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Breakout Outline
 Overview of SUNDIALS emphasizing newer developments (Carol Woodward)
 SUNDIALS Use in MFEM (Aaron Fisher)
 SUNDIALS Use in Combustion Through AMReX (Marc Day)
 SUNDIALS Use in E3SM (Mark Taylor)
 Discussion of user feedback and wish lists

LLNL-PRES-804126

3

SUite of Nonlinear and DIfferential-ALgebraic Solvers
 SUNDIALS is a software library consisting of ODE and DAE integrators and nonlinear solvers
— 6 packages: CVODE(S), IDA(S), ARKode, and KINSOL
 Written in C with interfaces to Fortran (77 and 2003)
 Designed to be incorporated into existing codes
 Nonlinear and linear solvers and all data use is fully encapsulated from the integrators and can be user-

supplied

 All parallelism is encapsulated in vector & solver modules and user-supplied functions
 Through the ECP, developing a rich infrastructure of support on exascale systems and applications
 Freely available; released under the BSD 3-Clause license ( >27,000 downloads in 2019)
 Active user community supported by sundials-users email list
 Detailed user manuals are included with each package

https://computing.llnl.gov/casc/sundials
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CVODE(S) and IDA(S) employ variable order and step BDF
methods for integration
 CVODE solves ODEs (𝑦𝑦̇ = f(t, y))
 IDA solves DAEs 𝐹𝐹(𝑡𝑡, 𝑦𝑦, 𝑦𝑦)̇ = 0

— Targets: implicit ODEs, index-1 DAEs, and Hessenberg index-2 DAEs
— Optional routine solves for consistent values of y0 and 𝑦𝑦0̇ for some cases

 Variable order and variable step size Linear Multistep Methods

 Both packages include stiff BDF methods up to 5th order (K1 = 1,…,5 and K2 = 0)
 CVODE includes nonstiff Adams-Moulton methods up to 12th order (K1 = 1, K2 = 1,…,12)
 Both packages include rootfinding for detecting sign change in solution-dependent functions
 CVODES and IDAS include both forward and adjoint (user supplies the adjoint operator)

sensitivity analysis
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ARKode is the newest package in SUNDIALS and brings in RungeKutta multistage methods
 ARKode solves ODEs
— M may be the identity or any nonsingular mass matrix (e.g., FEM)
 Multistage embedded methods (as opposed to multistep):
— High order without solution history (enables spatial adaptivity)
— Sharp estimates of solution error even for stiff problems
— However, implicit and additive multistage methods require multiple implicit solves per step
 Supplied with three steppers now (but easy to add others)
— ERKStep: explicit Runge-Kutta methods for
— ARKStep: explicit, implicit, or IMEX methods for
• Split system into stiff, fI, and nonstiff, fE, components
— MRIStep: two-rate multirate methods for
• Split the system into fast and slow components
• More methods to come very soon
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Time steps are chosen to minimize local truncation error and
maximize efficiency
 Time step selection
— Based on the method, estimate the time step error
— Accept step if ||E(∆t)||WRMS < 1; Reject it otherwise

— Choose next step, ∆t’, so that ||E(∆t’)|| WRMS < 1
 CVODE and IDA also adapt order
— Choose next order resulting in largest step meeting error condition
 Relative tolerance (RTOL) controls local error relative to the size of the solution
— RTOL = 10-4 means that errors are controlled to 0.01%
 Absolute tolerances (ATOL) control error when a solution component may be small
— Ex: solution starting at a nonzero value but decaying to noise level, ATOL should be set to noise level
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KINSOL solves systems of nonlinear algebraic equations, F(u) = 0
 Newton solvers: update iterate via
— Compute the update by solving:

𝑢𝑢𝑘𝑘+1 = 𝑢𝑢𝑘𝑘 + 𝑠𝑠 𝑘𝑘

— An inexact Newton method approximately solves this equation
 Dynamic linear tolerance selection for use with iterative linear solvers
 Can separately scale equations and unknowns
 Backtracking and line search options for robustness
 Fixed point and Picard iterations with optional Anderson acceleration are also available

𝑢𝑢𝑘𝑘+1 = 𝑢𝑢𝑘𝑘 − 𝐿𝐿−1 𝐹𝐹 𝑢𝑢𝑘𝑘
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What’s new in SUNDIALS?
 High-order multirate methods that can integrate different portions of the problem with different

time steps - current release includes 2nd and 3rd order two-rate methods that allow for explicit
for the slow and explicit, implicit, and IMEX for the fast integrator

 New vector modules: Many-vector capability and MPI+X vectors
 Interface to PETSc nonlinear solvers (SNES API)
 Interface to SuperLU_DIST sparse direct linear solver
 Fortran 2003 interfaces (modernized from original F77 interface using wrapper technology from

the ForTrilinos ECP project)

 Greater support for use in CUDA environments
— Enhancements to the CUDA vector
— Interface to the NVIDIA CuSparse batched QR sparse linear solver
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What are we working on now? (FY20 Milestones)
 Enhanced support for solving several ODE systems simultaneously on GPUs (useful for

combustion applications)

— New Get routines to allow for better diagnosis of “hard” systems for load balancing
— Fusing more vector kernels for efficiency
— Support for loading sparse matrices from a GPU
— HIP vector and solvers as they become available
 Addition of capability to integrate a system with CVODE while projecting the solution onto a

constraint manifold

 Capability to integrate with time-dependent mass matrices in ARKode
 Increased interoperability with other solver libraries

SuperLU_DIST

 More multirate methods, including implicit / explicit schemes
 Parallel in time capabilities for ARKode (other funding)
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Using SUNDIALS on (Pre) Exascale Machines
 Two main strategies for using SUNDIALS:
1. SUNDIALS controls the main time-integration loop for the application, and a large ODE

system is solved in a distributed manner, e.g., FEM applications with MFEM (Aaron Fisher),
implicit/explicit integrators for climate (Mark Taylor)

2. SUNDIALS is used as a local integrator for many small independent subsystems, e.g., per

grid cell in an Adaptive Mesh Refinement application (Marc Day)

 For strategy 1 at Exascale, the MPI ManyVector and MPI+X NVector modules as well as

several GPU-enabled “local” NVector modules are useful SUNDIALS features

 For strategy 2 at Exascale, the ManyVector NVector module, several GPU-enabled “local”

NVectors, and a SUNLinearSolver module for batched solves of small systems are useful
SUNDIALS features
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The SUNDIALS ManyVector and MPI+X vector modules support
multiphysics systems and/or heterogeneous architectures
 ManyVector: used to partition data among

computational resources, e.g., CPUs & GPUs

 Does not touch any vector data directly; is a

software layer to treat a collection of other
NVector objects as a single cohesive NVector

 Used to partition data within or across nodes

Figure 1, ManyVector use case for
multi-rate or data partitioning,
allowing for each vector to utilize
distinct processing elements within
the same node (e.g. red/blue on CPU
and green/magenta on GPU) or for
collective communications to be
combined to minimize latency
overhead (e.g., during Gram-Schmidt
orthogonalization within linear or
nonlinear solvers).

 Used to combine MPI intracommunicators in

a multiphysics simulation

 MPI+X NVector adds MPI capabilities to any

single-node NVector “X”

— ManyVector with a single subvector and

convenience functions

Figure 2, ManyVector use case for processbased multiphysics decompositions, wherein
Comm1 connects processes 0 and 1 with
physics operating on red/blue data, Comm2
connects processes 2 and 3 with physics
operating on green/magenta data, and an MPI
intercommunicator allows multiphysics coupling.

— Constructor takes an MPI communicator

and a local NVector
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SUNDIALS GPU capable linear solvers
 All
—
—
—

SUNDIALS iterative linear solvers are MPI and GPU ready
These solvers only modify data via vector operations, so you just need to use an appropriate NVector
Users can provide preconditioners to reduce the number of iterations
Perform well under strategy 1, but do not perform well under strategy 2 due to kernel launch overhead

 SUNDIALS also offers an interface to the cuSOLVER sparse batched QR method
— Designed for block-diagonal linear systems where the matrix is of the form:

— All blocks 𝐴𝐴𝑗𝑗 must share the same sparsity pattern
— This type of system arises when grouping small independent subsystems together
 Alternatively, you can provide a custom linear solver that conforms to the SUNLinearSolver API
— This allows users to take advantage of new solvers quickly
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ManyVector Performance Results
 Developed a scalable multiphysics demonstration

code using the new many-vector module, fused
vector operations, and a third order explicitimplicit multirate integrator
𝜕𝜕𝒘𝒘
= −∇ � 𝑭𝑭 𝒘𝒘 + 𝑹𝑹 𝒘𝒘 + 𝑮𝑮(𝒙𝒙, 𝑡𝑡)
𝜕𝜕𝑡𝑡

Task 0

𝒘𝒘

Task 1

𝒘𝒘

Task 2

𝒘𝒘

𝜌𝜌 𝑚𝑚𝑥𝑥 𝑚𝑚𝑦𝑦 𝑚𝑚𝑧𝑧 𝑒𝑒𝑡𝑡

𝜌𝜌 𝑚𝑚𝑥𝑥 𝑚𝑚𝑦𝑦 𝑚𝑚𝑧𝑧 𝑒𝑒𝑡𝑡

𝜌𝜌 𝑚𝑚𝑥𝑥 𝑚𝑚𝑦𝑦 𝑚𝑚𝑧𝑧 𝑒𝑒𝑡𝑡

𝒄𝒄

𝒄𝒄

𝒄𝒄

 Observed 90% weak scaling efficiency using 40

MPI ranks on each of 2 to 3,456 nodes of OLCF
Summit (80 to 138,240 CPU cores)
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SUNDIALS GPU Performance Considerations
 Under strategy 1, speedup is easier to obtain
— Long vectors and “heavy” right-hand side

functions can overcome overhead

 Under strategy 2, need to group independent

subsystems into a larger system
— Can introduce other problems, like
heterogeneity in subsystem stiffness

 We are actively working on new features for

increasing performance with GPUs

 We are interested in any results from profiling

SUNDIALS+GPUs in your application

 Talk to us about any other performance

concerns/questions
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2D Unpreconditioned Heat Problem
using ARKode and GMRES:
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“Heavy” RHS includes a 2x cost sleep function in
the RHS eval to mimic applications with more work
in the RHS function
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Results with SUNDIALS’ multirate integrators are very encouraging
 Demonstrated scalability on primordial gas chemically

reacting flow test with compressible hydrodynamics
and stiff chemical reactions (10 chem. species):
𝑤𝑤𝑡𝑡 = −∇ ⋅ 𝐹𝐹 𝑤𝑤 + 𝑅𝑅 𝑤𝑤 + 𝐺𝐺(𝑤𝑤, 𝑡𝑡)

— w: density, momenta in each direction, total

energy, and chemical densities (10)
— F: advective fluxes; R reaction terms; and G:
external forces
 Tested with:
— 3rd order 2-rate method with slow explicit advection

and fast implicit rxns (Factor ~1000 in step size)
— 3rd order IMEX method using fast step

Normalized run times show ~10x speed ups for
multirate methods using third order implicit for fast
chemical reactions and third order explicit for slow
fluid flow over similar third order IMEX method
running at the single rate of the fast time scale.

Multirate allows the explicit RHS evaluation (which requires MPI exchanges) to run at a far
reduced time step than what is required for the single rate IMEX method to maintain stability.
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Disclaimer
This document was prepared as an account of work sponsored by an agency of the United States government. Neither the United
States government nor Lawrence Livermore National Security, LLC, nor any of their employees makes any warranty, expressed or
implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States government or Lawrence Livermore National Security,
LLC. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States government
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