (%, t), at a point x
in space can be expressed in terms of two fluxes in the following form:

1 1
Eaa(x, t) = —V#h(x—i—x’,t)-ndzx’ -y #12(& y.t)-nd*y, (1)

ot
av Ve

where J;, is the flux across the bounding surface of the unit cell at x, 4V, and J, the internal flux across 9V, (the
bounding surface of atom «) within the unit cell V, cf. Fig. 3. This means the rate of change of the density at a given point
in the physical space is due to all surrounding matter in all surrounding unit cells in addition to the other matter contained
within the respective unit cell.

Using the mass conservation equation and the relationship between internal force and surface traction, the conserva-
tion law for linear momentum can be expressed in terms of the internal force density fglt(x, t) and the kinetic parts of
momentum flux, which are related to kinetic temperature T, to grant:
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(2)

The conservation equations expressed in Eq. (2), supplemented by the underlying interatomic potential, can solve for
either the exact or approximate atomic trajectories, depending on the elected resolution, since it solves for both the lat-
tice deformation and individual atomic motion. At this stage, the chosen resolution may coarse-grain the smooth lattice
deformation to reduce the volume of information. Thus, this method constitutes a Concurrent-Atomistic-Continuum (CAC)
solution. Notable features of CAC include the following.

(1) The same single set of governing equations govern both the atomistic and continuum regions; in the two limiting cases,
namely the atomic and the macroscopic scales, the atomistic and continuum descriptions of transport processes are
recovered.

(2) There is no need for an artificial interface between atomistic-continuum descriptions that limits many multiscale meth-
ods to static phenomena.

(3) The CAC formulation can be solved efficiently using continuum simulation approaches, such as the Finite Element
Method (FEM) [35], with the only constitutive relation being the interatomic potential. In addition, due to its use of a
nonlocal force field, continuity of the solution is not required; consequently, nucleation and propagation of dislocations
or cracks can be simulated via the sliding and separation of finite elements as a direct consequence of the solution of
the governing equations.

(4) CAC can simulate complex crystalline materials and reproduce both acoustic and optical phonon branches, due to its
incorporation of internal degrees of freedom, in the coarse-grained regions modeled using finite elements. With a tri-
linear shape function typically employed in FE simulations, CAC can reproduce accurate phonon dynamics for phonons
whose wavelengths are longer than the element size; this feature is present with either a continuous or a discontinuous
interpolation.

(5) Although the use of CAC may result in error as a result of coarse graining, the convergence of the solution can be
rigorously quantified by increasing the numerical resolution, since CAC utilizes no additional constitutive laws. The for-
malism guarantees that any answer must inevitably converge at the atomic resolution. Thus, the numerical procedure
enables the exploration of emergent mesoscopic behaviors that would prove intractable to simulate with full atom-
istic resolution, whose description may converge with a coarse-grained representation. The error of this coarse-grained
description can then be quantified.

In contrast with other continuum-based methods, in CAC it is only necessary to solve the balance equation of linear
momentum numerically since the conservation equations of energy and momentum produce, in the theoretical sense, the
same time evolution of the field variables. Thus, the weak form solution of the CAC momentum balance equation through
the Galerkin method is expressed as:

/ on(X) (0% — F&, — F% 4 F%,)dSx =0, 3)
Q

where integration is carried out over the span, €2, of the material coordinate, X, in the chosen domain without any require-
ment of continuity on the deformation or its derivatives for evaluation [36]; note that this presentation utilizes a Lagrangian
description of the integral for convenience. Additionally, ¢, (x) represents the chosen basis of interpolation functions; these
are also referred to as shape functions.

Such finite element solutions have been implemented in previous CAC algorithms: e.g., PyCAC [37] and other in-house
versions found in previous publications [38,39]. However, these previous CAC parallel algorithms were not designed for
the parallel solution of problems with nonuniform scales. Consequently, these predecessors are unsuitable for systems that
involve large disparate morphological length scales. However, due to the structure of the discrete equations, Eq. (3), the
numerical solution of a multiscale system can be decomposed and efficiently implemented in parallel.

Next, we explain why the CAC numerical solution is amenable to large-scale parallelization. Firstly, the matrix equations
of the FEA problem can be formulated to be both banded and block diagonal, with the only coupling in the solution between
finite elements (each of which spans its own piecewise subdomain V, € ) arising through the nodal force vector; this is
due to the use of a non-local force field defined by the interatomic potential. Since the solution is block diagonal, every
finite element’s nodal variables can be solved for in terms of its respective mass matrix M, nodal accelerations Uy, and
nodal force vector F,, where o represents the internal degree of freedom in the CAC two-level description. The N, number
of elements and atoms in the system, discretized equations can thus be written as:

MaUazFa, (4)
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where each of the matrices M, and F, are the result of integration over one element’s respective volume. Thus, these
matrices take the form:

V1X)P1(X) ... E@)1¢n(X)
Moc:///pa(x) : dv (5)
Ve YE)ne1(X) -+ EaX)Pn(x)
»1(%)
Fa=// Fint, ®) : dv. (6)
Ve ©¥n(X)

Here, the mass and force densities are expressed as unit cell volume averages of the Irving Kirkwood point densities. For
a crystalline material these unit cell averages obey the following simple result:

Mgy
Pa(X) = v vxe Ve (7)
1 Qe
Fin ®) = D> FaiBi®) Vxe Ve, (8)

i=1

where my, is the mass of the particle associated with the internal degree of freedom « for that respective finite element
and V is the undeformed unit cell volume. The integration domain is mapped from a crystalline representation of the
finite element, Lagrangian description, so that the unit cell volume remains a constant in the equation throughout that
finite element. While the distribution of mass over a finite element is simple to describe with the mapped coordinates, the
volume averaged internal force density, fiy, (%), is more elaborate. In general, it obeys Eq. (8), where N, is the number
of unit cells in the element and F, is the particle force, computed via the interatomic potential, for particle « in the ith
unit cell. The box function, B;(x), results from the unit cell averaging of the singular Irving Kirkwood point function and is
defined as:

(9)

Bi(x)={1 Vx e V; ’

0 otherwise

with V; being the domain of the ith unit cell.

The variation of fin, (%) is expected to be smooth across a single finite element; as a result we may sample Eq. (8)
at several choice points using a quadrature scheme to approximate Eq. (6). The numerical solution in the case of atoms is
identical to the process of MD; the only coupling between the finite element regions and atoms is through the computation
of the non-local particle force. The numerical details of estimating the force vector, through quadrature, for finite elements
are explained in Section 3.

With the solution of Eqgs. (4), a numerical integrator such as Velocity Verlet is used to update the positions and velocities
of all atoms and finite element nodes. The timestep provided to the integrator must satisfy a stability criterion in order
to avoid a failed simulation; this stability criteria may be determined via the phonon dispersion curve, or in general an
eigenvalue decomposition, of the problem. Recent modal analysis of the CAC numerical solution [40] indicates that for
polyatomic (i.e.,, multicomponent) systems, the timescale may be restricted to that of MD; this is due to the possibility of
high frequency content in optical phonon branches, even for large wavelengths, when there is more than one internal degree
of freedom. In the case of monoatomic representations, the stable timestep scales with the finite element resolution; this is
because the longitudinal branch of phonons behaves linearly for large wavelengths. Accordingly, in the form presented here,
CAC should not be viewed as a multi-time scaling method.

It is noted that the surface integrals of the kinetic fluxes in Eq. (2), due to the difference between particle velocities and
the velocity field represented by finite elements, are present in the conservation equation, i.e., f; (x,t) in Eq. (3). The time
average of this contribution is either zero or a constant within a finite element at equilibrium or steady state. However,
the fine-scale fluctuations due to this term are not accounted for. For now, the CAC codes are aimed at phenomena and
processes where fine-scale thermal fluctuations can be neglected.

To date, the accuracy of CAC has been tested through one-to-one comparisons with MD in space- and time-resolved
simulations of crack nucleation and branching [41,42], phase transitions [43], dislocation nucleation and progation [14,17,
44-46], dislocation loop formations [15,16,47,48] dislocation interactions with interfaces and other defects [13,18-20,49-51],
as well as phonon-dislocation [11,12], phonon-GB (grain boundary) [10] and phonon-internal surface interactions [52]. Thus,
CAC enables the simulation of physical processes that involve interactions among phonons, interfaces, and mesoscale defect
structures such as those found in hierarchical metamaterials or multiscale layered materials.

5
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Fig. 4. Schematic Demonstrations (in 2D) of the assignment of atoms and finite elements in a spatially decomposed CAC problem. The red spheres are
atoms and the blue boxes with black dots denote finite elements and their respective centroids. Elements are assigned to a process based on the location
of their centroid. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

3. CACin a parallel MD code
3.1. Decomposing the problem

The first step in solving this multiresolution problem in parallel requires us to decompose the problem of obtaining all
the force vectors, particle forces, and resulting accelerations, into a set of smaller problems. The chosen methodology to
achieve this is the spatial decomposition method, such as the one used in LAMMPS [21]. This method has the benefit of
an efficient ratio of force calculation cost to communication cost. In the case of an MD spatial decomposition algorithm,
assignment of individual atoms to each computing process is determined by the particle’s position; if the particle is in
the region (portion of simulation domain) assigned to a process, then that process is responsible for computing the forces,
constraints, etc. on that particle.

In the case of CAC, the decomposition must assign both particles and finite elements. Since the finite elements are
extended objects, they may not lie uniquely in any of the regions. We assign a finite element to a process if its centroid
lies within its respective region; this is depicted in Fig. 4. Once a finite element is assigned to a process, that process will
allocate and retain all the relevant information associated with that element: nodal positions, nodal velocities, etc.

Generally, MD simulations are run with each process being assigned equally sized regions. If the particle density is
roughly uniform, such simulations will scale as O(N/P), where N is the total number of particles in the model and P is
the number of processes. A CAC model, however, will not, in general, have a homogeneous distribution of finite element
centroids and particles. As a result, a load balancing strategy is needed whereby the regions assigned to each process are
adjusted so that they are not all of equal size; this is discussed later in Section 3.5.

3.2. Computing forces
In section 2, a brief overview of the finite element solution process was provided. It was determined that the FE force

vector in Eq. (6) was the remaining aspect of the calculation that required a numerical method. The algorithm to address
this is summarized as follows:

Algorithm 1 Computing Forces.

Input: N local finite element and atom data (positions, velocities, etc.)
Output: N local finite element and atom forces.

1: fori=1 to N do

2:  Determine if i is an atom or element.

3: If i is an atom get f; and go to step 6, otherwise nodal forces = fmx) N;(X) f¥(X)dVx.

4:  Decompose integral domain into sectors: fsz,(m N;i(X) f X)dVx = Z?Zl fﬂs(x) N;X) f (X)dVx.

5:  Apply quadrature rule to each sector [oex) Nj(X) fig X)dVx = 22:0 Wq fia (Xig)Nj (Xig)-

6 Compute force field at fi, (Xiq), or particle force f; = fv flad(X — Xjg)dV = fv fla Xiq)dV with « =1, g=1 as convention, by accessing K atom and
virtual atom neighbors for each point X;q. See Fig. 5 for a depiction. See Algorithm 2 for details on getting the K neighbors.

7. for j=1toKdo

8: If |X;j — Xig|| < rcue, the cutoff radius, add the force contribution to fig (Xig).
9 end for

10: end for

Note that step 4 of Algorithm 1 decomposes the integral over an element into an interior, surface regions, edge regions,
and a set of corner regions; where the interior is the only one not expected to interact with other elements and atoms. In
the case of surfaces, edges, and corners there is an associated thickness (not actually a surface or edge) that is chosen based
on the force cutoff radius; which is used to decide how much of the element’s material can interact with other elements
and atoms.
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Fig. 5. Depiction of the process by which the non-local force density is computed at quadrature points (small boxes with a point) using real and virtual
atoms within the cutoff radius (dashed circle). Real atoms are shown as filled circles while the virtual sampling points for material inside finite elements
are shown as unfilled circles.

3.3. The neighbor listing process

Efficient computation of non-local forces in MD relies on some form of neighbor list data structure. This ensures that
in O(N/P) time one can identify the set of atoms that are within the force cutoff distance of each particle in the system.
Similarly, the CAC algorithm needs an efficient method to find all the elements and atoms within the cutoff distance of each
element and atom; this is described in Algorithm 2. Note that this algorithm uses the ASA CG [53] optimization code.

Algorithm 2 Neighbor Listing.

Input: N local finite element and atom data (positions, velocities, etc.)
Output: Neighbor list of elements/atoms for each atom or finite element quadrature abscissae

1: fori=1 to N do

2:  Ifiis an element define the set of Q quadrature abscissae, Xi; q € [1, Q1.

3: If i is an atom, X;q is the atom’s position and Q =1.

4: forj=1toQdo

5: Access the stencil of B bins that x;q corresponds to.

6: for =1 to B do

7: Access the K element and atom contents of bin 1.

8: for k=1 to K do

9: If k is an atom, and |X¢ — Xiq|| < rcur, add k to the neighbor list of X;q and skip to 16.

10: If k is an element, define a bounding box for the element; expand the box edges by ry, see Fig. 6 for a depiction.

11: If Xg; lies in the expanded bounding box for k, use ASA CG to find closest point, Xp, of element k to X;q.

12: If me — Xiq ” < T'eut, construct a small set of V virtual atoms, using the finite element basis and X;,, that must include all virtual atoms
within reye of Xiq and some possible extras.

13: for v=1to Vdo

14: Add v to the neighbor list if |X, — Xig | < Teur.

15: end for

16: end for

17: If i is an element, add virtual atoms in its own domain satisfying |X, — Xiq| < rcue to the neighbor list of ;.

18: end for

19:  end for

20: end for

In LAMMPS, the cutoff includes a small “skin” distance which allows the same list to be re-used for several timesteps
until some atom or element has moved half the skin distance. In the case of finite elements, the maximum displacement of
the interpolation field determines whether to trigger a rebuild of the neighbor list.

Algorithm 2 relies on a binning technique, similar to that used for MD simulations [21]. To summarize this technique,
the simulation box containing all particles is decomposed into an ordered grid of axis-aligned rectangular “bins”; particles
are then assigned a bin index depending on their position. A key difference with finite elements is the need to assign to
every bin the set of finite elements that overlap with it. An element bounding box is used to produce a safe upper bound
on the set of bins an element overlaps with. Determining overlap between a bin and an element bounding box is simple
since all bins are themselves boxes within a uniform grid, see Fig. 7. Thus, with an O(N/P) loop through the set of finite
elements and atoms every bin is aware of which particles it contains and which finite element bounding boxes overlap
with it. Additionally, the desired quadrature integration points may be assigned their bin location just as is done for particle
positions.

Due to the disparate length scales that may arise in different parts of the model, each process subdomain in the spatial
decomposition receives its own grid of bins. The bin size in each process is selected according to a weighted average of the
element sizes, if they are larger than the force cutoff; thus, if there are many large finite elements, locally, the chosen bin
size will be of comparable size to the bounding boxes of these finite elements.
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Fig. 6. The procedure for building the neighbor list of a finite element. Element E1 is adjacent to E2 and many atoms. The leftmost quadrature points
of E1 include E2 as a neighbor since they lie inside E2’s bounded box expanded by the cutoff radius (within the rectangular dotted box). The lower-left
quadrature point of E1 includes a few atoms as neighbors (dotted circle).
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Fig. 7. Simple demonstration of the binning technique used to build neighbor lists for the CAC method. Point particles are assigned to a single bin. Finite
elements are assigned to every bin with which their bounding box overlaps (shown with an E).

Once atoms, quadrature points, and elements are assigned to bins, the neighbor list for each atom and quadrature point
can be built efficiently. For each point and the bin it resides in, the code loops over a stencil of bins that surrounds that
point’s bin. The stencil includes the center bin itself and only the nearby bins which are within the cutoff distance of the
center bin; this stencil is accessed in step 5 of Algorithm 2.

3.4. Communication

One remaining issue is how to build the neighbor list and compute pairwise interactions in parallel for a spatially
decomposed problem. In LAMMPS, each process region is an axis-aligned rectilinear or triclinic box. To compute forces for
all the particles and finite elements a process owns, it needs ghost copies of nearby particles and elements (owned by other
processes). Specifically, it needs any particles or elements within the force cutoff distance of any of its particles or elements.
For an MD-only model this is simply the halo of particles within a cutoff distance of the process sub-box.

For CAC, the communication is more complicated. Since finite elements have a finite size, a single element can overlap
with the boxes of several processes; though it is owned by the process whose box the element centroid is in. The method
to address this is depicted in Algorithm 3 and in Fig. 8 as well.

3.5. Load balancing
All stages of the calculation have now been described for the spatially decomposed CAC algorithm. However, for systems

with a mixture of atoms and finite elements or varying sizes, the spatial decomposition of the domain should ideally
be chosen so that the computational load across processes is balanced. The existing spatial decomposition algorithms in
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Algorithm 3 Communication.

Input: N local finite element and atom data (positions, velocities, etc.)
Output: finite element and atom data, belonging to neighboring processes, needed for forces.

1: fori=1to N do

2: If i is an element define a bounding box for the element.

3:  If the bounding box for i overlaps with the bounding box of a neighboring process, p € [1, Pne,vgh], send the bounding box data corresponding to i as
a message to p.

4: end for

5: for p=1 to Ppejgn do

6:  Receive messages for all M, € M overlapping element bounding boxes from neighboring proc p

7: end for

8: for m=1 to M do

9:  Expand the mth ghost bounding box by r¢,; in all directions.

10:  Assign the expanded element bounding box m to the bins it overlaps with.

11: end for

12: fori=1 to N do

13:  Assign element/atom i to its respective bins/bin.

14: end for

15: fori=1 to N do

16:  for p=1to Ppejgn do

17: Test if the atom position, or element bounding box, for i overlaps with a halo, of depth r¢,, Around the box of process p. If yes send the
element/atom data for i to p.

18:  end for

19: end for

20: for m=1 to M do

21:  Access the K bins that the expanded ghost box m, sent by a neighboring proc p, overlaps with.
22: for k=1 to K do

23: Access the L atoms and elements contained in bin k.
24: for =1 to L do
25: If atom/element [ overlaps with the expanded ghost box m, send [ to the process p, that sent the mth bounding box, to become a ghost of
process p. This is depicted in Fig. 8.
26: end for
27:  end for
28: end for
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Fig. 8. A simplified example of the communication algorithm in two dimensions. The domain of Process 2 is first expanded by the cutoff radius, so Process
1 can identify particles or elements it owns which must be sent as ghost entities to Process 2. Process 1 has two such particles (rightmost) and no elements
that meet this criterion. Next, the two finite elements owned by Process 2 are communicated to Process 1 because they overlap Process 1's region. Any
additional atoms and elements owned by Process 1 which are less than the cutoff distance from a received element also need to be sent to Process 2. This
constitutes four additional particles and one element. The effective boundary for sending particles and elements from Process 1 to Process 2 is denoted by
the dashed line. Process 2 follows the same algorithm to determine what particles and elements to send as ghost entities to Process 1.

LAMMPS, particularly the RCB (recursive coordinate bisection) method [54], illustrated in the rightmost frame of Fig. 9, can
assign atoms and elements in a load balanced manner so long as appropriate computational weights are assigned to both
elements and atoms. These weights are chosen based on the expected expense of the force calculation, which is the majority
of the computational expense for typical simulations. The resulting simulation will then, ideally, scale as O(N/P), N being
the total computational weight of the model and P being the number of processes. Initially, the computational weight of
each finite element is the number of quadrature points associated with it. As the simulation proceeds, the computational
weight of each element and atom is computed according to the expected number of virtual and real neighbors that its set
of quadrature points must loop through; the number of neighbors is estimated using the previous neighbor list builds.

3.6. Performance

The first test of the CAC method’s performance is its computational efficiency for an all-finite-element simulation com-
pared to equivalent all-MD simulations. To that end, simple cubic blocks, using Cu and Si, were run for 5000 timesteps with
both CAC and MD. A cubic block of PbTe was also run for 1000 timesteps using MD and CAC. For the CAC simulations, each
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Fig. 9. Schematic demonstrations (in 2D) of the available LAMMPS spatial decomposition techniques [55]. The method best utilized for the multiple resolu-
tions of the CAC method is the one shown furthest to the right, namely, the rcb (recursive coordinate bisection) method. Note that every subdomain in the
decomposition scheme is a rectangle (rectangular prism in 3D).
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Fig. 10. Ratio of computational time between MD and CAC for the same blocks of crystalline Cu, Si, or PbTe described with their respective potentials;
the efficiency increases with M3 (the element size M), which indicates CAC can be very efficient for mesoscales with a low defect density, e.g., with
large dislocation spacing. The first six points of each curve are the result of simulation data, shown on the inset graph, whereas the rest are a theoretical
prediction, which is a cubic polynomial, predicting the efficiency after fitting to the first six data points. For all scales, CAC run time for 5000 steps of L]
and SW is approximately 180 s and 400 s; the Buck+Coul run time for 1000 steps is 610 s.

finite element was comprised of M by M by M unit cells; the total number of finite elements was held constant at 1000,
but M was increased. Each element used 64 Gaussian quadrature points for the numerical integration. The resulting cubic-
shaped finite elements had side lengths ranging from 3.6 nm to 38 nm. The corresponding MD models used the requisite
number of atoms to obtain the same set of system sizes for the comparison; the number of atoms corresponding to these
models ranges from four million to one billion.

The block of material has free surfaces in all three dimensions (no boundary conditions) and is allowed to equilibrate
dynamically. The Stillinger-Weber (SW) potential and the Buckingham/Coulomb hybrid potential, used to model Si and PbTe
respectively, are the same potentials used in the verification benchmarks of Section 4. Each simulation is run on 64 Intel
Xeon E5-2698 processors with 32 cores per node (1 MPI process per core). The performance results for the simulations are
plotted in the Fig. 10 inset plot as a ratio of the CPU time for the MD-only run divided by the CAC model time. For the
largest physical problem, this ratio ranged from 200x for Si to 900x for PbTe.

The CPU time for the MD simulations in each set scaled as N/P, where N is the number of atoms. Conversely, the CPU
time for the CAC model scales with the number of quadrature points used in the calculation, which remains constant across
all cases; note that this is the case when re-neighboring occurs infrequently. However, the number of atoms represented
by the CAC models scales with M [3]. Thus, the ratio of computational efficiency theoretically grows as M [3] for this
comparison; this is reflected in both the Fig. 10 simulation data (inset plot) and the theoretical extrapolation.

As seen in Fig. 10, CAC simulations using the L] potential do not speed up as much as those using Buck+Coul. This is due
to how cheap the L] pairwise calculations are compared to the cost of finite element interpolation required per quadrature
point. Note that the theoretical limit of the computational speedup due to CAC for pair potentials, when re-neighboring is
not very frequent, is the total number of pairwise calculations in the equivalent MD model divided by the total number of
pairwise calculations in the CAC model. When compared to MD this is approximately the number of atoms divided by half
the number of quadrature points; the factor of two results from the use of newton’s second law in MD algorithms. This
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Fig. 11. The Cu cube model (72 nm by 72 nm by 72 nm) used in the sequence of performance runs. The smaller cube (shown blue) (7.2 nm by 7.2 nm by
7.2 nm) in the center of the entire cube is shown with a cross section through the middle of the cube about the x axis. Finite elements are rendered in
gray.
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Fig. 12. Parallel efficiency as a function of the number of MPI processes (CPU cores) used to run the sample problem of relaxing a multiresolution cube
of Copper. Both the small and large models have 30,000 atoms; the small model has 992 finite elements, the large has 7992. The large problem thus has
7.25 times the computational weight (quadrature points + atoms) of the small problem. Simulation efficiency degrades as more processors are used due to
strong scaling effects for the two fixed-size problems. The last right point of the “small” and “large” curves corresponds, respectively, to an average of 1972
and 2027 atoms and quadrature points per process. The 100% efficient value is based on the run time on 16 processors for the small model and 36 for the
large model. Simulations were run using an Intel Broadwell cluster at Sandia, with dual-CPU nodes and 36 cores/node.

theoretical limit is approached as the pairwise potential becomes more expensive relative to FE interpolation. For example,
the result of the Buckingham/Coulomb hybrid potential shown in Fig. 10 is about 88% efficient compared to this theoretical
metric; meanwhile, the L] potential is 34% efficient.

It is worth mentioning that the in-house CAC codes developed by Chen et al. [39] show similar performance with uni-
formly meshed models. For example, if comparing their CAC code’s L] speedup on two nodes (34 cores per node) consisting
of Intel Xeon Phi 7250 processors, their speedup result is 2% greater than the results of Fig. 10. This was determined by
running an LJ block with MD and CAC, using elements containing 10 by 10 by 10 unit cells, for 1000 steps on their code;
the resulting MD simulation ran for 259 s compared to a 102 s CAC run. Given that the complexity of their force calculation
loop scales with the same parameters as CAC, the number of quadrature points, this relative performance is expected for all
element scales when neighboring is infrequent.

For many-body forces, the relative cost depends on the loop optimizations present in MD versus CAC. With the Stillinger-
Weber (SW) potential, for example, there is a substantial loss due to the calculation of force density for finite elements
requiring twice the cutoff radius relative to MD. The impact of this is reflected in the reduced coarse graining efficiency of
SW relative to a potential such as LJ.

The next benchmarks demonstrate the CAC algorithm’s parallel efficiency. Two single crystal Copper (Cu) cubes, modeled
with finite elements and an inner core of atoms, were created. One model (small) contains approximately 30,000 atoms
and 1,000 finite elements; the geometry is depicted in Fig. 11. The other (large) contains 30,000 atoms and 7,000 finite
elements. The purpose of using a small and a large model is to explore the relationship between efficiency and the average
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computational weight, in atoms and quadrature points, per process. The interatomic potential used to model Cu interaction
is the Embedded Atom Method (EAM) [56]. The simulations consist of dynamically simulating each cube towards equilibrium
with no boundary conditions (free surfaces) for 5000 timesteps.

These models were run on different numbers of processors to measure the strong-scaling parallel efficiency. The re-
sults for both models are shown in Fig. 12. Both models are about 85% efficient when there are roughly 2000 atoms and
quadrature points per MPI process. Thus, the dependence of the parallel efficiency on the average computational weight per
process is evident.

4. Verification
4.1. Crack propagation and branching

A phenomenon that has been found to occur in nano-scale simulations of fracture is the branching of the crack tip when
it interacts with phonons reflected by the model boundaries [41,57]. This result demonstrates the complicated nature of the
coupling between fracture and reflected phonons and the capability of the CAC code to allow defects from an atomically
resolved region to propagate into a coarsely discretized finite element region. The phenomenon of phonon-defect interaction
is likely to occur when the boundary is a material interface, such as a grain boundary or an artificially constructed surface
that may scatter and reflect phonons. This contrasts with reflection by the model boundary in numerical simulation. Since
this phenomenon can be observed in MD simulation and can be an artifact of small period model size, it provides a
convenient benchmark for the CAC method.

On that note, a simulation of crack growth in Si was conducted using both a CAC and MD model. The dimensions of
this model are 280 nm by 550 nm by 2 nm; the CAC model is composed of 794 K atoms and 16 K triclinic elements (each
of which spans 8, 8, and 4 unit cells respectively for each of the three triclinic directions). The MD model is composed
of 9.2 million atoms. The potential used to model the fracture behavior is the Stillinger-Weber potential developed by
Holland and Marder [58,59]. The results of the fracture process in both models are shown in Fig. 13. We note that the crack
features are nearly identical in both representations. Observe that the crack branches in both the CAC and MD simulations.
Additionally, the discontinuous finite element interpolation enables the CAC simulation to continue the crack propagation
into the coarse-scale FE region, as shown in the rightmost time frame of Fig. 13.

The averaged stress of the entire system was then measured using the virial stress formula in both simulations to provide
a quantitative comparison for benchmark purposes, shown in Fig. 14. It is worth noting that the virial stress formula is valid
for quantifying the total or averaged stress for the entire system; since the fracture process is a transient process, it offers
an approximate description of the local stress, which amounts to assuming a homogeneous stress distribution in the system
[60-62]. Nevertheless, the virial stress can still be used to compare between MD and CAC since it is a quantity that is
straightforward to calculate in MD and can also be calculated in CAC. The last point of the stress measurements corresponds

to the last time frame in Fig. 13.
'

Fig. 13. Snapshots in time, 120 ps, 160 ps, 170 ps, and 180 ps in order, of the crack propagation simulation using both CAC (top row) and MD (bottom row)
simulation models. The atoms in the CAC model are shown with the lighter shaded region; the last time frame explicitly shows the atomic region with the
red dashed line. The contour plots proceed in time towards the right and the color displays the normal virial stress calculation along the loading direction,
X, ranging from -1.5 GPa (blue) to 30 GPa (greenest).

CAC

MD
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Fig. 14. Averaged stress of the entire crack simulation model for both CAC and MD throughout the crack propagation process. The difference in stress
measurements begins to occur once the crack propagates across the numerical interface.
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Fig. 15. Rendering of the periodic array of square holes used to define the Si phononic crystal used in the verification benchmark; the rendering is performed
by Paraview [2].

4.2. Phonon Transport in a Si phononic crystal

A long standing challenge faced by multiscale methods is spurious wave reflection at the numerical interfaces (transition-
ing between atomic and coarse-grained resolution) of multi-scale models [8]. Even for phonons with wavelengths several
times greater than the coarse-grained resolution scale, this effect can be observed due to the different governing equations
present in the atomic and coarse-grained domains [8]. However, the formulation of the CAC method enables the propagation
of long wavelength phonons, for all branches of the dispersion curve, even within the coarse-grained description. Thus, one
verification of the methodology is to simulate the propagation of a wave packet chosen to excite phonons predominantly
considered coarse with respect to the mesh resolution, i.e. excited modes correspond to a wavelength larger than 8 element
lengths [38,40].

In order to verify the accuracy of wave propagation in the LAMMPS CAC code, a Si metamaterial with a periodic array
of square holes, using a common Stillinger-Weber potential for Silicon [63], is constructed with dimensions of 1.4 pm by
1.4 pm by 1 nm in the (100) plane of Si and is discretized with 26000 finite elements (each of which is large enough to
represent 4000 atoms in the fully resolved atomic model); the same geometry is then constructed for an MD simulation,
with 107 million atoms. Such metamaterials have been observed to dramatically alter the thermal properties of the bulk
material [64-66]. The square holes forming the periodic porous film of the model are each 17.4 nm by 174 nm; the array
is depicted in Fig. 15.

The model is loaded for 16 ps using an applied force in the center of the model, the shape of the force field is a
cylindrically symmetric Morlet wavelet. Such local heating strategies have been used successfully in previous works for
displacement and velocity loading [67,68]; this approach uses force loading with a similar function in order to reduce the
discontinuity in the system response that can result from position or velocity loading. The dominant wavelength parameter
of the Morlet wavelet is set to 139 nm, which is four times the artificial period length, i.e., 4p. Once the loading has been
completed the applied force is removed, and the system is simulated further to observe the kinetic energy propagation.
The resulting kinetic energy distribution generates a pattern in both the CAC and MD models as depicted in Fig. 16. Note
that the vast majority of the features present in the MD propagation pattern, which involves the scattering of phonons, are
captured by the CAC model. Some differences emerge in the magnitude and distribution of kinetic energy; predominantly,
this is due to the loading scheme exciting some fine scale properties, as discussed next.
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CAC

MD

Fig. 16. Wave propagation on the (001) plane of a Silicon Metamaterial. The model is a thin plate with periodic boundary conditions along <001>. CAC
results are presented on the top row while MD results appear on the bottom row; left column images represent 20 ps of propagation while the right
column represents the propagation at 60 ps. Color bars do not change with time.
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Fig. 17. The NFFT of the CAC (left) and MD (right) model displacements at 20 ps. The amplitudes have not been normalized. The results have almost exact
(<1% error) agreement in the long wavelength limit; however, the two noticeable peaks outside of the long wavelength limit, denoted by the dashed arc on
the CAC plot, are substantially taller (approximately 20% error) than the same peaks in the corresponding CAC result. Ranges of kx and ky are truncated for
visibility of the prominent wave vectors.

To quantitatively compare the accuracy of the wave propagation in CAC with respect to MD, the Non-Uniform Fourier
Transform (NFFT) of the displacement data is performed, with respect to the modes of the corresponding single crystal
silicon block with the same dimensions as the metamaterial model, in order to observe the system’s response in reciprocal
space. Note that although these are not the eigenmodes of the metamaterial system, they provide a basis to quantify the
phonon content of each simulation. In order to match NFFT samples the CAC data is interpolated from the nodal variables.
The results shown in Fig. 17 demonstrate that the CAC model accurately captures the long wavelength phonons present
in the MD simulation; differences begin to emerge as the wave vector increases past a typical rule of thumb limit for
resolving waves with finite elements; typically, eight element lengths is the smallest accurate wavelength [38,40]. Past this
critical limit, the error in the phonon content begins to grow; for example, the two peaks in Fig. 17 with wave vectors
beyond the red dashed line, denoting the critical cutoff, exhibit approximately 20-30% error in amplitude between the two
model representations. Naturally, this difference in representing the excitation can be ameliorated by simulating a larger
metamaterial with a larger Morlet wavelet, i.e. a larger dominant wavelength. However, for the purpose of this verification,
simulating a commensurate MD model for such a large system is impractical. Note that the information in the NFFT plot
is very close between the two representations because it is computed from displacement data whereas the propagation
pattern denotes kinetic energy; the errors in the fine scale modal information are thus amplified since kinetic energy scales
with the square of wave frequency.
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Fig. 18. A 2D schematic of the CAC model of a PbTe/PbSe heterostructure with a semi-coherent interface. The computer model has the dimensions of
23 nmx23 nmx600 nm and is represented by 438400 atoms and 2328 elements. The corresponding MD model contains 10.6 million atoms.

Fig. 19. The atomic structures of the PbTe/PbSe (001) interface in CAC (left) and MD (right) models. The interface structure is analyzed using DXA [77] to
plot dislocation lines. The blue lines denote 1/2<110> edge dislocations. Inset: STM imagery of a misfit dislocation network at a PbTe/PbSe (001) interface
[73].

4.3. Phonon transport and interaction with misfit dislocations

The interaction between phonons and defects, such as dislocations, is a challenging problem that must be addressed in
order to predict transient processes in complex materials [69,70]. MD is one of the few tools that has shed light on the
mechanisms of defects interacting with phonons at the nanoscale [71,72]; however, it is currently incapable of address-
ing mesoscale processes that involve many defects interacting with phonons. Enabling the ability to simulate mesoscale
transient processes involving defects and phonons is a core objective of the CAC method [11,12,17].

A verification of this ability is performed through the simulation of a phonon pulse propagating across the phase interface
in a PbTe/PbSe heterostructure, for which misfit dislocation networks have been experimentally observed [73,74] and are
theorized as the mechanism responsible for the reduced thermal conductivity of superlattices [75]. A schematic of the
CAC model for this simulation is depicted in Fig. 18 A 2D schematic of the CAC model of a PbTe/PbSe heterostructure
with a semi-coherent interface. The computer model has the dimensions of 23 nmx23 nmx600 nm and is represented
by 438400 atoms and 2328 elements. The corresponding MD model contains 10.6 million atoms. The computer model has
the dimensions of 23 nmx23 nmx600 nm. The interface regions are atomically resolved with 438400 atoms and the rest
of the model is discretized into 2328 elements. The corresponding MD model contains 10.6 million atoms. Thus, the CAC
model reduces 94.4% of the degrees of freedom of the underlying atomistic model. In order to obtain the misfit dislocation
structure at the interface, the direct wafer bonding process is simulated to bond the PbTe and PbSe single crystals, which is
then followed by a series of simulations of the annealling process of the bonded structure. A Coulomb/Buckingham hybrid
potential is used to model the interaction between atoms [76].

In Fig. 19, we present CAC and MD simulation results of the misfit dislocation network at the PbTe/PbSe (001) interface
and compare them with an experimental image of the dislocation network of this interface. As can be seen from Fig. 19, the
atomic structures of the interfaces in the CAC and MD models are almost identical. Both of them reproduce the structure
of the dislocation network with the average dislocation spacing being 8.2 nm, in good agreement with the experimental
measurements of 8.8 nm at room temperature [73].

To quantify and visualize the interaction between phonons and the misfit dislocation network at the PbTe/PbSe (001)
interface, a transverse acoustic phonon wave packet that centers at a wavelength of 12.1 nm and a frequency of 0.115 THz
is constructed according to the method of ultrafast phonon pulses [67,68]. Snapshots of the displacement responses of the
heterostructure to the phonon pulse simulated by both MD and CAC are presented in Fig. 20. It is seen from Fig. 20 that, at
t=120 ps, the dislocation network vibrates strongly with a vibration amplitude of 7.2U and 7.5U in CAC and MD simulations,
respectively, where U=0.001A is the amplitude of the input wave packet. This is a demonstration that a resonance interac-
tion between the phonon pulse and the misfit dislocation network has taken place. The waves that are propagating away
from the interface at t= 240 ps are waves reflected by the interface. The energy transmission coefficients obtained from the
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Fig. 20. Snapshots of the displacement response of a PbTe/PbSe heterostructure to a transverse phonon pulse that centers at a wavelength of 12.1 nm to
compare CAC and MD simulation results, showing partial transmission and partial reflection of the wave packet at the interface (position 0) at t =240 ps,
as well as the resonance interaction between phonons and misfit dislocations at t=120 ps. The amplitude of the input wave packet is U=0.001A.

CAC and MD simulations are 29.4% and 28%, respectively. These comparisons demonstrate a good agreement between CAC
and MD in simulating phonon scattering by interface misfit dislocations both qualitatively and quantitatively.

5. Demonstration

In order to demonstrate the parallel algorithm in a situation where multiple resolutions are used, we simulate a
PbTe/PbSe (001) heterostructure that is considerable larger than the one in Section 4.3. The computer model is presented in
Fig. 21. It has dimensions of 116 nm by 116 nm by 160 nm and is discretized into 1100 8-node finite elements, with each
node having four internal degrees of freedom, and approximately 545,000 atoms. The cartesian coordinate system in Fig. 21
is rotated such that the dislocation lines will span along the x and y axes. A MD model of this structure would contain
approximately 70 million atoms. The system is periodic along the x and y axes and leaves the z-axis boundary free. The
equilibrium structure of the interface is obtained through simulations of the direct wafer bonding process that bond PbTe
and PbSe crystals. The misfit dislocation network obtained in the simulations is shown in Fig. 21.

The performance of the CAC algorithm as it equilibrates the interface model can be determined by analyzing the balance
in computational time between processes for each of the code’s primary operations. The inefficiency in distributing the
computation time is quantified in Table 1 using the following definition:

sup |tj — ¢,
f=100.M, (10)

avg

where t; denotes the set of CPU times reported by all processes and tqyg is the sum of all the CPU times (minus synchro-
nization time) divided by the number of processes; which approximates the ideal load balanced value. Note that there is a
less than 13% imbalance in the force computation, which is the portion of the computation for which the load balancing
algorithm assigns weights, for a model where the density of degrees of freedom changes 10000 fold between the coarsest
resolution and the atomic resolution. However, the other portions of the algorithm that are incurred somewhat frequently
when relaxing this interface model such as communication, reneighboring, and other modifications such as viscous damp-
ening encounter more severe imbalances; due to the lack of assigned weights for these portions of the computation such
that they can simultaneously be load balanced whilst balancing the force computation. In this case, the force computa-
tion comprised 80% of the computational time; since the equilibration process requires frequent reneighboring due to the
temperature at the interface.
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Fig. 21. Left: Depiction of the multiresolution PbTe/PbSe model on Paraview. The model uses four resolutions; the smallest resolution corresponds to the
atoms in the middle where the dislocations are expected to form. Right: DXA analysis result of the PbTe/PbSe interface for the multiresolution model. The
average dislocation spacing obtained in the simulation is 8.2 nm, in close agreement with experimental results [73].

Table 1

Run times (first row) and percent inefficiencies, per simulation
algorithm, encountered in the simulation of the multiresolution
misfit dislocation model for 5000 time steps. Percent inefficiency
is calculated with Equation (10).

Process Count 32 48 64

Total Loop Time 801 m 640 m 504 m
Force Calculation 6.16% 11.19% 12.35%
Neighbor Listing 87.2% 86.4% 228.8%
Communication 90.9% 84.6% 88.14%
Modification 97.3% 90.1% 92.10%

6. Summary and discussions

This paper has presented a massively parallel algorithm to implement the Concurrent Atomistic Continuum (CAC) method
in Molecular Dynamics (MD) software and demonstrated an implementation in LAMMPS. The spatial decomposition algo-
rithm described in this paper is one of the first to exhibit O(N/P) scaling when the solution involves multiple scales of
finite elements, discrete particles, and their interaction through non-local forces. The algorithm addresses these aims via the
design of a halo communication strategy that accommodates finite, not point-like, objects with disparate resolutions; de-
vising a multi-scale neighbor listing algorithm for non-local systems with extended particles, of multiple length scales, and
atoms; creating an integration scheme to numerically solve the nonlocal governing equation, using FEM, for said systems;
and efficiently decomposing the numerical solution of the resulting integral equations amongst computational processes
using the LAMMPS rcb algorithm. The details of this process are depicted in Section 3 and shown to exhibit O(N/P) scaling
in Section 3.6. The computational efficiency of the CAC method in comparison with MD, achieved by coarse graining, has
also been exhibited in Section 3.6 as a function of finite element length; as expected, the larger the average scale of the
finite elements present in the model the greater the computational efficiency compared to an atomically resolved model.

Furthermore, it was demonstrated through benchmarking simulations of crack branching, phonon propagation in a Si
phononic crystal, and phonon-misfit dislocation interaction that the CAC method in LAMMPS is capable of simulating com-
plex nonequilibrium processes. It is recognized that coarse-graining error exists relative to MD for certain details such as
kinetic energy density. These examples, both of uniform and multiple resolution, have demonstrated the ability of the CAC
method to capture phonon and defect dynamics in both the atomistic and coarse-grained domains. Many previous multi-
scale methodologies do not address many of the capabilities demonstrated in this work, especially simultaneously [7]. This
provides a pathway for the effective simulation of complex mesoscale structures to better understand emergent dynamic
behaviors.

The predictive power of classical interatomic interaction has proven very beneficial given the prohibitive computational
cost and size limitations of quantum mechanical solutions [2,3]. However, MD will not be able to elucidate, likely for sev-
eral decades [6], the phenomena encountered in mesoscale transport processes in complex material microstructures. The
computational efficiency offered by CAC presents a viable method for the simulation of dynamic mesoscale transport pro-
cesses. We expect this capability to enable the prediction of relationships between engineered microstructures and material
performance.
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We also expect that the algorithm will become more efficient over time as optimizations to both the single-core per-
formance and the reduction in volume of communicated information lead to increases in overall computational efficiency.
Regarding single-core efficiency, the current CAC algorithm possesses many loops that dominate the computational time;
many of these could be vectorized, after refactoring the loops and memory access as required, by interfacing with an exist-
ing API such as OpenMP. There is also the potential for GPU acceleration using an API such as Kokkos [78]; which LAMMPS
already exploits in other MD contexts.

In addition, algorithms to improve the accuracy (i.e., reduce coarse-graining error in modeling phenomena) and efficiency
of the CAC method will be added in the near future. These include (1) adaptive refinement of the finite element interpolation
that accommodates the need for changing resolution in dynamic simulations of defect propagation and multiplications, and
(2) an algorithm to model the fine-scale fluctuations of the underlying atomistic information that is removed by the FE
shape functions in coarse grained regions, i.e., f§(x) in Eq. (3). Addressing the multiple time scales in f§(x) could enable
the efficient simulation of dynamically coupled thermal transport and defect dynamics at various temperatures.

Although in this work, CAC is presented as a method enabling concurrent atomistic and continuum simulation, the CAC
formulation also provides consistent formulas for the calculation of continuum quantities, such as stress and heat flux, in
atomistic or coarse-grained atomistic simulations of non-equilibrium processes in heterogeneous materials [60-62,79]. Cur-
rently, the majority of flux formulas implemented in MD software are only applicable to homogenized single-component
materials, according to the restrictions specified by Irving and Kirkwood [22]. Future work will address a parallel imple-
mentation of the CAC flux formulas for both atomistic and coarse-grained simulations, thereby enabling the measurement
of flux in non-equilibrium processes.

The CAC algorithm in LAMMPS was implemented as the “USER-CAC” package within the LAMMPS source code and will
be publicly available in the GitHub version by the time this paper is published. In the eventuality of delays, it may be found
at https://github.com/Adrian-Diaz/lammps/tree/USER-CAC.
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