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push rbx

push rl2

push rl3

push rl4

push rl5

mov rl2, Ox0

mov rl13, Ox0

mov rl4, 0Ox0

Oxle:

add r12, ox1

vmovups zmm@, zmmword ptr [rdx]
vmovups zmml, 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+0x1cO]
vmovups zmm8, zmmword ptr [rdx+0x200]
vmovups zmm9, zmmword ptr [rdx+0x240]
vmovups zmmlO, zmmword ptr [rdx+0x280]
vmovups zmmll, zmmword ptr [rdx+0x2c0]
vmovups zmml2, zmmword ptr [rdx+0x300]
vmovups zmml3, zmmword ptr [rdx+0x340]
vmovups zmml4, zmmword ptr [rdx+0x380]
vmovups zmml5, zmmword ptr [rdx+0x3c0]
vmovups zmml6, zmmword ptr [rdx+0x400]
vmovups zmml7, zmmword ptr [rdx+0x440]
vmovups zmml8, zmmword ptr [rdx+0x480]
vmovups zmml9, zmmword ptr [rdx+0x4c0]
vmovups zmm28, zmmword ptr [rdil
vmovups zmm28, zmmword ptr [rdi+0x40]
vmovups zmm28, zmmword ptr [rdi+0x80]
vfmadd231ps zmm@, zmm28, dword ptr [rsi]{ltol6}
vmovups zmm28, zmmword ptr [rdi+0xcO]

vfmadd231ps zmm@, zmm28, dword ptr [rsi+0x4]{ltol6}
vmovups zmm28, zmmword ptr [rdi+0x100]

vmovups zmm28, zmmword ptr [rdi+0x140]

vmovups zmm29, zmmword ptr [rdi+0x180]

vmovups zmm30, zmmword ptr [rdi+0x1cO]

vmovups zmm31, zmmword ptr [rdi+0x200]

v4fmaddps zmmO, zmm28, xmmword ptr [rsi+0x8]
v4fmaddps zmml, zmm28, xmmword ptr [rsi+0x40]
vfmadd231lps zmm2, zmm29, dword ptr [rsi+0x78]{1tol6}
vfmadd231lps zmm2, zmm31l, dword ptr [rsi+Ox7c]{ltol6}
vfmadd231lps zmm3, zmm31l, dword ptr [rsi+Oxa@]{ltol6}
vmovups zmm28, zmmword ptr [rdi+0x240]

vfmadd231lps zmmO, zmm28, dword ptr [rsi+0x18]{1ltol6}
vfmadd231lps zmml, zmm28, dword ptr [rsi+O0x50]{1ltol6}
vfmadd231lps zmm2, zmm28, dword ptr [rsi+0x80]{1ltol6}
vfmadd231lps zmm3, zmm28, dword ptr [rsi+Oxad4]{ltol6}
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 zmm31l, zmmword ptr [rdi+0x380]

v4fmaddps zmm0O, zmm28, xmmword ptr [rsi+0xlc]
v4fmaddps zmml, zmm28, xmmword ptr [rsi+0x54]
vfmadd231lps zmm2, zmm29, dword ptr [rsi+0x84]{1tol6}
vfmadd231lps zmm2, zmm30, dword ptr [rsi+0x88]{1ltol6}
v4fmaddps zmm4, zmm28, xmmword ptr [rsi+Oxbc]
vfmadd231ps zmm5, zmm29, dword ptr [rsi+Oxe0@]{1tol6}
vfmadd231lps zmm5, zmm30, dword ptr [rsi+Oxe4]{1ltol6}
vfmadd231lps zmm6, zmm30, dword ptr [rsi+Oxfc]{ltol6}
vmovups zmm28, zmmword ptr [rdi+0x3c0]

vmovups zmm29, zmmword ptr [rdi+0x400]

vmovups zmm30, zmmword ptr [rdi+0x440]

vmovups zmm31l, zmmword ptr [rdi+0x480]

v4fmaddps zmmO, zmm28, xmmword ptr [rsi+0x2c]
v4fmaddps zmml, 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+Oxcc]
v4fmaddps zmm5, zmm28, xmmword ptr [rsi+0xe8]
vfmadd231ps zmm6, zmm29, dword ptr [rsi+0x100]{1tol6}
vfmadd231ps zmm6, zmm31l, dword ptr [rsi+0x104]{1tol6}
v4fmaddps zmm7, zmm28, xmmword ptr [rsi+0x10c]
vfmadd231ps zmm8, zmm29, dword ptr [rsi+0x120]{1tol6}
vfmadd231ps zmm8, zmm31l, dword ptr [rsi+0x124]{1tol6}
vfmadd231lps zmm9, zmm31l, dword ptr [rsi+0x12c]{1ltol6}
vmovups zmm28, zmmword ptr [rdi+0x4c0]

vfmadd231lps zmmO, zmm28, dword ptr [rsi+O0x3c]{ltol6}
vfmadd231ps zmml, zmm28, dword ptr [rsi+0x74]{1tol6}
vfmadd231lps zmm2, zmm28, dword ptr [rsi+0x9c]{ltol6}
vfmadd231lps zmm3, zmm28, dword ptr [rsi+Oxb8]{1ltol6}
vfmadd231lps zmm4, zmm28, dword ptr [rsi+Oxdc]{ltol6}
vfmadd231lps zmm5, zmm28, dword ptr [rsi+Oxf8]{1ltol6}
vfmadd231lps zmm6, zmm28, dword ptr [rsi+0x108]{1ltol6}
vfmadd231lps zmm7, zmm28, dword ptr [rsi+0x1lc]{ltol6}
vfmadd231lps zmm8, zmm28, dword ptr [rsi+0x128]{1tol6}
vfmadd231lps zmm9, zmm28, dword ptr [rsi+0x130]{1ltol6}
vmovups zmmword ptr [rdx], zmm@

vmovups zmmword ptr [rdx+0x40], zmml

vmovups zmmword ptr [rdx+0x80], zmm2

vmovups zmmword ptr [rdx+0xcO], zmm3
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elements, quads, triangles, hexes, tets i Convergence Rate | ;. Spatial Resolution:
* Parallelization: Assembly kernels for AVX, AVX2, _Eriesien Sl ‘ Strong and Weak I— . o 3 e e ] —— : -

AVX512 and AVX512 4FMA extensions, utilizing | |i HSPla LOH1: Scalability ey g = - strong scaling , 1| KausT % Deep Learning hardware increases

— : : : HSP1b LOH.2 : : “4 A g % A Ao N : : : L
all x86 CPUs of the last five years optimally; s e | l—| Supercomputing L[ ¢ - computation-intensive, reduced precision
OpenMP+MPI (custom and overlapping) e = e 6 dense linear algebra capabilities, while | | |
. _ . M S acriﬁcing double precision pe rformance Sparsity patterns of the ADER-DG matrices for a 4th order method. On top of each matrix, the

World record seismic wave propagation o e s e ber of non- tries is given. The LIBXSMM ted trix-t bl

K e o O OO atON 1| st or 0 ot an st o Wes an srong sclng sy o Cors 0k Srown e |~ pumber of non zero eniies s given, The LISKSUM generted sporse matrixenser assemly
. . B pipeline. Science- and HPC-driven  hardware and non-zero hardware peak efficiencies of all |—= = - = Verification studv shows: Sinale precision :
+ Continuity: Continuous Integration (sanit characteristics are tighly coupled, requiring a  configurations in cache and flat mode. O denotes the order and |-~ * . .. y . g p T
y: _ _ 9 y comprehensive approach. The parallelization C the number of fused simulations. The weak scaling uses a arithmetic is sufficient for seismic wave EMA 1 Dass QaFSI\éIeASZ

checks), Continuous De“Very (automated (SIMD, shared memory, distributed memory) is  moderate total of 276,480 tetrahedrons per node. The mesh of propagation using ADER-DG FMA 1 pass FMA 1 pass \ P P \
convergence + benchmarks runs), code influenced by a multitude of factors. The the strong scaling contains 340,727,199 tetrahedrons, \\‘ oo A \\ A N
presented verification study is key in discretizing the LOH.1 benchmark (see below). [1] : :
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coverage, license CheCkS, container bOOtStrap determining modeling parameters. Together s * Extended previous fused DG-FEM efforts [1] SP/VNN|1+<-‘ SP/VNN|1+<-‘
512bits

* *
* License: BSD 3-Clause ( softwa re) ’ CCO for with other parts of the pipeline, highlighted in  Right: EDGE's homepage http://dial3343.0rg and software to arbitra 'y O rders of conve rgence an d all 512+bt 512+bt 2 % ?vz A 2 4 ?vz

su p p or ti n g ﬁ | es. e. g . user g U i d e g(r; ()e/, pt;)f;‘ z ”setltijzc;);;s) nresults drive EDGE's single-  repository https://github.com/3343/edge. [ recent x 8 6 C PU arc h ite ctures D*P /SP+ <_‘ D*P /SP+ 4.‘ SPNPI NIO+ 4-‘ D*P+ <_‘ SP /VN NIO-+ 4_‘
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% Revised Just-In-Time (JIT) assembly kernel P0 . P PO 5 ¥

- - - - - - generation in the LIBXSMM library [2], Knights Landing :Knights Mill
Fused SImUIatlonS EprOIt Inter-SImUIatlon Parallellsm targetlng a” recent X86 processors. Includes (DP: 2 ports x 1 x 16 flops = 32 flops/cyc) (DP: 1 port x 1 x 16 flops = 16 flops/cyc)

(SP: 2 ports x 1 x 32 flops = 64 flops/cyc) (SP: 2 ports x 2 x 32 flops = 128 flops/cyc)
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exploitation of Kn Ig hts Mill's QFMA Instruction Knights Landing vs. Knights Mill VPU: a symmetric, single-pumped combo VPU is replaced by an
Q(Q’), t)t _l_ v - Q(CE, t)x — 07 (U R in the code generation asymmetric (single precision biased) VPU, which is double-pumped for high efficiencies on the
two-issue wide Xeon Phi frontend. A LIBXSMM-generated kernel, using Knights Mill's QFMA
lllustration of EDGE's fused approach (4 simulations), applied to the advection equation with instruction is shown on the right.

* Idea EXplDI_t Inpu_t p_ara”.ellsm by * EDGE |m.pos.es I:'EStI"ICFIOnS on sinusoidal initial values. While a traditional solver handles different initial values in multiple % Fused simulation technology is critical to
fUSIﬂQ multlple, similar simulations fused seismic simulations: executions, EDGE exploits the input-parallelism and computes the 4 simulations in parallel. utilize Single precision performance: EDGE

In a single execution of the solver 1) Identical mesh for all fused

% EDGE supports this idea at all simulatipns | |
levels of parallelism, starting at a 2) ldentical simulation

single vector op parameters: start and end time, s —slia) on=s(ia) | i DU U HWW Uﬂ DWW EWW iﬁﬂﬂ EHWH
convergence rate, "frequency" of co3=slis)  oa=slla) SeisSol SC FP64  mmmmmm 1,00
wave field output, "frequency” j ] i ] VN, L EDGEsmg|es$éi°L|.§§sm — 17|

and location of seismic receijvers . . j L PR EDGE single FP32 LIBXSMM e 60

3) Identical material parameters fusedruns  fusedruns  fused runs CDGE fused FP64 LIEXSMIV e 3,70
DUUW it HHHH Uﬂ il Iilﬂ HHHHH HHHW

(velocity model)
2 3456 2 3456 2 3456 2 3 456 2 3 456 2 3 456 2 3456 2 3456

4) "Sources" mostly arbitrary:
Arbitra ry initial DOFS’ kinematic "'_ . . Speed'up over the SC 2017 beSt paper award'W|nn|ng SOIVer Se|SSOI knl knm - N skx skx—avx2 knl knmd " N skx skx—avx2
1021 0 : 1 : 2 : [3] on the Knights Mill processor using fifth order order of o i

; ' ' ' : EDGE's full-applicati f 16 nodes, wh ing the LOH.1 benchmark
sources arbltrary location and elements elements convergence. Setup is a single node variant of the LOH.1 benchmark s full-application performance on nodes, when running the enchmark (see

, , verification). All results are reported in terms of non-zero operations. Dark gray bars show single i : :

* Read-only data structures are ru ptu re: identical friction Iaw, advection equation. In the case of the traditional, non-fused approach, the DG-modes are the 4.2x is obtained through the utilization of QFMA in FP32 execution simulations are fused in FP64 and sixteen in FP32 arithmetic. Dimensions: a) convergence rate, reaches over 35% of non-zero peak
. . T . fastest dimension in memory, followed by the elements. In case of fused simulations, the fused and the exploitation of sparsity patterns in fused simulation

shared among all fused simulations other initial parameters arbitrary
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vmovups zmmword ptr [rdx+0x100], zmm4

vmovups zmmword ptr [rdx+0x140], zmm5

vmovups zmmword ptr [rdx+0x180], zmmé6

vmovups zmmword ptr [rdx+0x1c@], zmm7

100 vmovups zmmword ptr [rdx+0x200], zmm8

101  vmovups zmmword ptr [rdx+0x240], zmm9

102  vmovups zmmword ptr [rdx+0x280], zmmlO
103  vmovups zmmword ptr [rdx+0x2c0], zmmll
104 vmovups zmmword ptr [rdx+0x300], zmml2
105 vmovups zmmword ptr [rdx+0x340], zmml3
106 vmovups zmmword ptr [rdx+0x380], zmml4
107 vmovups zmmword ptr [rdx+0x3c0], zmml5
108 vmovups zmmword ptr [rdx+0x400], zmml6
109 vmovups zmmword ptr [rdx+0x440], zmml7
110 vmovups zmmword ptr [rdx+0x480], zmml8
111 vmovups zmmword ptr [rdx+0x4c0], zmml9
112 add rdx, 0x500

113 add rdi, 0x500

114 cmp rl2, 0x9

115 j1l 0xle

116 pop rl5

117 pop rl4

118 pop ril3

119 pop rl2

120 pop rbx

121 ret

02 = 5(in) O4 = (01,02,03,04) = Sa(l4) Increases throughput by 4.2x over SeisSol [3]
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= Salinin iy i) (16 Knights Mill processors, GTS, 16 fused
i M} FP32 simulations, fifth order)
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v Fusing multiples of the vector-width
(KNL, SKX, KNM): 16 simulations in
single precision allow for perfect
vectorization without zero ops

v Fusion of multiples of 64 bytes (16
simulations) leads to alignment to
cache-lines without artificial zero-
padding

EDGE fused FP64 Vanilla C++ 1 0.04
213112113114:15124125:26:27 EDGE fused FP32 Vanilla C++ 1 0.05
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LIBXSMM-generated assembly
sparse matrix-tensor kernel for the
shown stiffness matrix, 16 fused
simulations, Knights Mill, and single
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b) computer architecture: Xeon Phi 7250 (knl), Xeon Phi 7295 (knm), and 2x Intel Scalable Xeon utilization, when running out of a
runs are the fastest dimension, followed by the DG-modes and the elements. technology. 8180 using AVX512 (skx) and AVX2 (skx-avx2), c) floating point precision. hot cache.
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Rl bodddst ST - . available from http://opt.dial3343.0rg (XSEDE), which is supported by National Science Foundation grant number
% Choosing the right modeling parameters is oo [oe mrancr) = I A e e L * Commercial libraries, e.g., Intel's MKL, recently Al ; y ) | CDGE | (XSEDE). wh
. I fg b g | g . p 10° -: 83 82 E: Synthetoic 1SeiZSI'n(;gI'Aéim;'?]ss f60r :ches nignth roecelivezr aBndAtimaS)lSJanﬁtit; Ugofgthe addEd CompaCt'VeCtorlzed rOUtlnes, runnlng * Presente WOrK on t. € Solver 1S ED.GE heavily.relies on con.tributio.ns. of many authors to open-source s.oftware.
crucial for best time-to-sofution e N LOH1 wave propagation benchmark. Shown is a comparison of batched BLAS routines. The underlying idea is a\éa"ab'e from https://github.com/3343/ B e
. o . : : o[98 O5Q8CBL | i single and double precision arithmetic in EDGE. The left synthetics . cp e e Easylogging++ (logging), ExprTk (expression parsing), GCC (compiler), Git
% Our verification study considers the entire 075 520 10 S 318 25 2 chow fourth order runs, the ones on the right fifth order runs. The similar, but would annihilate the presented 9 (versioning), Git LFS (versioning), gitbook (documentation), Gmsh (volume
. . . . . refinement _ o = . . meshing), GMT (DEM pre-processing), GoCD (continuous delivery), HDF5 (1/0),
modellng and simulation plpellne and Convergence of EDGE for regular, tetrahedral meshes in the two plots on top used a specified characteristic length of 150m, the speedups due to FGQUIFEd element matrix * All presented work on the LIBXSMM jekyll (homepage), LIBXSMM (matrix kernels), METIS (partitioning), MOAB (mesh
covers essential modeling decisions (1-3 Linf-norm for the elastic wave equations in velocity-stress form. middle plots 175m, and the bottom plots 200m. While higher duplication and zero padding. Suggests library is available from https:// igan] (XML Iterfoce), SAGAPython (attemated remote. b Submission
_ Shown are orders O1-O5 for quantity v (Q8) when utilizing resolutions and orders increase the accuracy, 32bit and 64bit d _ he lib | | ithub hfo/lib SCons (build tool), TE-MISFIT GOF CRITERIA (signal analysis), UCVMC (velocity
above) for best praCt|CeS EDGE’s fusion capabilities with shifted initial conditions. [1] precision are visually indistinguishable. d Opthﬂ on the libra ry leve glt U .com/ p/ 1DXSmMm model), Valgrind (memory debugging), Visit (visualization).
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