
computational solid mechanics hpc
Computational Solid Mechanics (CSM) is a vital field that enables engineers
and scientists to simulate and analyze the behavior of solid materials and
structures under various conditions. With the increasing complexity of
engineering designs and the demand for robust and efficient solutions, the
role of High-Performance Computing (HPC) in computational solid mechanics has
become indispensable. This article delves into the intricate relationship
between computational solid mechanics and HPC, exploring how HPC environments
revolutionize simulation capabilities, the specific HPC technologies
employed, the challenges encountered, and the exciting future prospects of
this synergy. We will examine the fundamental principles of CSM, the types of
problems addressed, and how HPC accelerates these simulations, leading to
more accurate predictions and faster product development cycles.
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Understanding Computational Solid Mechanics

Computational Solid Mechanics (CSM) is a discipline that leverages numerical
methods and computer simulations to predict the mechanical behavior of solid
materials and structures. It provides a powerful alternative or complement to
traditional experimental testing, enabling engineers to explore a vast
parameter space and understand complex phenomena that might be difficult or
impossible to replicate in a laboratory. The core idea behind CSM is to
discretize a continuous physical problem into a finite set of elements and
then solve a system of equations that govern the material's response.

The Pillars of Computational Solid Mechanics

Several fundamental numerical techniques form the bedrock of computational
solid mechanics. These methods allow engineers to translate complex physical
laws into a form that computers can process and solve. The most prominent
among these are:

The Finite Element Method (FEM): Perhaps the most widely used technique,
FEM discretizes a complex geometry into smaller, interconnected elements
(e.g., triangles, quadrilaterals, tetrahedrons). By defining simple
shape functions within each element, FEM allows for the approximation of
complex displacement fields and stress distributions. This method is
particularly versatile and can handle intricate geometries and boundary



conditions.

The Finite Difference Method (FDM): FDM approximates derivatives using
finite differences. It is simpler to implement than FEM for regular
geometries but can be challenging for irregular shapes or complex
boundary conditions. It typically discretizes the domain into a grid of
points.

The Boundary Element Method (BEM): BEM, unlike FEM, only discretizes the
boundary of the domain, reducing the dimensionality of the problem. This
can be advantageous for problems with infinite or semi-infinite domains,
such as crack propagation or external flow analysis.

Meshfree Methods: These methods do not rely on a predefined mesh,
offering greater flexibility in handling large deformations, crack
propagation, and free surface problems where mesh distortion can be a
significant issue.

The choice of method often depends on the specific problem being addressed,
the geometry of the object, the material properties, and the desired
accuracy. Each method involves a series of steps, including:

Discretization: Dividing the continuous domain into smaller elements or1.
nodes.

Formulation of Element Equations: Developing mathematical equations that2.
describe the behavior of each individual element.

Assembly of Global Equations: Combining the element equations into a3.
large system of algebraic equations representing the entire structure.

Application of Boundary Conditions: Incorporating known constraints and4.
loads on the structure.

Solution of Equations: Solving the system of algebraic equations to5.
determine displacements, stresses, strains, and other relevant
quantities.

Post-processing: Interpreting and visualizing the results.6.

Key Applications of Computational Solid
Mechanics



The ability to accurately simulate the mechanical behavior of materials and
structures has made computational solid mechanics a cornerstone in numerous
engineering and scientific disciplines. Its applications span a wide range of
industries, driving innovation and ensuring the safety and efficiency of
critical systems. Some of the most significant applications include:

Aerospace Engineering: Designing aircraft and spacecraft structures,
analyzing stress concentrations in critical components, simulating the
effects of aerodynamic forces, and optimizing for weight reduction while
maintaining structural integrity. This includes fatigue analysis and
fracture mechanics for components subjected to extreme loads and cyclic
stresses.

Automotive Industry: Crash simulations to ensure passenger safety,
analyzing structural integrity under various driving conditions,
optimizing vehicle weight for fuel efficiency, and simulating the
performance of components like suspension systems and engines.

Civil Engineering: Analyzing the structural behavior of bridges,
buildings, dams, and other infrastructure under static and dynamic
loads, including seismic events. This also involves studying soil
mechanics and the stability of slopes.

Biomedical Engineering: Simulating the mechanics of biological tissues,
designing medical implants and prosthetics, understanding the
biomechanics of bone fracture, and analyzing blood flow dynamics.

Manufacturing and Materials Science: Simulating manufacturing processes
such as forging, welding, and injection molding to predict material
deformation and residual stresses. This also includes understanding
material behavior under extreme conditions and developing new materials
with enhanced properties.

Defense and Security: Designing protective armor, simulating the impact
of projectiles, analyzing the structural response of vehicles and
equipment to explosions, and developing advanced materials for defense
applications.

Consumer Goods: Designing durable and aesthetically pleasing products,
from electronics casings to sporting equipment, by simulating stress,
strain, and fatigue life to prevent failures.

The complexity and scale of many of these applications often necessitate the
use of powerful computational resources, which is where High-Performance
Computing (HPC) plays a crucial role.



The Imperative of High-Performance Computing
(HPC) in CSM

As the complexity of engineering designs and the fidelity of simulations
increase, the computational demands placed on CSM solvers escalate
dramatically. Many real-world problems in computational solid mechanics
involve:

Large, complex geometries: Detailed models of intricate structures
require a vast number of elements for accurate representation.

Non-linear material behavior: Many materials exhibit non-linear stress-
strain relationships, plasticity, damage, and fracture, which require
iterative and computationally intensive solution strategies.

Dynamic analysis: Simulating transient events like impacts, explosions,
or vibrations involves solving equations over many time steps.

Coupled physics: Often, mechanical behavior is influenced by other
physical phenomena like heat transfer, fluid dynamics, or
electromagnetism, leading to multi-physics simulations that are
computationally demanding.

High-resolution meshing: Achieving sufficient accuracy often requires a
very fine mesh, leading to a massive number of degrees of freedom to
solve.

Traditional single-processor or workstation-based computing often falls short
when faced with these challenges, leading to impractically long simulation
times. This is where High-Performance Computing (HPC) becomes essential. HPC
environments, characterized by their massive parallel processing power, large
memory capacities, and high-speed interconnects, are specifically designed to
tackle these computationally intensive problems.

How HPC Accelerates Computational Solid
Mechanics Simulations

HPC environments accelerate computational solid mechanics simulations
primarily through parallel processing. Instead of a single processor working
sequentially on a problem, HPC systems distribute the computational workload
across hundreds, thousands, or even millions of processing cores. This
parallelization can be applied at various levels:



Task Parallelism: Different parts of the simulation (e.g., solving
different subsets of equations, performing different post-processing
tasks) can be executed concurrently.

Data Parallelism: The computational domain (mesh) is divided into
smaller subdomains, and each processor or group of processors works on a
portion of the domain. This is a common strategy in CSM.

The key to effective acceleration lies in efficient parallel algorithms and
the ability to manage communication between processors. For computational
solid mechanics, this often involves:

Domain Decomposition: The mesh representing the structure is partitioned
into smaller parts, with each part assigned to a different processor.

Parallel Solution of Linear Systems: The global system of equations,
often sparse and very large, is solved in parallel using iterative or
direct solvers optimized for parallel architectures.

Parallel Time Stepping: For transient analysis, different time steps or
different parts of the time-stepping process can be handled
concurrently.

Parallel Pre- and Post-processing: Generating complex meshes and
visualizing large simulation results can also be parallelized to reduce
bottlenecks.

The gains in simulation speed can be substantial, allowing engineers to:

Run more complex and detailed models: Engineers can afford to use finer
meshes and more sophisticated material models.

Perform more design iterations: Faster simulations enable rapid
exploration of design alternatives.

Conduct sensitivity studies: Researchers can more easily investigate the
impact of various parameters on the simulation outcome.

Achieve near real-time simulations: For certain applications, HPC can
bring simulations closer to real-time analysis.



HPC Architectures and Technologies for CSM

The effectiveness of HPC in computational solid mechanics is underpinned by a
sophisticated combination of hardware and software components. Understanding
these elements is crucial for optimizing simulation performance.

Processors and Compute Units

The heart of any HPC system is its processing power. For CSM, this typically
involves:

Multi-core CPUs: Modern CPUs contain multiple cores, allowing for
significant parallel execution within a single processor. CSM codes are
often designed to leverage these multiple cores for intra-node
parallelism.

Many-core Accelerators (GPUs): Graphics Processing Units (GPUs) are
increasingly being adopted in HPC for their massive parallelism and high
memory bandwidth. Many CSM computations, particularly those involving
matrix operations and explicit time integration, can be effectively
mapped to GPU architectures, offering substantial speedups.

Specialized Processors: While less common currently for general CSM,
future HPC systems might incorporate specialized processors optimized
for specific mathematical operations relevant to solid mechanics.

Memory and Storage Solutions

The sheer volume of data generated and manipulated in CSM simulations
requires robust memory and storage capabilities:

High-Bandwidth Memory (HBM): Found in modern GPUs and some CPUs, HBM
provides significantly higher memory bandwidth than traditional DDR
memory, which is critical for data-intensive CSM workloads.

Large System Memory (RAM): HPC nodes are equipped with large amounts of
RAM to hold the simulation model, mesh data, and intermediate results,
especially for implicit solvers that require in-memory matrix
factorizations.

High-Performance Storage: Fast, parallel file systems (e.g., Lustre,



GPFS) are essential for quickly reading input files, writing checkpoint
data, and saving simulation results, preventing I/O bottlenecks.

Interconnect Technologies

Efficient communication between compute nodes is paramount for achieving good
scalability in parallel CSM simulations:

InfiniBand: This is a common high-speed, low-latency interconnect
technology used in HPC clusters, enabling rapid data exchange between
nodes, which is critical for distributed memory parallel algorithms used
in CSM.

Ethernet with RoCE (RDMA over Converged Ethernet): Increasingly, high-
speed Ethernet is also being used with RoCE to provide low-latency
communication comparable to InfiniBand.

NVIDIA NVLink/NVSwitch: For GPU-accelerated systems, NVLink provides
high-bandwidth, direct GPU-to-GPU communication, which is vital for
large-scale GPU-based CSM simulations.

The interplay of these hardware components allows CSM applications to scale
efficiently across large HPC clusters.

Software and Middleware for HPC in CSM

Beyond the hardware, a sophisticated software ecosystem is necessary to
harness the power of HPC for computational solid mechanics. This includes
programming models, libraries, and operating system support.

Parallel Programming Models

Developing parallel CSM applications requires specific programming paradigms:

MPI (Message Passing Interface): MPI is the de facto standard for
distributed-memory parallel programming. It allows processes running on
different nodes to communicate by explicitly sending and receiving
messages, a fundamental requirement for domain decomposition in CSM.



OpenMP (Open Multi-Processing): OpenMP is an API for shared-memory
parallel programming, used to exploit parallelism within a single
compute node (multi-core CPUs). CSM codes often use a hybrid MPI+OpenMP
approach.

CUDA/OpenCL: These are programming models for parallel computing on
GPUs, allowing developers to write kernels that execute on thousands of
GPU cores.

Domain Decomposition and Load Balancing

Efficiently distributing the computational work across multiple processors is
a critical aspect of HPC for CSM:

Domain Decomposition Techniques: Methods like geometric decomposition
(splitting the domain into contiguous blocks) or graph partitioning
(dividing the mesh based on connectivity) are used to create subdomains.
Common algorithms include METIS, Scotch, and Zoltan.

Load Balancing: Ensuring that each processor has roughly the same amount
of work is crucial for preventing idle time and maximizing efficiency.
Dynamic load balancing might be necessary for problems with evolving
meshes or varying computational costs across the domain.

Ghost Cell/Domain Communication: Processors need to exchange boundary
information (e.g., displacements, stresses) for neighboring elements
that reside on different processors. This "ghost cell" communication is
a key part of the parallel algorithm.

These software components enable the translation of complex CSM algorithms
into efficient parallel executions on HPC systems.

Challenges in Implementing HPC for
Computational Solid Mechanics

Despite the immense benefits, leveraging HPC for computational solid
mechanics presents several significant challenges that engineers and
researchers must address.



Scalability Issues

Achieving linear or near-linear scaling with the number of processors is
often difficult. Factors that can limit scalability include:

Communication Overhead: As the number of processors increases, the
amount of data that needs to be exchanged between them also grows,
potentially becoming a bottleneck. The ratio of computation to
communication is a critical factor.

Load Imbalance: If the work is not distributed evenly, some processors
may finish their tasks while others are still working, leading to
underutilization of the cluster.

Algorithm Limitations: Certain numerical algorithms inherent to CSM
might not parallelize efficiently beyond a certain number of cores due
to their sequential dependencies.

Memory Contention: In highly parallel systems, multiple cores or nodes
might contend for access to shared memory or interconnect bandwidth,
leading to performance degradation.

Data Management and Visualization

CSM simulations generate massive amounts of data, posing challenges in
storage, management, and analysis:

Large Datasets: A single high-fidelity simulation can produce terabytes
or even petabytes of data. Storing, transferring, and accessing this
data efficiently is a significant hurdle.

Parallel I/O: Writing and reading data from many nodes simultaneously
can overwhelm storage systems if not managed carefully, often requiring
specialized parallel file systems and I/O strategies.

Visualization Bottlenecks: Visualizing these large datasets
interactively can be extremely slow, requiring specialized parallel
visualization tools and techniques. Often, data must be aggregated or
downsampled for effective visualization.



Software Complexity and Development

Developing and maintaining HPC-enabled CSM software is a complex undertaking:

Parallel Programming Expertise: Writing efficient parallel code requires
specialized skills in MPI, OpenMP, and potentially GPU programming.

Debugging Parallel Codes: Debugging distributed parallel applications is
significantly more challenging than debugging serial code due to the
non-deterministic nature of parallel execution and the difficulty in
reproducing errors.

Code Portability: Ensuring that CSM software can run efficiently across
different HPC architectures and operating systems requires careful
design and adherence to standards.

Algorithm Adaptation: Existing serial CSM algorithms often need to be
re-engineered or new parallel algorithms developed to take full
advantage of HPC resources.

Cost and Accessibility

Accessing and operating HPC resources can be a barrier for many:

High Capital and Operational Costs: Building and maintaining HPC
clusters is expensive, requiring significant investment in hardware,
power, cooling, and skilled personnel.

Access Limitations: Access to large-scale HPC resources is often limited
to large institutions or through competitive grant proposals.

Learning Curve: Users need to acquire specific skills to effectively
utilize HPC systems and software, which involves a learning curve.

Overcoming these challenges is crucial for maximizing the return on
investment in HPC for computational solid mechanics.

Future Trends and Innovations in HPC for



Computational Solid Mechanics

The synergy between computational solid mechanics and HPC is continuously
evolving, driven by advancements in hardware, software, and algorithmic
approaches. Several key trends are shaping the future of this field.

Exascale Computing

The advent of exascale computing systems, capable of performing at least a
quintillion (10^18) floating-point operations per second, will revolutionize
CSM:

Unprecedented Model Fidelity: Exascale will enable simulations with
orders of magnitude more degrees of freedom, allowing for highly
detailed models of complex phenomena like fracture propagation, material
failure under extreme conditions, and multi-scale material behavior.

Real-time Multi-Physics: Highly complex multi-physics simulations that
are currently intractable may become feasible in near real-time.

Accelerated Discovery: Researchers will be able to explore vast design
spaces and test hypotheses much more rapidly, accelerating scientific
discovery and engineering innovation.

Artificial Intelligence and Machine Learning
Integration

AI and ML are poised to transform CSM workflows:

Physics-Informed Neural Networks (PINNs): PINNs can be trained to solve
differential equations directly, potentially offering faster and more
efficient solutions for certain CSM problems, especially those with
complex material models or boundary conditions.

Surrogate Models: ML models can be trained on data from high-fidelity
CSM simulations to create fast, approximate "surrogate" models that can
quickly predict outcomes for new design parameters. This is invaluable
for optimization and design exploration.

Accelerated Solvers: AI can be used to develop more efficient
preconditioners or direct solvers for the large linear systems



encountered in CSM.

Automated Meshing and Parameter Tuning: ML techniques can assist in
automating complex tasks like mesh generation, refinement, and parameter
optimization for simulations.

Hybrid Solvers and Adaptive Meshing

To further improve efficiency and accuracy, new algorithmic approaches are
emerging:

Hybrid Solvers: Combining the strengths of different numerical methods
(e.g., FEM for global behavior and meshless methods for local fracture
zones) or leveraging GPU acceleration for specific kernels within a
larger CPU-based simulation.

Adaptive Meshing: Techniques that automatically refine the mesh in
regions of high stress gradients or rapid deformation can significantly
reduce the total number of elements and computational cost while
maintaining accuracy where it matters most.

Reduced Order Modeling (ROM): Techniques that create simplified
mathematical models that capture the essential dynamics of the system
can drastically reduce computational requirements for certain types of
simulations.

Cloud-Based HPC for CSM

The accessibility and flexibility of cloud computing are transforming how CSM
is performed:

On-Demand Resources: Cloud HPC platforms allow organizations to access
massive computing power as needed, without the upfront investment in
hardware.

Scalability and Elasticity: Users can easily scale their computing
resources up or down based on project demands, paying only for what they
use.

Simplified Management: Cloud providers handle the infrastructure
management, allowing researchers and engineers to focus on their



simulations.

Democratization of HPC: Cloud HPC makes advanced computational
capabilities accessible to a wider range of users, including smaller
companies and academic research groups.

These future trends promise to push the boundaries of what is possible in
computational solid mechanics, enabling even more sophisticated and impactful
simulations.

Conclusion: The Powerful Synergy of
Computational Solid Mechanics and HPC

The relationship between computational solid mechanics (CSM) and High-
Performance Computing (HPC) is not merely beneficial; it is increasingly
symbiotic. As engineering challenges grow more complex, demanding higher
fidelity and greater accuracy in predicting material and structural behavior,
HPC has become an indispensable enabler for CSM. From the fundamental
principles of discretizing continuous physical domains to the sophisticated
numerical methods employed, CSM simulations are inherently computationally
intensive. HPC systems, with their parallel processing power, vast memory
capacities, and high-speed interconnects, are perfectly suited to tackle
these demands. They allow for the simulation of larger, more intricate
models, the exploration of non-linear material behaviors, and the execution
of dynamic and multi-physics scenarios that would be intractable on
conventional computing resources. The ability of HPC to accelerate these
simulations translates directly into faster design cycles, more robust
product development, and a deeper understanding of complex mechanical
phenomena. While challenges related to scalability, data management, software
complexity, and cost persist, ongoing advancements in hardware, parallel
programming models, AI integration, and cloud-based HPC are continuously
pushing the boundaries, promising an even more powerful future for
computational solid mechanics. The synergy between CSM and HPC is a driving
force behind innovation across a multitude of industries, ensuring safer,
more efficient, and more advanced engineering solutions.

Frequently Asked Questions

What are the key challenges in applying HPC to
computational solid mechanics?
Key challenges include managing massive datasets, ensuring efficient
parallelization of complex constitutive models, dealing with adaptive mesh



refinement, and handling the communication overhead between a large number of
compute nodes.

How does HPC improve the accuracy and scope of solid
mechanics simulations?
HPC allows for finer meshes, more complex material models, larger and more
intricate geometries, and the inclusion of phenomena like fracture mechanics,
damage evolution, and multi-physics interactions, leading to significantly
more accurate and comprehensive simulations.

What are some common HPC architectures used in
computational solid mechanics?
Common architectures include massively parallel processing (MPP) systems with
thousands of CPU cores, GPU-accelerated clusters for specific computationally
intensive kernels, and increasingly, hybrid systems combining both CPU and
GPU resources.

How are numerical methods like Finite Element Method
(FEM) and Finite Volume Method (FVM) optimized for
HPC?
Optimization involves techniques like domain decomposition for
parallelization, efficient sparse matrix solvers, optimized data structures
for local communication, and leveraging GPU acceleration for matrix-vector
products and other highly parallelizable operations.

What role does data management and I/O play in HPC-
driven solid mechanics simulations?
Effective data management and I/O are crucial for storing and retrieving
intermediate and final results, which can be terabytes or petabytes in size.
This often involves parallel file systems, checkpointing strategies, and data
compression techniques.

How is HPC used to accelerate the analysis of
complex material behaviors, such as plasticity and
fatigue?
HPC enables the simulation of micro-mechanical models that capture these
behaviors at a finer scale. It also allows for the integration of more
sophisticated constitutive laws and the exploration of a wider range of
loading histories and environmental conditions.



What are the benefits of using GPUs for solid
mechanics simulations on HPC systems?
GPUs offer massive parallelism for tasks like matrix operations, element
computations, and integrations, leading to significant speedups for many
solid mechanics codes compared to traditional CPU-only approaches.

How is uncertainty quantification (UQ) being
integrated with HPC for solid mechanics?
HPC allows for running a large number of simulations with varying input
parameters (e.g., material properties, boundary conditions) to perform Monte
Carlo simulations or other UQ methods, thereby assessing the impact of
uncertainties on simulation results.

What are the emerging trends in HPC for
computational solid mechanics?
Emerging trends include the use of machine learning and AI to accelerate
simulations (e.g., surrogate models, inverse problems), exascale computing
for unprecedented scale, quantum computing for specific highly complex
calculations, and advanced visualization techniques for large datasets.

How does HPC contribute to the design and
optimization of engineered structures?
HPC enables engineers to perform virtual testing of numerous design
iterations, explore a wider design space, and perform multi-objective
optimization under various loading conditions, leading to lighter, stronger,
and more efficient structures with reduced physical prototyping.

Additional Resources
Here are 9 book titles related to computational solid mechanics and High-
Performance Computing (HPC), with descriptions:

1.

Finite Element Methods for Computational Solid
Mechanics
This foundational text delves into the theoretical underpinnings and
practical implementation of finite element methods specifically tailored for
solid mechanics problems. It covers essential concepts like weak
formulations, element formulation, assembly procedures, and solution
techniques. The book is ideal for those seeking a deep understanding of how
to discretize and solve complex solid mechanics scenarios using computational



approaches.

2.

High-Performance Computing in Solid Mechanics
This book explores the crucial role of HPC in advancing computational solid
mechanics. It examines various parallel computing paradigms, distributed
memory architectures, and numerical algorithms optimized for HPC
environments. Readers will learn how to leverage supercomputing resources to
tackle massive simulations, analyze intricate material behaviors, and solve
problems previously intractable.

3.

Computational Solid Mechanics: Fundamentals and
Applications
Providing a comprehensive overview, this book bridges the gap between
theoretical solid mechanics and its computational implementation. It covers
essential topics such as constitutive modeling, large deformation analysis,
fracture mechanics, and contact mechanics from a computational perspective.
The text also showcases diverse applications across engineering disciplines,
illustrating the power of these methods.

4.

Parallel Finite Element Methods: Theory and
Applications
Focused on the HPC aspects of finite element analysis, this book details the
theory and practical implementation of parallel algorithms for FEA. It covers
domain decomposition techniques, parallel solvers, and strategies for
efficient data management on distributed memory systems. This resource is
invaluable for researchers and practitioners looking to scale their FEA
simulations.

5.

Advanced Solid Mechanics: Concepts and Applications
with MATLAB
While not exclusively HPC-focused, this book offers advanced solid mechanics
concepts and uses MATLAB for computational examples, which can be extended to
HPC. It covers topics like plasticity, viscoelasticity, and composite
materials, often requiring significant computational resources for realistic
simulations. The practical examples provide a solid basis for understanding
the numerical challenges addressed by HPC.

6.



Introduction to HPC for Scientists and Engineers
This book serves as an excellent introduction to the principles and practices
of High-Performance Computing for those in scientific and engineering fields.
It explains fundamental concepts like parallel programming models (MPI,
OpenMP), performance analysis, and job scheduling. While broad, it provides
the necessary foundation for understanding how to adapt solid mechanics codes
for HPC environments.

7.

Numerical Methods in Solid Mechanics: From Theory to
Practice
This comprehensive text covers a wide array of numerical methods used in
computational solid mechanics, including finite differences, finite volumes,
and spectral methods, alongside the finite element method. It emphasizes the
practical aspects of implementing these methods, often discussing
computational efficiency and the challenges of large-scale problems that
necessitate HPC. The book is a robust resource for understanding the
numerical landscape.

8.

Parallel Computing for Computational Fluid Dynamics
and Solid Mechanics
This specialized book addresses the convergence of computational fluid
dynamics and solid mechanics within HPC contexts. It highlights shared
challenges and solutions in parallel algorithm design, numerical
discretization, and efficient solver strategies for coupled phenomena. The
content is highly relevant for tackling complex multiphysics problems on
supercomputers.

9.

Computational Mechanics of Materials
This book focuses on the computational aspects of understanding material
behavior, from microstructural analysis to macroscopic response. It covers
advanced topics like phase transformations, damage accumulation, and fatigue,
all of which often demand extensive computational power. The text implicitly
points towards the necessity of HPC for realistic material modeling and
simulation.
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