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Outline

1.Siberian Supercomputer Center ICMMG SB RAS 
overview

2.Heterogeneous computing (non-standard cases)
• Geophysics problem
• Astrophysics problem
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SIBERIAN SUPERCOMPUTER CENTER

INSTITUTE OF COMPUTATIONAL MATHEMATICS AND MATHEMATICAL GEOPHYSICS SB RAS

NKS30-T:
576 x CPU Intel Xeon Е5450/E5540(2688 cores)
80 x CPU Intel Xeon X5670(480 cores)
120 x GPU NVIDIA Tesla M 2090(61440 cores)
Rpeak (TFlop/s) – 115

SMP-G7:
8 x CPU Intel Xeon E7-4870 (80 cores)
RAM 1TB
Rpeak (TFlop/s) – 0.7
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PBS Pro job scheduler
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Hot water cooling
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GEOPHYSICS PROBLEM (Helmholtz equation)

6

 speed V= 2300m/s ... 6000m/s

 frequency 1,…, 16Hz

>9 km

>9 km

>4.5 km

>10 000 sources f

 Parallelepipedal mesh with 30m step with 

perfectly matching layer (PML)

 Finite difference approximation

),,( zyxV

?u

Solution of symmetric SLAE with 
complex coefficients

  nnAxxXBAX nrhs  )dim(,,...,, 1

n> 20*10^6, nrhs>10^4
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Parallel algorithm features:
 Data initializing and reordering step are going on one node; factorization part of the 

algorithm (most AI and DI part of the algorithm) has MPI/OpenMP realization 
 Dynamic data distribution (matrices A and L-factor) during factorization;
 As the factorization proceeds, some of the cluster nodes store all calculated data in RAM 

and send this data to other nodes that continuing factorization process.

An algorithm of solving the system of linear algebraic equations (SLAE):
 Gauss Elimination Method for Sparse Linear Systems (LDL^t-decomposition), reordering of 

the original A matrix;
 Low-rank approximation of L-factor;
 Hierarchically SemiSeparable matrix (HSS) format of data.

ALGORITHM

…………………………………………………………………………………

… … … … … … … … … … … … … … … … … … … … … … … … … … … … …… … … …

Direct methods are using 3x memory compared to this method

1. Solovyev S. A. Multifrontal hierarchically semi-separable solver for 3d Helmholtz problem using 27-point finite difference 
scheme // In Expanded Abstracts of 77th EAGE Conference and Exhibition, volume 77, page We P4 09, 2015.

2. Solovyev S. A. Application of the Low-Rank Approximation Technique in the Gauss Elimination Method for Sparse Linear 
Systems Vychisl. Metody Programm.15, 441460 (2014), (in Russian).
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NUMERICAL SIMULATION (test 1)
We consider a homogeneous medium with the wave propagation velocities Vp = 2500 m/s and the 
source delta function. 

The computational domain is a cube. The Helmholtz equation is discretized on the 256×256×256 
uniform mesh. The epsilon-rank of the low-rank approximation off-diagonal blocks is 10^-6.

using a low-rank approximation decreases the memory consumption (about 240GB) as 
compared with the full-rank approach (about 800GB). 

SI
BE

RI
AN

 S
UP

ER
CO

M
PU

TE
R 

CE
NT

ER
 IC

M
M

G 
SB

 R
AS



SIBERIAN SUPERCOMPUTER CENTER
9

NUMERICAL SIMULATION (test 2)

The computational domain is 12km×12km×6km parallelepiped with homogenous velocity 
model (v=2400m/s).

Each grid element has 30m size in each direction, the frequency being 4Hz.

Taking into account the PML layer (10 grid points) and the computational grid is 460 × 460 ×
230, the total number of unknowns of the SLAE is about 5x10^7.
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64
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128
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96

BL2x220c

G7+ +

SMP
DL980 G7

1024 GB RAM
80 cores

NEW PBS Pro QUEUE
with MPP nodes an SMP node

was created 
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NUMERICAL SIMULATION (test 2)
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8xE7-4870@2.40GHz,1000G RAM + 4xX5675@3.07GHz,96G RAM       4.3 hours             3 hours

8xE7-4870@2.40GHz,1000G RAM + 25xX5675@3.07GHz,96G RAM     1.4 hours            0.6 hours

876GB of RAM used for initial data,
collecting and saving results 

(direct methods needs 3500GB 
of RAM)

Factorization time
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NUMERICAL SIMULATION (test 2)

Factorization time Solution time
(LDL^t) inversion



Astrophysics problem 
(AstroPHI code)
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M 51 Galaxy

Stars formation processes

Interacting galaxies
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Mathematical model
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(*) Kulikov, et al., LNCS, 2009; APJS, 2011, 2014; AAABS, 2013; CPC 2015; NewA 2016

Numerical Method

15

piecewise-parabolic functions

(**) Ustyugov, Popov, Comp. Math. & Math. Phys., 2007, 2008, Comp. Phys., 2009

SI
BE

RI
AN

 S
UP

ER
CO

M
PU

TE
R 

CE
NT

ER
 IC

M
M

G 
SB

 R
AS



16

Overdetermined equation system

 2V E  

1. Renormalization of velocity vector, dispersion velocity tensors*.

2. Correction of entropy**

This modification helps to control detailed energy balance, and entropy 
nondecrease guarantee.

2

2

v
E

  

*) Vshivkov V., Lazareva G., Snytnikov A., Kulikov I., Tutukov A. Computational methods for ill-posed problems
of gravitational gasodynamics // J. Inv. Ill-Posed Problems, 19. 2011, 151-166

**) Godunov S., Kulikov I. Computation of Discontinuous Solutions of Fluid Dynamics Equations with Entropy
Nondecrease Guarantee // J. Comp. Math & Math. Phys., 54, 2014, 1012-1024
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Highlights of Numerical method

 High-order method

 The absence of artificial viscosity

 Galilean-invariant solution

 Entropy nondecrease guarantee

 Possible extension of the model by other hyperbolic equations

(for example MHD equations)

 Simple parallelization

 Potentially “infinite” scalability SI
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Numerical simulation (method validation)

 One-dimensional shock tube tests

 One-dimensional Aksenov’s test with continuous periodic solution

 Sedov explosion problem

 Two-dimensional Rayleigh-Taylor instability

 Two-dimensional Kelvin-Helmholtz instability

 Three-dimensional Evrard’s collapse
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1) I.M. Kulikov, GPUPEGAS: A new GPU-accelerated hydrodynamic code for numerical simulations of inter-
acting galaxies, Astrophysical Journal. Supplement Series, vol. 214(12), pp. 1-12, 2014.
2) I.M. Kulikov, I.G. Chernykh, A.V. Snytnikov, B.M. Glinskiy, A.V. Tutukov, AstroPhi: a code for complex
simulation of dynamics of astrophysical objects using hybrid supercomputers, Comp. Phys. Comm., vol. 186, pp. 71-
80, 2015.
3) I. Kulikov, E.Vorobyov, Using the PPML approach for constructing a low-dissipation, operator-splitting
scheme for numerical simulations of hydrodynamic flows, The Journal of Computational Physics, vol. 317,
pp. 318-346, 2016.
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Parallel realization

MICs 64 x Intel Xeon Phi 7120D
Threads 15 360 (64 x 240)

RSC PetaStream (JSCC RAS)

MICs 256 x Intel Xeon Phi 5120D
Threads 61 440 (256 x 240)

RSC PetaStream (Polytechnic 
State University)
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RSC Tornado-F experimental node
Intel Xeon Phi 7250 (KNL)  

http://www.rscgroup.ru/en

134x speedup on 240 Intel Xeon Phi threads
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Parallel realization

73% efficiency (weak scalability) on 256x Intel Xeon Phi 
accelerators, 15360 cores (61440 threads) used SI
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Parallel realization



22

Low level parallel code
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AstroPhi algorithm change history:

1) Vector dependencies removed
2) Memory load operations optimized
3) Vectors size, arrays size adapted for 

Intel Xeon Phi KNL architecture
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Low level parallel code

FYP = _mm512_mul_pd(vecincs, 
_mm512_add_pd(_mm512_sub_pd(_mm512_mul_pd(vecsr,vecfm),_mm512_mul_pd(vecsl,vecfp)),

_mm512_mul_pd(_mm512_sub_pd(vecup,vecum),_mm512_mul_pd(vecsl,vecsr))));
// down interface
vecsl = _mm512_set1_pd(Sound[index(i,k-1,l,3)]);
vecsr = _mm512_set1_pd(Sound[index(i,k,l,2)]);
vecincs = _mm512_set1_pd(1.0/(Sound[index(i,k,l,2)]-Sound[index(i,k-1,l,3)]));
vecfp = _mm512_load_pd(FY+index(i,k,l,0));
vecfm = _mm512_load_pd(FY+index(i,k-1,l,0));
vecup = _mm512_load_pd(U+index(i,k,l,0));
vecum = _mm512_load_pd(U+index(i,k-1,l,0));
FYM = _mm512_mul_pd(vecincs, 

_mm512_add_pd(_mm512_sub_pd(_mm512_mul_pd(vecsr,vecfm),_mm512_mul_pd(vecsl,vecfp)),

_mm512_mul_pd(_mm512_sub_pd(vecup,vecum),_mm512_mul_pd(vecsl,vecsr))));
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Kulikov, Chernykh, Glinskiy, Nenashev, Shmelev, Andreev, Egunov, Kharkov.LNCS 10049
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Low level parallel code

rvppp = _mm512_mask_blend_pd(_mm512_cmp_pd_mask(vppp, zero, _CMP_LT_OS), rvppp, next);
rvpmp = _mm512_mask_blend_pd(_mm512_cmp_pd_mask(vpmp, zero, _CMP_LT_OS), rvpmp, next);
rvmpp = _mm512_mask_blend_pd(_mm512_cmp_pd_mask(vmpp, zero, _CMP_LT_OS), rvmpp, next);
rvmmp = _mm512_mask_blend_pd(_mm512_cmp_pd_mask(vmmp, zero, _CMP_LT_OS), rvmmp, next);
rvppm = _mm512_mask_blend_pd(_mm512_cmp_pd_mask(vppm, zero, _CMP_GT_OS), rvppm, prev);
rvpmm = _mm512_mask_blend_pd(_mm512_cmp_pd_mask(vpmm, zero, _CMP_GT_OS), rvpmm, prev);
rvmpm = _mm512_mask_blend_pd(_mm512_cmp_pd_mask(vmpm, zero, _CMP_GT_OS), rvmpm, prev);
rvmmm = _mm512_mask_blend_pd(_mm512_cmp_pd_mask(vmmm, zero, _CMP_GT_OS), rvmmm, prev);
FZP = _mm512_mul_pd(_mm512_add_pd(_mm512_add_pd(_mm512_mul_pd(vppp, rvppp), _mm512_mul_pd(vpmp, rvpmp)), 
_mm512_add_pd(_mm512_mul_pd(vmpp, rvmpp), _mm512_mul_pd(vmmp, rvmmp))), four);//(vppp*rvppp + vppm*rvppm + 
vpmp*rvpmp + vpmm*rvpmm) / 4.0;
FZM = _mm512_mul_pd(_mm512_add_pd(_mm512_add_pd(_mm512_mul_pd(vppm, rvppm), _mm512_mul_pd(vpmm, 
rvpmm)), _mm512_add_pd(_mm512_mul_pd(vmpm, rvmpm), _mm512_mul_pd(vmmm, rvmmm))), four);//(vmpp*rvmpp + 
vmpm*rvmpm + vmmp*rvmmp + vmmm*rvmmm) / 4.0;
__m512d aVect = _mm512_loadu_pd(a + i*NZ*NY + k*NZ + l);
__m512d dmvVect = _mm512_set1_pd(dmv);
__m512d result = _mm512_sub_pd(aVect, _mm512_mul_pd(_mm512_add_pd(_mm512_add_pd(_mm512_sub_pd(FXP, FXM), 
_mm512_sub_pd(FYP, FYM)), _mm512_sub_pd(FZP, FZM)), dmvVect));
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Kulikov, Chernykh, Glinskiy, Nenashev, Shmelev, Andreev, Egunov, Kharkov.LNCS 10049
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Parallel realization
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Numerical simulation
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