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perform more computation per point (more compute intensive)
but can attain equal error with larger grid spacings (smaller
arrays and thus less total data movement). Although highorder stencils inevitably result in higher arithmetic intensity,
they place higher pressure on the register file, cache, TLBs,
and inter-process communication. As such, optimizations that
eliminate redundant loads/stores and computation have been
developed [14], [15], [16].
The optimization strategy also varies significantly across
architectures and based on application context (e.g., multistencils). In practice, a high-performance stencil must incorporate architecture-specific optimizations to: (1) reduce
data movement at multiple levels of the memory hierarchy
(registers, caches, TLBs); (2) exploit parallelism at multiple
levels (across domains, nested threading, and fine-grain SIMD
parallelization); and (3) avoid redundant loads/stores and computation for stencils that exhibit high arithmetic intensity.
A desirable goal is to achieve performance portability
of applications that incorporate complex stencils, whereby
a source code can be expressed at a high level that represents the computation, and then automatically mapped to
architecture-specific implementations for differing target architectures. Many previous works achieves this through the
use of a domain-specific compiler that automatically generates
architecture-specific code from a stylized stencil specification,
where a subset of these support both CPU and GPU architectures [17], [18], [19], [20], [21], [22], [23].
Our work could be thought of as providing an embedded
domain-specific language (“eDSL”) implementation, but it has
two distinguishing features over prior work. First, the central
underlying abstraction for achieving performance portability of
complex stencil computations is a data layout library called
bricks that decomposes a stencil’s grid domain into small,
fixed-size multi-dimensional subdomains, an approach to finegrain data blocking [24], [25], [26]. Although the elements
within each brick are stored contiguously in memory, the
bricks comprising a subdomain need not be stored in the typical i-major order. Rather, physical ordering is implementationspecific and logically neighboring bricks are represented by
an adjacency list. This flexible data layout makes it possible
for brick code to adapt automatically to different architectures and application contexts simply by adjusting the data
footprint using autotuning. As compared to tiling approaches,

Abstract—Achieving high performance on stencil computations
poses a number of challenges on modern architectures. The optimization strategy varies significantly across architectures, types
of stencils, and types of applications. The standard approach to
adapting stencil computations to different architectures, used by
both compilers and application programmers, is through the use
of iteration space tiling, whereby the data footprint of the computation and its computation partitioning are adjusted to match
the memory hierarchy and available parallelism of different
platforms. In this paper, we explore an alternative performance
portability strategy for stencils, a data layout library for stencils
called bricks, that adapts data footprint and parallelism through
fine-grained data blocking. Bricks are designed to exploit the
inherent multi-dimensional spatial locality of stencils, facilitating
improved code generation that can adapt to CPUs or GPUs,
and reducing pressure on the memory system. We demonstrate
that bricks are performance-portable across CPU and GPU
architectures and afford performance advantages over various
tiling strategies, particularly for modern multi-stencil and highorder stencil computations. For a range of stencil computations,
we achieve high performance on both the Intel Knights Landing
(Xeon Phi) and Skylake (Xeon) CPUs as well as the NVIDIA
P100 (Pascal) GPU delivering up to a 5× speedup against tiled
code.
Index Terms—stencil, performance portability, data layout,
Roofline, GPU, KNL, Skylake

I. I NTRODUCTION
Stencil computations are widely used in scientific applications to solve partial differential equations using the finite
difference or finite volume methods, where the derivative
at each point in space is calculated as a weighted sum of
neighboring point values (a “stencil”).
The optimizations required to achieve high performance on
stencil computations are greatly affected by a stencil’s order of
accuracy. Low-order discretizations result in smaller stencils
that have limited data reuse, are typically bound by memory bandwidth, and thus underutilize the compute capability
afforded by manycore, wide vector, and GPU architectures.
Much of the prior work in this field has been based on
lower order stencils and has thus focused on techniques to
reduce data movement [1], [2], [3], [4], [5], [6], [7], [8], [9],
[10], [11], [12], and some of these even seek to optimize in
the time domain (“2.5D”) to achieve more FLOPS per byte
moved from memory. Recognizing that processor architectures
are becoming more compute-intensive [13], computational
scientists are increasingly turning to high-order schemes that
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