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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]
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Modeling Parameters ?

EFused Simulations : i Source Discretization: i
% Rapid prototyping through support for: Line < Floating Point Topography ; L —— -
elements, quads, triangles, hexes, tets

: Precision : Velocity Model: e ‘ T
v Parallelization: Assembly kernels for AVX, AVX2, | [™Verfication study ‘ Strong and Weak el ‘ i

% Deep Learning is the new number one driver
for hardware developments of all major
vendors

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}
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AVX512 and AVX512 4FMA extensions, utilizing | |i HSP1a LOH.1: Scalability |:1 B strong scaling | | kausT. % Deep Learning hardware increases
computation-intensive, reduced precision

. . : HSP1b LOH.2 : | Rt @ % s T ]
all x86 CPUs of the last five years optimally; ! HHS1  Cand l—l Supercomputing g o R R q ' aeb hilit il
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Resources 10
OpenMP+MPI (custom and overlapping)
, _ . — sacriﬁcin double recision erfo rmance Sparsity patterns of the ADER-DG matrices for a 4th order method. On top of each matrix, the
* World record seismic wave pPro pagatIOH , , , , , ' , , s onme o e J P P number of non-zero entries is given. The LIBXSMM generated sparse matrix-tensor assembly
performance: 10.4 DP-PFLOPS on Cori Il [1] :Oligset;?:gon of SEgeG;)EC:_modeallI:vg and Ij;ngu;:fgg Z;(;ﬁ .dv‘|//|;erzk ZZS s;rg:_gz esrzahzg rfff/tlgri OI;eCaO/:I-I(Igf(f,I'(CI\,'IeLi, 'Cisezomg; a;f/ EEEEEE R * - . . o kernel for the red stiffness matrix and the Knight Mill architecture is shown on the right.
_ B Verification study shows: Single precision
- TR : - - characteristics are tighly coupled, requiring a  configurations in cache and flat mode. O denotes the order and |- = o : C . : : [
* Contmwty. antlnuous Integratlon (Samty comprehensive approach. The parallelization C the number of fused simulations. The weak scaling uses a arithmetic is sufficient for seismic wave EMA 1 pass Qanl\éleASZ
chec kS)r Continuous Delive ry (automated (SIMD, shared memory, distributed memory) is  moderate total of 276,480 tetrahedrons per node. The mesh of | - P P

propagation using ADER-DG FMA 1 pass FMA 1 pass N X
convergence + benchmarks runs), code influenced by a multitude of factors. The the strong scaling contains 340,727,199 tetrahedrons, |.... ‘\‘ : TN

: 512bits 4 \ 512bits A \
. . presented verification study is key in discretizing the LOH.1 benchmark (see below). [1] EDGI em B e e ] ; ;
coverage, license checks, container bootstrap ... o modeling parameters. Together e % Extended previous fused DG-FEM efforts [1] SPN*NNI1+<-‘§ SPNNNI1+<-‘
| 512bits :  512bits Ad > A A :  512bits AL > A A

% License: BSD 3-Clause (software), CCO for with other parts of the pipeline, highlighted in  Right: EDGE's homepage http://dial3343.org and software R e to arbitrary orders of convergence and all /N 4 vz 4 vz
Sy p p or Fin g A as e g user g U i d a gray, the stgdy 's results drive EDGE's single-  repository https://github.com/3343/edge. [ —— recent x86 CPU arc h ite ctures DP/SP+ DP/SP+ SP/VNNIO- DP+ SP/VNNIO-
y ©.4., core parallelization. R y o w }* > w _f*
« advection 501 . . TS‘I TV1 RES ; TS‘I TV‘I RES = TV1 S ; TS1 TV‘I RES = TV‘I RES
% 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)
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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}
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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}
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(SP: 2 ports x 1 x 32 flops = 64 flops/cyc) (SP: 2 ports x 2 x 32 flops = 128 flops/cyc)

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

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
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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

"Why is this a good jdea?" "Similar simulations?" Q(Q’), t)t T U - 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 simulations | N
levels of parallelism, starting at a 2) Identical simulation : :

single vector op parameters: start and end time, s — (s os=s(i) | i UU U WHW Uﬂ DHWH DWW iﬁﬂﬂ ﬁiiw
convergence rate, "frequency" of 03 =s(is) T SeisSol SC FP64  mmmmmm 1,00
wave field output, "frequency" ; ] ; i L SelsSol SCFP32 - Mummmmmpmmmm 1,66 B

and location of seismic receijvers . . j L EDGE single FP32 LIBXSMM  n—— .60

EDGE single FP64 LIBXSMM mm—m 1.17
3) Identical material parameters eoa e L e e Jueed e Sy — JH H W
L L HHHH ol Lt uill s HHH

(velocity model)
2 3 456 2 3 456 2 3 45 6 2 3 456 2 3 456 2 3 456 2 3 456 2 3 456

EDGE fused FP64 Vanilla C++ 1 0.04 D
112:3112113:14115124125126127 EDGE fused FP32 Vanilla C++ 1 0.05 O
4) "Sources" mostly arbitrary: 51617116117118119128129130}31 000 100 200 300 400 500 600 700 800| (]}
Arbitra ry initial DOFs, kinematic o 1:io} 9 Speed-up over the SC 2017 best paper award-winning solver SeisSol q) il am " s Shxavx? il o " s S a2
: : S : 0 : 1 : 2 : [3] on the Knights Mill processor using fifth order order of e pessen emepreaser
. EDGE's full- licati f 16 des, wh ' the LOH.1 b h k
sources arbltrary location and elements elements convergence. Setup is a single node variant of the LOH.1 benchmark Q s full-application performance on nodes, when running the enchmark (see
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or=s(i1) 02 = s(ia) O4 = (01,02, 03,04) = Sa(14) 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

non-zero peak efficiency (%)

0O 5 10 15 20 25 30 35 40

LIBXSMM-generated assembly
sparse matrix-tensor kernel for the
shown stiffness matrix, 16 fused
simulations, Knights Mill, and single
precision arithmetic. The kernel
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verification). All results are reported in terms of non-zero operations. Dark gray bars show single
moment rates, Sponta neous lllustration of EDGE's memory layout for a third order (P2 elements) ADER-DG solver for the with 350,264 elements and global time stepping. A speedup of up to i 2 5 J

seismic forward simulations. Light gray bars show the performance of fused simulations. Eight .
* 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

: : C ey : fastest dimension in memory, followed by the elements. In case of fused simulations, the fused and the exploitation of sparsity patterns in fused simulation b) computer architecture: Xeon Phi 7250 (knl), Xeon Phi 7295 (knm), and 2x Intel Scalable Xeon utilization, when running out of a
shared among all fused simulations other initial parameters arbitra ry 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.

T MPI + OMP ﬁ

Verification of 32bit Precision - Beyond Artificial Convergence Benchmarks Outlook: Towards Deep ConvNets for Inversions References and Support

EDGE: Extreme Scale Fused Seismic Simulations with the

% Benchmarking is key to assess the accuracy ZWO dfegu’af ﬁ?rahedft ‘Z’ mfs”es- By ",m!:,oj"”g / ﬁzf”'od’jc gxamp/e me:he&' v Fused simulations are an ideal technology for 2) Run fused forward simulations to obtain 1] Do o etnod . b e, ¢ o
. . . oundary conaitions, e plane wave Initial solution IS . i 'f . | o W-NE cut of Mount . . . _ - . In High Performance Computing: 32nd International Conference,
Of SEIsmIC Wave prOpagathn SOIVerS reproduced after diagonal propagation through the domain, = . Sanjacinto (/eft) the geﬂeratlon Of SynthetIC tralnlng data Ve/OCItIES at Surface recelvers [ ] IZSOC1I7-Igig|1)h Perfco)l_rmance 201p7, Frgnkfurt, Germany, June 18-22,
: . even in MPI-parallel settings (right). .. andlayerOver . : L ? EDGE's horizontal particle velocity LIBXS’M;/(I):CE:ceITegrSatin crall matrix multiolications by runtime
* EDGE haS d mUItItUde Of mOdeIIng << :":%‘» . . . Half-Space 1 (right) * FIrSt Steps towards Seismic Iinverse prObIemS. v - S (red) in comparison to the Axitra 2 code generation. - A. Ig—Jleinecke, G. Henry,FI)VI. Hutchinsyon, M., H.
. A . oo ; ; ; Pabst.
parameters: ﬁj’igg S : % Invert for angle and location of a one- g f ;—‘Odeh- 5’;;”’”[;5 “72 ”’”T 7ece’vef [2] e, Proceedings of the International Conference for High
. . - S . . . = ~ . or the PO benchmark, lowpass- Performance Computing, Networking, Storage and Analysis
1) Fused vs. non-fused simulations ‘%%hg dimensional material contrast | ~ - filtered at 7Hz Article No. 84.
. . . . . . ' Extreme scale multi-physics simulation of the tsunamigenic 2004
2) Single vs. double precision ‘gggg % Invert for kinematic source description % w H Sumatra megthrust earthquake - C. Uphoff, 5. Rettenberger, M.
. . . . , I Bader, E. H. Madden, T. Ulrich, S. Wollherr, A.-A. Gabriel.
3) CO nve rgence rate N Space a nd tl me VL “ ol " E v [ 3 ] IPn SfC'17 Procecedings;.of thl\(le Itnter:.atior;atl Conferegcf folr Hig: .
) T WP2_LOH1, Receiver 9, Particle Velocity (x) WP2_LOH1, Receiver 9, Particle Velocity (x) errormance Computing, Networking, orage an nalysis Article
4) Feature- and velocity-aware mesh L S S I e 1) Generate targeted aata (labels) g 4) Augment simulations' output, e.g o2
: S B A L S IS Q iy \ | . : A This work was supported by the Southern California Earthquake Center (SCEC)
refinement 10 e e S I S o - | through superposition rough award #16247. This wor b supported by SCEC troush avart
5) Source discretization 107 [ O SO 0 = e e L R S e T S S v N qr:)v ? = EDGE's horizontal particle velocity U, ooy Reseorch Sciantine
. : Sf| T OTQBCAL i by | - d) in comparison to the Axitra i i i il
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. : 8; 8: Eg ‘ * * LE _ [owpass-ﬁ[tered at 7Hz. (XSEDE), which is supported by National Science Foundation grant number
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Synthetic seismograms for the ninth receiver and quantity u of the
LOH.1 wave propagation benchmark. Shown is a comparison of
single and double precision arithmetic in EDGE. The left synthetics
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% Our verification study considers the entire 10° 5 R ipas +

crucial for best time-to-solution

. ACI-1053575.

- - Top: Two labels for a :
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- -~ material contrastin a ED.GE heaV|Iy.reI|es on con.trlbutlo.ns. of many authors to open-source s.oftware.
- - ) A R This software includes, but is not limited to: ASan (debugger), Catch (unit tests),
- " Iayered VeIOCIty model. . . CGAL (surface meshing), Clang (compiler), Cppcheck (static code analysis),
oo . 5) Train deep con VO/Ut'IOna/ neural Easylogging++ (logging), ExprTk (expression parsing), GCC (compiler), Git

. . . L refinement show fourth order runs, the ones on the right fifth order runs. The e ——— . Left: Two 2D labels for a networks on the generated data to derive eening). GMT (DEM pre-proreceing), Goeb (contimuous dalivery), HOFS (10},
modellng and simulation plpelme and Convergence of EDGE for regular, tetrahedral meshes in the two plots on top used a specified characteristic length of 150m, the " o * kinematic rupture as 2 nonlinear maooing from the auamented jekyll (homepage), LIBXSMM (matrix kernels), METIS (partitioning), MOAB (mesh
. . . .y : : : TR : : : w . o , | | U interface), NetCDF (I/O), ParaView (visualization), Proj.4 ( jections),
covers essential modellng decisions (1_3 Linf-norm for the elastic wave equathns in velocity stress.flor.m. mlddle. plots 175m, anc! the bottom plots 200m. Whlle hlghgr 5 _ - * future extension of the 1D pping g pnu;rX?T(]:Ie (xmf -oF (10) SaAi;SaA-IfythonS(:utjmc;:ed rreorjnoten}zg SJZJ;TSS?QE),
_ Shown are orders O1-O5 for quantity v (Q8) when utilizing resolutions and orders increase the accuracy, 32bit and 64bit ,: - - > work shown in poster #93. output to the labels: Poster #93 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. —.. ... model), Valgrind (memory debugging), Visit (visualization).

http://dial3343.0org



