
A. ARTIFACT DESCRIPTION AND EVALUATION APPENDIX:
TENSOR-OPTIMIZED OPTIMIZED HARDWARE

ACCELERATES FUSED DISCONTINUOUS GALERKIN
SIMULATIONS

A. Abstract

This artifact description appendix gives an overview of
the used software and hardware. We provide details on the
availability of all components and describe details of the solver
EDGE and library LIBXSMM. This description is comple-
mented by electronic supplements, providing a multitude of
configurations for the Layer Over Halfspace benchmark 1
(LOH.1). Further, we describe the experiment workflow, give
details on how performance was measured.

B. Description

1) Check-list (Artifact meta information):
• Algorithm: Arbitrary high order DERivatives Discontinuous

Galerkin Finite Element Method (ADER-DG-FEM) solving the
elastic wave equations in velocity-stress form.

• Program: EDGE (solver), LIBXSMM (kernels).
• Data set: Discretization of the LOH.1 benchmark with an un-

structured tetrahedral mesh (1,864,616 elements) and a double-
couple point source.

• Hardware: Intel Xeon Phi 7250, Intel Xeon Phi 7295, Intel
Scalable Xeon 8180.

• Execution: MPI+OpenMP.
• Output: Nine receivers at the free-surface boundary (verifica-

tion runs only).
• Experiment workflow: 1) Pre-processing: Meshing, partition-

ing and source sampling, 2) Simulation, 3) Comparison with
reference solution (verification only).

• Publicly available?: Yes, BSD3 for software, CC0’d data.

2) How software can be obtained: EDGE is available from
http://dial3343.org (BSD3). LIBXSMM is available from https:
//github.com/hfp/libxsmm (BSD3).

3) Hardware dependencies: Optimized, fused kernels are
available in single (8 or 16 simulations) and double precision
arithmetic (4 or8 simulations) for architectures supporting
AVX, AVX2, AVX512 or AVX512+QFMA. Optimized kernels
for single forward simulations are available for architectures
supporting SSE3, AVX, AVX2, or AVX512. As a fallback,
vanilla kernels, not using LIBXSMM, are available.

4) Datasets: As part of this work, we provide input and out-
put of a verification study for the LOH.1 benchmark. The input
covers 10 different configurations with varying refinement. We
share the Gmsh-scripts, generated ASCII meshes, partitioned
HDF5-meshes, the sampled point-source, and EDGE’s XML-
configurations. Raw and analyzed output is available for 6
inputs, using single and double precision, and orders 2-7 (see
Artifact Evaluation). We provide raw and analyzed results for
six different mesh resolutions, six different orders, and single
and double precision arithmetic. All input data, output data,
and scripts of our LOH.1 verification study are available from
http://doi.org/10.17605/OSF.IO/H9G5N. Data of further verifi-
cation benchmarks is available from EDGE’s data repository
at http://opt.dial3343.org.

O = 2 O = 3 O = 4 O = 5 O = 6
sparse 6,642 19,944 52,002 121,032 260,370
dense 8,064 30,888 98,136 267,336 643,680
overhead 21 % 55 % 89 % 121 % 147 %

TABLE I
REQUIRED NUMBER OF FLOATING POINT OPERATIONS PER ELEMENT

UPDATE OF THE ADER-DG SCHEME IN DEPENDENCE OF THE
CONVERGENCE RATE. SHOWN ARE SPARSE AND DENSE MATRIX

OPERATORS. THE LAST ROW SHOWS THE RESPECTIVE OVERHEAD.

Fig. 4. Sparsity pattern of the second transposed stiffmatrix in fourth order.

C. Evaluation and Expected Result
For all multi-node application performance measurements,

we used the partitioned mesh provided in the archive
tet4_150_16.h5m.tar.bz2 of the electronic artifacts.
The respective configuration is given in tet4_150.xml,
where we disabled the receivers and reduced the simulation’s
end time for a target execution time of at least 20 minutes in
all configurations. EDGE prints the time consumption of the
computational loop over the time steps. We used this timer
and the reported number of floating point operations in Tab. I
to derive the respective non-zero performance reported in this
work.

D. LIBXSMM Kernel Generation
Efficient utilization of sparse fused GEMM with QFMA

(Knights Mill), required us to optimize two kernels:
• K1: sparse-matrix ⇥ 3D-tensor = 3D-tensor, this opera-

tion is needed for multiplication with Jacobians and flux-
solvers. In BLAS-notation, the sparse matrix A is a 9⇥9
matrix, whereas B and C are dense 3D-tensors.

• K2: 3D-tensor ⇥ sparse-matrix = 3D-tensor, this oper-
ation is needed for multiplication with stiffness or flux
matrices. The dimensions of the sparse matrix B depend
on the order and stage of the integration kernels.

Pseudo-code for K2 in Alg. 1. According to [1] the sparse
matrix should be stored in compressed sparse row (CSR)
format, to match the row major storage format of the 3D-
tensors. We highlight the LIBXSMM-generated KNM code
by using the second transposed stiffness matrix in fourth
order, which falls into the K2 category. Its sparsity pattern
is depicted in Fig. 4. The runtime-generated code for 16
fused runs on KNM for FP32 of the LIBXSMM generator
implemented in this work is given below. The assembly kernel
obeys to System-V x86 64 ABI, which means that the matrix’s
A pointer comes in rsi, matrix’s B is provided through
rdi and matrix’s C by rdx. The above shown extremely



Algorithm 1 Code generator sketch of kernel K2, sparse
matrix B is stored in CSC format.

1: nb d#modes/scratchpad sizee
2: for all m = 1 to #quantities do
3: for all blk = 1 to nb do
4: n0  (blk � 1) · scratchpad size
5: for all n = 1 to scratchpad size do cn[1 : f ]  

C[m][n0 + n][1 : f ] end for
6: for all k = 1 to #modes do
7: for all n = 1 to scratchpad size do
8: b#Entries  colB [n0 + n+ 1]� colB [n0 + n]
9: for l = 1 to b#Entries do

10: if rowB [colB [n0 + n] + l] == k then
11: b[1 : f ] broadcast(B[colB [n0 + n] + l])
12: cn[1 : f ]  FMA(A[m][k][1 : f ], b[1 :

f ], cn[1 : f ])
13: end if
14: end for
15: end for
16: for all n = 1 to bkszn do C[m][n0+n][1 : f ] 

cn[1 : f ] end for
17: end for
18: end for
19: end for

high efficiency is now obvious: the kernel only consists of
fully-vectorized AVX512 instruction and not a single scalar
instruction in the critical loop. r12 is used to loop over the
quantities. r13,r14,r15 are not hot in this particular kernel.
push rbx
push r12
push r13
push r14
push r15
mov r12, 0x0
mov r13, 0x0
mov r14, 0x0
0x1e:
add r12, 0x1
vmovups zmm0, zmmword ptr [rdx]
vmovups zmm1, zmmword ptr [rdx+0x40]
vmovups zmm2, zmmword ptr [rdx+0x80]
vmovups zmm3, zmmword ptr [rdx+0xc0]
vmovups zmm4, zmmword ptr [rdx+0x100]
vmovups zmm5, zmmword ptr [rdx+0x140]
vmovups zmm6, zmmword ptr [rdx+0x180]
vmovups zmm7, zmmword ptr [rdx+0x1c0]
vmovups zmm8, zmmword ptr [rdx+0x200]
vmovups zmm9, zmmword ptr [rdx+0x240]
vmovups zmm10, zmmword ptr [rdx+0x280]
vmovups zmm11, zmmword ptr [rdx+0x2c0]
vmovups zmm12, zmmword ptr [rdx+0x300]
vmovups zmm13, zmmword ptr [rdx+0x340]
vmovups zmm14, zmmword ptr [rdx+0x380]
vmovups zmm15, zmmword ptr [rdx+0x3c0]
vmovups zmm16, zmmword ptr [rdx+0x400]
vmovups zmm17, zmmword ptr [rdx+0x440]
vmovups zmm18, zmmword ptr [rdx+0x480]
vmovups zmm19, zmmword ptr [rdx+0x4c0]
vmovups zmm28, zmmword ptr [rdi]
vmovups zmm28, zmmword ptr [rdi+0x40]
vmovups zmm28, zmmword ptr [rdi+0x80]
vfmadd231ps zmm0, zmm28, dword ptr [rsi]{1to16}
vmovups zmm28, zmmword ptr [rdi+0xc0]
vfmadd231ps zmm0, zmm28, dword ptr [rsi+0x4]{1to16}
vmovups zmm28, zmmword ptr [rdi+0x100]
vmovups zmm28, zmmword ptr [rdi+0x140]

vmovups zmm29, zmmword ptr [rdi+0x180]
vmovups zmm30, zmmword ptr [rdi+0x1c0]
vmovups zmm31, zmmword ptr [rdi+0x200]
v4fmaddps zmm0, zmm28, xmmword ptr [rsi+0x8]
v4fmaddps zmm1, zmm28, xmmword ptr [rsi+0x40]
vfmadd231ps zmm2, zmm29, dword ptr [rsi+0x78]{1to16}
vfmadd231ps zmm2, zmm31, dword ptr [rsi+0x7c]{1to16}
vfmadd231ps zmm3, zmm31, dword ptr [rsi+0xa0]{1to16}
vmovups zmm28, zmmword ptr [rdi+0x240]
vfmadd231ps zmm0, zmm28, dword ptr [rsi+0x18]{1to16}
vfmadd231ps zmm1, zmm28, dword ptr [rsi+0x50]{1to16}
vfmadd231ps zmm2, zmm28, dword ptr [rsi+0x80]{1to16}
vfmadd231ps zmm3, zmm28, dword ptr [rsi+0xa4]{1to16}
vmovups zmm28, zmmword ptr [rdi+0x280]
vmovups zmm28, zmmword ptr [rdi+0x2c0]
vmovups zmm29, zmmword ptr [rdi+0x300]
vmovups zmm30, zmmword ptr [rdi+0x340]
vmovups zmm31, zmmword ptr [rdi+0x380]
v4fmaddps zmm0, zmm28, xmmword ptr [rsi+0x1c]
v4fmaddps zmm1, zmm28, xmmword ptr [rsi+0x54]
vfmadd231ps zmm2, zmm29, dword ptr [rsi+0x84]{1to16}
vfmadd231ps zmm2, zmm30, dword ptr [rsi+0x88]{1to16}
v4fmaddps zmm4, zmm28, xmmword ptr [rsi+0xbc]
vfmadd231ps zmm5, zmm29, dword ptr [rsi+0xe0]{1to16}
vfmadd231ps zmm5, zmm30, dword ptr [rsi+0xe4]{1to16}
vfmadd231ps zmm6, zmm30, dword ptr [rsi+0xfc]{1to16}
vmovups zmm28, zmmword ptr [rdi+0x3c0]
vmovups zmm29, zmmword ptr [rdi+0x400]
vmovups zmm30, zmmword ptr [rdi+0x440]
vmovups zmm31, zmmword ptr [rdi+0x480]
v4fmaddps zmm0, zmm28, xmmword ptr [rsi+0x2c]
v4fmaddps zmm1, zmm28, xmmword ptr [rsi+0x64]
v4fmaddps zmm2, zmm28, xmmword ptr [rsi+0x8c]
v4fmaddps zmm3, zmm28, xmmword ptr [rsi+0xa8]
v4fmaddps zmm4, zmm28, xmmword ptr [rsi+0xcc]
v4fmaddps zmm5, zmm28, xmmword ptr [rsi+0xe8]
vfmadd231ps zmm6, zmm29, dword ptr [rsi+0x100]{1to16}
vfmadd231ps zmm6, zmm31, dword ptr [rsi+0x104]{1to16}
v4fmaddps zmm7, zmm28, xmmword ptr [rsi+0x10c]
vfmadd231ps zmm8, zmm29, dword ptr [rsi+0x120]{1to16}
vfmadd231ps zmm8, zmm31, dword ptr [rsi+0x124]{1to16}
vfmadd231ps zmm9, zmm31, dword ptr [rsi+0x12c]{1to16}
vmovups zmm28, zmmword ptr [rdi+0x4c0]
vfmadd231ps zmm0, zmm28, dword ptr [rsi+0x3c]{1to16}
vfmadd231ps zmm1, zmm28, dword ptr [rsi+0x74]{1to16}
vfmadd231ps zmm2, zmm28, dword ptr [rsi+0x9c]{1to16}
vfmadd231ps zmm3, zmm28, dword ptr [rsi+0xb8]{1to16}
vfmadd231ps zmm4, zmm28, dword ptr [rsi+0xdc]{1to16}
vfmadd231ps zmm5, zmm28, dword ptr [rsi+0xf8]{1to16}
vfmadd231ps zmm6, zmm28, dword ptr [rsi+0x108]{1to16}
vfmadd231ps zmm7, zmm28, dword ptr [rsi+0x11c]{1to16}
vfmadd231ps zmm8, zmm28, dword ptr [rsi+0x128]{1to16}
vfmadd231ps zmm9, zmm28, dword ptr [rsi+0x130]{1to16}
vmovups zmmword ptr [rdx], zmm0
vmovups zmmword ptr [rdx+0x40], zmm1
vmovups zmmword ptr [rdx+0x80], zmm2
vmovups zmmword ptr [rdx+0xc0], zmm3
vmovups zmmword ptr [rdx+0x100], zmm4
vmovups zmmword ptr [rdx+0x140], zmm5
vmovups zmmword ptr [rdx+0x180], zmm6
vmovups zmmword ptr [rdx+0x1c0], zmm7
vmovups zmmword ptr [rdx+0x200], zmm8
vmovups zmmword ptr [rdx+0x240], zmm9
vmovups zmmword ptr [rdx+0x280], zmm10
vmovups zmmword ptr [rdx+0x2c0], zmm11
vmovups zmmword ptr [rdx+0x300], zmm12
vmovups zmmword ptr [rdx+0x340], zmm13
vmovups zmmword ptr [rdx+0x380], zmm14
vmovups zmmword ptr [rdx+0x3c0], zmm15
vmovups zmmword ptr [rdx+0x400], zmm16
vmovups zmmword ptr [rdx+0x440], zmm17
vmovups zmmword ptr [rdx+0x480], zmm18
vmovups zmmword ptr [rdx+0x4c0], zmm19
add rdx, 0x500
add rdi, 0x500
cmp r12, 0x9
jl 0x1e
pop r15
pop r14
pop r13
pop r12
pop rbx
ret


