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Motivation for a Data-Centric Framework
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Data-Centric Framework

Domain Scientist Performance Engineer System

Problem Formulation /—QCDP—\
Information

u ) | TR’ O ¥ |
Frin aVu=0 -~ .
Transformed
Python / Dataflow SDFG Compiler

um DSLs
CI » Data-Centric Intermediate _
TensorFlow  MATLAB Representation (SDFG) _

L R _ Performance . -
" —— el — Results GPU Binary
SDFG Builder API ' —/ % \ FPGA Modules
—— —_— )

High-Level Program Graph Transformations Thin Runtime
(API, Interactive) Infrastructure

Ben-Nun et al. “Stateful Dataflow Multigraphs: A Data-Centric Model for Performance Portability on Heterogeneous Architectures”, SC19.
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Basic Elements of the Data-Centric IR

<€ Access Node
Data A[0:M, 0:N] €——— Memlet

Fine-grained stateless /" i =1:M-1, j=1:N-1] \\&—— Map Entry
computations Ali-1j] Al +11 Ali+1,]

Dataflow t<T; “Jacobi < Tasklet
Control-flow t=t+1 o——

Abstraction of IB["J] State
independently parallel \ [i =1:M-1, j=1:N-1] / €—— Map Exit

B[1:M-1, 1:N-1]

(B>
J_tzT‘

computations

Control flow

Ben-Nun et al. “Stateful Dataflow Multigraphs: A Data-Centric Model for Performance Portability on Heterogeneous Architectures”, SC19.
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Quantum Transport Simulation

Extreme-Scale Ab initio Dissipative
Quantum Transport Simulations

Alexandros Nikolaos Ziogas, Tal Ben-Nun
Guillermo Indalecio Fernandez, Timo Schneider
Mathieu Luisier and Torsten Hoefler
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Workflow of Quantum Transport Simulation
4 N

Creation of Input Parameters
(Hamiltonian, Hessian matrices etc.)

<1% of runtime

\

Need for ab initio model (DFT)

Poisson Solver

M E IN Non-Equilibrium Green's Function
(NEGF) Solver
T o AN DRI BN \/

2 times GB finalist \

Focus of this work Negligible % of runtime
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OMEN Model

N, > 10,000

N, = 10

N3p =3
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NEGF Mathematical Formulation

N

Electrons G(E, k,) Phonons D(w, q,)
(E-S—H-3F).GFR =1 (w?—®—TF).-DR =1
G= =G -X~.G* D< = DR.M<. DA

GF v



Assignment to Compute Resources

Node M+1

Node 3

Node 2

Node 1
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Green’s Functions Phase OMEN
Electrons G(E, k,) Phonons D(w, q,)
(E-S—H-3R).GFR =1 (w?—®—TR)-DR =]
G<=GR.x<.GA4 D< =DR.[I<.DA
GF

Embarrassingly parallel computation of G /D + Reduction for I
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Scattering Self-Energies Phase OMEN

SSE X[G(E + hw,k, — q,) D(w,q,)](E, k,)

Stencil-like computation for X /I1
2N, N,

SSE M[G(E,k,) G(E + hw, k, + q,)](w, q,)
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Data-Centric Framework ? ﬁ@ ﬁ%

k..E.a..w.i.i.a.b _ _ . .-

Original Application OMEN rewritten with the DaCe framework

15,798 C++ Lines 3,155 Python Lines 2,015 SDFG Nodes

for( k = 0; k < klen; ++k) {
b = B[0];

? %

o

@dace.program T #pragma unroll
sse_sigma(neigh_idx: dace.int32[NA, NB], ; G0l for( 1 =20; 1< ILP; ++1)
dH: dace.complex128[NA, NB, N3D, Norb, Norb], ~ res[1] += A[1] * b;
G: dace.complex128[Nkz, NE, NA, Norb, Norb], < ”"'N /VH[“'I"‘] V”'””"”\ 1 D=[q, w,a, A += Norb;

b,i,
D: dace.complex128[Nqz, Nw, NA, NB, N3D, N3D], S Bibf]

Sigma: dace.complex128[Nkz, NE, NA, Norb, Norb]): VHG[i,:,:] VHD=[i, q, w] } ¥

B += Norb;

for( 1 =20; 1< ILP; ++1)
C[1] = res[1];

for k, E, q, w, i, j, a, b dace.map[0:Nkz, ©:NE,
0:Ngz, ©:Nw,
0:N3D, ©:N3D,
0:NA, 0:NB]: VHG[i, ky — 4y

f = neigh_idx[a, b]

4 1 C += kstart * Csize + t * Norb * Norb + j * Norb + i;

dHG = G[k-q, E-w, f] @ dH[a, b, i] Eww:m Code Generation

dHD = dH[a, b, j] * D[q, w, a, b, i, j]
Signalk, £, a] += dHG @ a> ;
ik, ) R Graph Transformations

High-Level Program i (API, Interactive)
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Data-Centric Representation of OMEN

i HIO:N,] i2<[ONk ,0:Ng] } ®[0:Ng, ] i“ﬁo’v @ @

dz, @ / " E \ atom-neighbor
independent P[q,] l“< 2,01 2 2 Az, dimensions
computation Not b 1|7H[...] lG
per slice ( electron RGF ) ( phonon RGF ) -
G2[ky,E] I (CR: Sum) cI) (CR: Sum) lD [92/0)] g
— %
=0 [++ Z<[ 1 H<[ 1 t
\ k, E / \ 4y, W / % (CR:Sum) 4 (CR: Sum) greater
< k, E.q,wab / parallelization
GZ[0:Ny,,0:N;] } I (CR: Sum) .ICD (CR: sum) |? [211:1111 \ 2 5z potential
. ¢ @ @

( convergence )

b
oF o

Y b
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Optimizing Coarse-Grained Data Movement

/ Ly, testy, tw ta th M\ Iterates over the tiles (nodes)
VH 1G< 1D<

Iterates over a single tile

/kZ,E q, w,a,b T‘\‘“g /kZ’E’qZ’w @b (workload of a single node)
lVH[...] 1G<[...] lD<

( SSE ) Memlets represent the surface of each tile
T2 H<[ ] (communication volume needed for each node)
gy (CR:Sum) ¢ (CR: Sum)

\kZ,E q,, w,a, b/

: ¥< (CR: Sum) : I1= (CR: Sum)

@ @

SSE
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Optimizing Coarse-Grained Data Movement

Data-Centric Decompc;sition

JaCe / La — MA

nsform lVH[...] lc;%[...] lDE[...]
V4 A
T 8

Energy-Momentum Pairs

Nanodevice View

Method: Collective Alltoall
Volume: o(N,, (N; + N,) (N, + Np) NZ,)
MPI Invocations: 4
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Optimizing Coarse-Grained Data Movement
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Optimizing Coarse-Grained Data Movement

/ Lo lE 7 MA
lVH[...] lGE[...] lDE[...]
/kz, E',q,wa, b\

Need for flexibility

Source: NVIDIA
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Optimizing Fine-Grained Data Movement

&

i
GZ[f,:,:] /VH [a,b,i] VH]a, bJ]\ 1 D= [q,, w,a,
@

VHGZ[i,:,:] VD[l a7 ]

A 4
i/ \_dgzw.ij /

ik, q, E
VHG=[i,k, — q,, \ /VHD?:[i, Gz |
E—-—N:E
“ (" SBSMM

v
\i,k;q,E /

:2%[a, k,, E] (CR: Sum)

AN a:b
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Extracting Parallelism

__a = dace: :ArrayViewIn<dace:: , 2, 1> (gpu_tmpL, bsize, 1); —| [0] Tesla V100-SXM2-16GB ( )
*a = a.ptr<1>();
__b = dace::ArrayViewIn<dace:: , 2, 1> (gpu_hergR, bsize, 1); =l Context 1 (CUDA)
*b = b.ptr<l>(); m
F MemCpy (HtoD)

__c = dace::ArrayViewOut<dace:: , 2, 1> (gpu_tmpL_R, bsize, 1);
*c¢ = c.ptr<1>(); .

assignment to streams Y MemCpy (DtoH) ' |

__dace_current_stream_id = 2; T MemCpy (DtoD)

cudaStream_t _ dace_current_stream = dace::cuda::_ _streams[__dace_current_stream id];

cublasSetStream(handle, _ dace current_stream); - | ”
cublasStatus_t status = cublaszgemm( | | vVold ... | VOIL... |

handle, — Cﬂmpute -
CUBLAS_OP_N, CUBLAS_OP N,

bsize, bsize, bsize,

const_pone,

(cuDoubleComplex*)b, bsize,

(cuDoubleComplex*)a, bsize, |

const_zero, “F 55.6% volta_zgemm_64x3...

(cuDoubleComplex*)c, bsize . . VO L. | | VOIL.. |
) synchromzatlon code T 11.7% void csrimt_hyb_c... [void ... | [ |

cudakEventRecord(dace: :cuda:: events[5], dace::cuda:: streams[2]); S 9.5% void getf2_domino_k...
cudaStreamWaitEvent(dace::cuda:: streams[@], dace::cuda:: events[5], 0);

“F 8.0% volta_zgemm_64x32_...

\ J
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OMEN vs DaCe OMEN: Performance

Strong Scaling (7 kz points) Weak Scaling
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Conclusions

OMEN Application
Data-Centric Framework Domain Scientists’ View
Data-Centric Model

Optimizing Coarse-Grained
and Fine-Grained Dataflow
Extracting Parallelism
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https://github.com/spcl/dace
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