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The funds associated with the US Army W911NF-15-1-0386 DURIP grant
have been spent as shown in Table 1.

Cost (in $) Description

59.99 Cables
46 370.00 Inter CPU nodes
10 097.45 Node for GPU cards
6192.27 NVIDIA GTX1080 GPUs to replace obsolete GTX480 GPUs

20 640.90 NVIDIA GTX1080 GPUs for new nodes
8944.39 Supermicro SSE-X3348 10GBase-T RJ45 switch
6200.00 New Euler node
6050.00 New Euler node
8825.00 New Euler node

85 400.00 NVIDIA GTX1080 GPUs nodes and file server with 10 8TB HDDs

198 780.00 TOTAL EXPENSES

Table 1: Project expenses.

The grant funds were used to update an existing heterogeneous CPU/GPU
cluster called Euler [1]. The hardware assets are part of a cluster that is hosted
in the Mechanical Engineering building in a climate-controlled room (4170ME),
which is 70 feet away from the PI office (room 4150ME). The cluster is managed
by a system administrator hired by the PI’s lab. There were no salary expenses
of any type associated with the W911NF-15-1-0386 project; the system admin-
istrator has always been paid from a different funding stream associated with
the university. The Euler cluster has experienced almost 100% utilization owing
to use in research, educational, and project activities.

Research activities. The Euler cluster has been used over the last two years
to produce results reported in several journal publications: numerical methods
[2, 3, 4, 5]; fluid-solid interaction (FSI) [6, 7, 8]; terramechanics/geomechanics
[9, 10, 11]; additive manufacturing [12], and biomechanics [13]. Two more
manuscripts that summarize research results in the areas of FSI and geome-
chanics are under review [14, 15].

We also produced a number of technical reports that are available online
[16]. The more relevant ones are: [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39].

Educational/Outreach/Technology Transfer activities. Since 2013, the
PI has organized an event tied to the topic of advanced computing and vehi-
cle mobility [40]. The list of event participants includes Open Source Robotics
Foundation, Jet Propulsion Laboratory, NASA, Japan Aerospace Exploration
Agency, Caterpillar, P&H Mining, MSC.Software, Simertis Gmbh, BAE Sys-
tems, Eaton Corporation, Rescale, Red Cedar Technology, NVIDIA, Nevada Au-
tomotive Test Center, Harley-Davidson Motor Company, Oshkosh Corporation,

1



John Deere, Statoil, Proctor and Gamble, Cooper Industries, GlaxoSmithKline,
Motionport, Altair, Hendrickson, US Army TARDEC, US Army ERDC, Japan
Department of Defense, Intuitive Machines, Energid Technologies, SmartUQ,
SimLab Soft, Progeneric Systems, Function Bay, Trek Bicycles, D-Wave, Dy-
namic Simulation Technologies, University of Wisconsin-Madison, Johns Hop-
kins University, University of Iowa, Colorado State University, Georgia Institute
of Technology, University of Parma (Italy), Politecnico di Milano (Italy), MIT,
Columbia University, Darmstadt University (Germany), University of Illinois
at Chicago, University of Michigan, University of Aarhus (Denmark), Beijing
Institute of Technology (China), Fraunhofer Institute for Industrial Mathemat-
ics at Kaiserslautern University (Germany), and Inha College (S. Korea). All
meetings have been organized at UW-Madison in May and December of each
year, with the exception of the last edition, which was organized in Novi, Michi-
gan, in partnership with US Army TARDEC. The purpose of these meetings
is to serve as an applied computing idea marketplace, to facilitate technology
transfer through strong industry ties, and to promote the simulation software
solutions developed by the PI’s lab. These meetings are self-supporting as the
participants pay registration fees.

Secondly, the cluster has been used for student education purposes. This in-
strumentation project offered students taking Negrut’s graduate course “ME759:
High Performance Computing for Engineering Applications” – an offering cross-
listed in Mechanical Engineering, Computer Science, Engineering Mechanics and
Aeronautics, and Electrical and Computer Engineering [41] – the opportunity
to work on a class project related to parallel computing in Science and En-
gineering. More than 90 students from 10 departments at the University of
Wisconsin-Madison registered for this graduate class in Fall 2015, with 66 of
them concluding it. The Fall 2015 offering of ME759 was the most popular
graduate course in the College of Engineering at the University of Wisconsin–
Madison.

Army projects. The PI’s group has been involved over the last two years in
three large Army project:

• US Army Rapid Innovation Funding Project W56HZV-14-C-0254 [9/1/2014
- 9/1/2016] – “A Physics-Based High Performance Computing Capability
for Ground Vehicle Mobility Analysis”.

• US Army TARDEC Project W56HZV-08-C-0236 [8/1/2015 - 6/15/2016] –
“Development of a High Performance Computing Software Infrastructure
for the Modeling and Simulation of Multibody Dynamics Applications:
Part 2”.

• US Army TARDEC Project W56HZV-08-C-0236 [4/1/2017 - 3/31/2018] –
“Development of a High Performance Computing Software Infrastructure
for the Modeling and Simulation of Multibody Dynamics Applications:
Part 3”.
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The most important component delivered under these projects is a paral-
lel software infrastructure that supports modeling/simulation/visualization in
multi-physics problems. This simulation tool, called Chrono, is designed to
solve computational dynamics problems. Chrono’s strength lies in its ability
to model many-body systems such as those encountered in vehicle-soil interac-
tion. Chrono has a suite of discipline-specific vertical modules: Chrono::Engine,
Chrono::FEA, Chrono::FSI, Chrono::Vehicle, and Chrono::Parallel – not all at the
same level of maturity. Chrono is used by US Army TARDEC and US Army
ERDC (CREATE-GV and Proteus projects). The Army collaborators have
been trained in the use of Chrono in a one week tutorial organized by the PI
on-site at US Army TARDEC in Warren, Michigan [42]. Some highlights of
Chrono are as follows.

• Chrono::Engine is the core module of Chrono and offers simulation sup-
port for common rigid multibody dynamics problems. As such it routinely
handles rigid bodies, mechanical joints, and frictional contact. The latter
comes in two flavors: penalty [43] and complementarity. The complemen-
tarity approach, which is anchored in the methodology of [44, 45], leads
to a set of differential variational equations solved using the APGD [2]
or Barzilai-Borwein [46] methods. Chrono relies on a half-implicit Euler
integration method used in the CCP framework proposed in [47], or on a
HHT integration scheme [48] used for friction-free rigid and flexible body
dynamics. The current formalism in Chrono is Fully Cartesian, descriptor
form, as described in [49].

• Chrono::FEA is a module that has been developed to support nonlinear
finite element analysis of flexible bodies. There are three sources of non-
linearity in the solution implemented by this module: (a) large displace-
ments and large deformations; (b) nonlinear boundary conditions, such as
friction and contact forces; and, (c) nonlinear material laws. The FEA
methodology implemented is as follows:

– ANCF formulation as defined by [50]. Augmented with enhanced
assumed strain (EAS) and assumed natural strain (NAS) [51]. Valid
for large displacements, large rotations, small strains. Can handle
nonlinear material models.

– Co-rotational approach as described in [52]. Valid for large displace-
ment, large rotations, small strains. Can handle some nonlinear ma-
terial models.

Chrono::FEA provides preliminary support for plasticity which comes into
play for continuum terrain. A first approach relies on ANCF. A second
approach relies on a methodology reported in [53, 54], which uses a mesh-
less method; i.e., the material point method (MPM) to solve the equations
of motion.

• Chrono::FSI is a module that provides support for fluid–solid interaction
phenomena. For handling the fluid part, Chrono uses the Smoothed Parti-
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cle Hydrodynamics approach proposed in [55, 56]. For handling the rigid
body dynamics part Chrono uses the half-implicit symplectic Euler inte-
gration method [57] that is standard in Chrono. The Fluid-Solid coupling
was done using complementarity conditions. The overall problem is posed
like one big Cone Complementarity Problem (CCP). This CCP is solved
using the APGD method [2] or Barzilai-Borwein method [46].

• Chrono::Vehicle is a module that allows simulation of wheeled and tracked
vehicles. It has templates for rapid model generation. This is the mod-
ule that is most widely used insofar the priorities of the US Army are
concerned; i.e., off-road mobility studies.

• Chrono::Parallel supports the simulation of large models with millions of
degrees of freedom. Its main purpose is to accelerate core functional-
ity that is provided by Chrono::Engine. Unlike the latter, Chrono::Parallel
only supports a subset of services, but it sees to them in a parallel fashion.
The list of such services supported includes: collision detection, proxim-
ity computation in FSI, handling of friction and contact, function and
Jacobian evaluation in Chrono::FEA, etc.

The Euler cluster augmented through this DURIP project is the resource
used by the PI’s lab to run Chrono. The Chrono software and its verticals
are available as open source software accessible in an online public repository
[58]. Project main page: [59]. Chrono API: [60]. Approximately 2500 pages of
software documentation are available at [61]. More than 30 demos that explain
the use of the code are available in the Chrono distribution. Several white papers
are available on the Project Chrono website [62]. User questions have been and
continue to be answered on the Chrono Forum [63], which as of June 2017 had
more than 150 members. Information about daily Chrono metrics (build and
test) is available online at [64, 65]. Chrono has been released as open-source
under a BSD-3 license, which ensures a very permissive use and distribution
mechanism.
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