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CPU Power Density Trends

1000 P>
4
P 4 .
« ——— End of Dennard Scaling
P 4
>

— P 4
N 7
g Source: Argonne National Laboratory, P ’
~ 100 e Idaho National Laboratory
2
Fy
[ Multicore Crisis
c
@ S,
- l. I lombard ( be)
— Source: lululombard (youtube
o 10
S
O ;
a . - G

Soufce: freeimageslive.co.uk

1

1985 1990 1995 2000 2005 2010 2015
Year



spcl.inf.ethz.ch oo o
;’ @SPZ’_th m ZUric h

Quantum Mechanical Phenomena
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Characteristics of Nanotransistors

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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Quantum Transport Simulation

Ballistic Transport

Energy/Momentum
Ed) | O
,/, Channel
,’/ Incoherent Transport
I Energy/Momentum“ (w1,q1)
(E + hwy, k — qq9) \LI’LX "LLLX

ED| O
(E + h(wy—wz), k —q1 — q3) \/wb 92)

Phonons: Crystal Vibrations
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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
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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
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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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/7‘///@/// 17/ 7 7
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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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Motivation for a Data-Centric Framework
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Data-Centric Framework

Original Application OMEN rewritten with the DaCe framework

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

? %

o

@dace.program T
sse_sigma(neigh_idx: dace.int32[NA, NB], i Q. w,ij
dH: dace.complex128[NA, NB, N3D, Norb, Norb], ~N
G: dace.complex128[Nkz, NE, NA, Norb, Norb], e ”"'N /VH[“'I"‘] V”'”’I"”\ 1 D=9z, @, a,

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]

for k, E, q, w, i, j, a, b dace.map[0:Nkz, ©:NE,
0:Ngz, ©:Nw,
0:N3D, ©:N3D,

. . 5 0:NA, 0:NB]: HG[ik, — q,,

= neigh_idx[a, E—N,:E]

dHG = G[k-q, E-w, f] @ dH[a, b, i] SBS.MM

dHD = dH[a, b, j] * D[q, w, a, b, i, j] H

Sigma[k, E, a] += dHG @ dHD

i%3[a, ky, E] (CR: Sum)
A A4

High-Level Program a.b
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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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D

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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Caching Computations @ﬂ( specialize H )

H[0: Ny, 0: Ng] .
boundary
= — 3GB per (k,, E
Z=[0: Nk ,0:Ng] conditions per (kz, E)
kZ,E

BC[0: Ny, 0: Ng]

> 1GB per (k,, E)
|__independent of i

} i=0

( specialize H )‘ / I :
— Hlks E] Data-centric Transformatlon ) .
i=0 ( boundary )f Caching Schemes:
conditions — k. E \ * No Cache
VA,

BC[k,, E]  |Z=[k,,E] - * Cache BC
) ) Hlkz E] l v BClkz, E ]"Z< [fe2,E] * Cache BC + specialize H
RGF )
= : ( RGF )
G=[k,,E] :I, (CR: Sum) .

¥ 62“{2’ E] Ie (CR: Sum)

ky E y ¥
NIV
GZ[0:N, ,0: NE] I (CR: Sum) .

GZ[0:N,,,0:Ng] i [e (CR: Sum)

GF GE @




spcl.inf.ethz.ch oo o
;’ @spZI_eth E'H ZUric h

Optimization of Sparse Operations

for n range(N - 2, -1, -1):

sig = HF[n] @ gR[n + 1] @ HE[n + 1]

cublasZgemm 58.382ms 58.144ms 58.666 ms 58.315 ms

Sparse (either CSR or CSC) Dense

cusparseZcsrmm?2 8.202 ms 6.140 ms 52.722 ms —

cusparseZgemmi 15.198 ms - - —

gemm/gemm 116.881 ms
gemmi(csrmm?2(TN, HE, gR), HF) 67.924 ms

csrmm2(NT, HE, csrmm2(NT, HF, gR)) -

HF and HE are CSR
HF is CSR, HE is CSC

A

A
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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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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

DaCe / La — MA

Transform lVH[...] lc;%[...] lDE[...]
Ve 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

Communication Volume
500
450 431.65

w b
Ul O
o O

quadratic growth

-
o

88.8x

Volume (TiB)
N N W
o U
o O

=
o U
o O

U
o

DaCe OMEN 4.86 v

o

3 5 7 9 11
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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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Mixed Precision <=

@ cublasGemmStridedBatchedEx | “=

a,b

ﬁj‘_\ Precision\Implementation

i
G2 [f.:,:] /VH[a, b,i] VH[a, b,ﬂ\ 1 D= (42 w, a,
@

Double 4.62 ms 0.70 ms
v
PHCRT . : Mixed — Tensor Cores N/A 0.13ms
=[i,:,:] VHD<=[i, q,, w] v
N \_qpwij /

€ « 1.E+00
=3 1025 o Without norma lization
= 1020 & 1.E-03
3 1015 g I~ With normalization
= B LE06 et
£ 1010 X :
g 1005 = 1 13 17 21 2
3 1000 - > 9 13 >
g 99 DDDDDDDDDDDDDDDDDDDD

v o 9%

. -+
N\ikegof / -
: -;> . ) L T T T T T T T T T T T
;2""[0«, k,, E] (CR: Sum) 1 3 5 7 9 11 13 15 17 19 21 23 25
a b Iteration
e 64-hit ® 16-bit @ 16-bit (without normalzation)
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OMEN vs DaCe OMEN: Performance

Strong Scaling (7 kz points) Weak Scaling
10000 1 8000 1
3-11 kz points
@)
%
Z
7500 - Q 6000
%
S
5000 A . 4000
()]
£
|_
O
2500 - wmm-) | 2000
DaQe N
— N, = 34 LA 17x speedup
w=2.1nm \
Ng =706 L\ (Comp,)
Nw =70 . t(comm.) o ’ —4 04
DaCe (comm.)
500 1000 1400 600 900 1200 1500

# GPUs # GPUs



Beyond OMEN
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Cache BC + spec
/
100 - \\ga.sg
75 Mixed precision 85.45
&S %— Cache BC \ /
Y 0 -
\// qi_) 5 No cache \ 57.50% of max (HPL)
al \42.55% of peak (theoretical)
25 -
N, = 10,240 Double precision
NP N = 34 ]
w=4.8nm Ny, =21 0 : : : :
Ny =1220 3420 63840 13680 27360
Ny =70 # GPUs
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Beyond OMEN

6,840 GPUs

™ Varant | Atom No.| Time )| Time/Atom 5 |_Speecup
OMEN 1,064 4,695.70 4.413
DaCe OMEN 10,240 333.36 0.033 140.9x

N,=1,064
Nb = 34
Nkz =21
Ng = 1220

N, =70
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Conclusions
OMEN Application Optimizing Coarse-Grained
Heat Dissipation Issue Domain Scientists’ View and Fine-Grained Dataflow
QT Simulation Data-Centric View Extracting Parallelism Performance

CPU Power Density Trends Workflow of Quantum Transport Simulation OMEN Optimizing Coarse-Grained Data Movement g g Beyond OMEN

1000 Data-Centric Decomposition
Creation of Input Parameters

‘—/‘ d of Dennard Scaling ‘ (Hamiltonian, Hessian matrices elc.] YT
21 ; .
S Need for ab initio model (DFT) no
z e emmmmmmammea s
2 57.50% of max (HPL)
a \ﬂ.ii!éof ‘pewk (theoretical)
5 \ \
g pir) N Double precision
< Non-Equilibrium Green's Function N,
OMEN  ~-%mze ™ dup oo
] Ng = 1220 3420 6840 13680 27360
. < o Ve R ' W, 70 #GPUs
Tt i8  iwE 9065 o Comn  ends 2times GB finalist “Meﬂ,nd. Collectve Altoall
B . . IUme: (2, (N + W00 + ol M)
e Focus of this wark Negligible % of runtime MP Invocations: 4

NEGF Mathematical Formulation

Ballfstic Transpart

NEGF SSE Z[G(E £ ha,k; — g.) D(w,q.)](E k;)

o

: incoherent Transport

Energy/Momentum (w5 a) &
(E + hay, k= gp) 111.

[

(F + R{wg—ag). K = g — 42 (121 12)

Phonons: Crystal Vibrations
Channel

“SPCL

Data-Cen enjati o b
I

independent RG[; ] l..- l .

tric Repres
yd .;,‘5:

e slice.
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