Improving Dynamical Core Scalability, Accuracy, and Limg
Flexibility with Differential Transforms (DTs) and the ADR=DT
Time Discretization

Matthew R. Norman
Oak Ridge National Laboratory

In the current explosion of on-node and off-node parahelithe cost of data transfer is only increasing relative
to the cost of computation. We need to explore new algorittirasbetter exploit new machines without sacrificing
accuracy, robustness, and time-to-solution. The Arhjit2Rivatives using Differential Transforms (ADERDT) time
discretization appears to balance the many constrainteaftiee scientific computing well, while providing distih
advantages for large parallel computers. Multi-stage imegrators require many stages of communication within
a time step, and they become difficult to formulate for noredir PDEs past fourth-order accuracy. ADERDT pro-
vides non-linear, arbitrarily high-order-accurate timéegration in a single stage, using the linear maximum stabl
CFL limit of 1/D whereD is the number of spatial dimensions. This reduces the freguef parallel communi-
cation and eases the path forward to very high-order-ategmvers in space and time. ADER methods maintain
the non-oscillatory properties of underlying spatial mestouctions, further simplifying the path tionited very high-
order-accurate solvers. Using WENO reconstruction, i, fae additional parallel transfers are required to maimtai
stability or even essential shape preservation in the poesef shocks and discontinuities. This is in contrast to hy-
perdiffusive and Flux Corrected Transport (FCT) approadbestability and shape preservation, which do require
additional parallel data transfers for limiting, and ofteany additional transfers. Note that using FCT only for pos-
itivity preservation does not incur additional parallekaléransfers, and this approach is utilized here to maintain
strict positivity. ADERDT is also economical because weyoglolve a half-tensor of space-time derivatives and all
space-time quadrature is removed in lieu of analytical sgiae integration.

The Finite-Volume (FV) and Multi-Moment Finite-Volume (M) frameworks are also advantageous in con-
junction with ADER-DT because the time step does not changemnatter how high-order-accurate the method is.
In contrast, most Galerkin time steps decrease nearly qgtiedlity with increasing order. This rewards very high-
order-accuracy, particularly because data is reused watlaale and because the time step remains large. The MMFV
framework can utilize Hermite WENO (HWENO) limiting, whialses derivatives as well as values of the fluid
state. A big advantage of using MMFV schemes is that the &ffegrid spacing of the reconstruction is reduced,
greatly improving accuracy compared to traditional FV noelth A sixth-order-accurate genuinely multi-dimensional
HWENO+MMFV+ADERDT method will demonstrate this capalbilit

Often, WENO and HWENO limiting are considered too expen$ivepractical use. However, we demonstrate
that with ADERDT at even fifth-order and seventh-order aacigs with genuine multi-dimensionality, the cost of
WENO can be as little as 40% overhead or less. The overheadnasceven smaller at higher-order accuracies and
with more spatial dimensions. This is cheaper than the @aaftof many hyperdiffusive limiters, it doesn’t require
additional data transfers, and it can be made shape pregeovimagnitudes of 1@ or less relative to the size of
the discontinuity in question. This is because we only nedihtit once per time step with ADERDT, and weights
can be reused in 1-D sweeps for genuinely multi-dimensimwnstruction. The WENO and HWENO approaches
also come with two continuous and tunable parameters tlat @ very wide range of flexibility in how accurate
or how limited the user wants the solution to be for their agtion. This flexibility comes at minimal additional
computational overhead (less than 5%).

These ADERDT methods, WENO and HWENO limiting, and appreado genuine multi-dimensionality will
be described in detail. Then, these approaches will be ateadin terms of accuracy, runtime, parallel transfers, and
limiting with respect to Cartesian, 2-D transport and Csge, 3-D, non-linear, compressible Euler simulation.



