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22,640 XE6 nodes

XE6 Compute Node
“Dual-socket AMD-Opteron
«4x channel 1600 DDR3 memory
“High speed HT3 network link
“Upgradeable
“Blend with XK6 GPU systems

Node Characteristics

Login Number of Cores 16
Server(s)

The Blue Waters systeml!-2l

As of May 15, 2018,
24 1i6uRs

TOTAL COMPUTING POWER DELIVERED

24x24x24 3D Torus network

JOBS STARTED

2899

JOBS QUEUED

3117

JOBS COMPLET=™

2628

Peak Performance 313.6 Gflops/sec

Since Blue Waters went into production on March 28, 2013, it has provided 22.5 billion core - hours

Memory Sizes Available 64 GB per node

to scientists and engineers across the country

2278 C 9] 7\ C
L LgD L /19

CURRENT RUNNING JOBS BY SCIENCE AREA

Memory Bandwidth (Peak) 102.4 GB/sec

Interconnection
Network:

3D Torus in
Each Dimension.

Fibre
Channels

4,228 XK7 nodes

RAID
Subsystem(s)

Y

Molecular

Biosciences X Host Processor AMD Series 6200

3% Nuclear Physics Compute Node (Microkernel) (Interlagos)

7 Compute Node

Engineering 9.2% z @ Host Processor 156.8 Gflops

36 Atmospheric Service Nodes (Full Linux OS) Performance

Biophysics Sciences u @mNode

9.2 9.3% Kepler Peak (DP 1.32 Tflops

Chemistry Physics . Network Node floating point)

4 9.7

. 1/0 Nod Host M 2GB

Ex(raga\amc Stellar . ¢ °° <ULy SlaG:/SEC

Astronomy and Astronomy and

Cosmolo, Astrophysics ~

T E— By L AstropTysics ; y y Kepler Memory 6GB GDDRS5 capacity
> 180 GB/sec
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Why roofline performance analysis model matters to us?
We want to measure “real application performance” reflecting the NSF workload

. SPP benchmark at CUG-2012 3] . Updated SPP benchmark at CUG-2017 1
NAMD: molecular dynamics AWP-ODC: geophysics
. MILC,CHROMA,VPIC: particle physics . CACTUS: astrophysics
. SPECFEM3D: geophysics . MILC: quantum chromodynamics
. WRF: weather forecast . NAMD: molecular dynamics
. PPM: astrophysics . NWCHEM: computational chemistry
. NWCHEM, GAMESS: quantum chemistry . PPM: astrophysics
. QMCPACK: material science . PSDNS: turbulence
. QMCPACK: material science
. RMG: electronic structure of materials

. VPIC: movement of charged particles
. WRF: weather forecast
« We wanted to get a visually intuitive performance analysis plot for our SPP applications
*  to characterize their performance bottlenecks
* and get an idea about their performance on our next generation machine
e Roofline performance analysis model was attractive, but we could not find a reliable tool for that.

Roofline Analysis with CrayPat and Roofline-based Performance Projections for a Future Architecture
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ERT measurements of an XE node
*  Empirical Roofline Tool (ERT) version 1.1.0 []

103
*  Employed compilers . SPVector FMA peak: 450.8 GFLOPIs_
¢ GNU: gcc/4.9.3 and gcc/6.3.0 /// // SPVeCK{r/A/dd peak: 235.3 GFLOP/s
. Cray: cce/8.5.8 /’"/7/ ""'E?ec:'or':'ﬁ?e’a’kk'ff';a';'éft'gf//s"
: w 4’____11_______ Jv vector Adgipeax: 2178 GrLOFs |
T Pelpe/17.50 é 1o e it _/,_’_/ ______ /7 SPioP scaar Agd peak 647 GFLOPYs _ |
* Considered Peak Flop-rates 5 Aq@?f’
*  Vector FMA peak: w/SIMD and FMA4 g a4
«  Vector Add peak: w/ SIMD and w/o FMA4 § e
e  Scalar Add peak: w/o SIMD and FMA4 = // \9//
, o
e Cores and cache hierarchy of an XE node @;E“f’
. 32 integer core, 16 FPUs, 4 NUMA domains /?%’
e L1 data cache: 16 KB/integer core 100> 10! 100 10! 102
° L2 data cache: 2048 KB/FPU Computational Intensity (FLOPS/Byte)

* L3 data cache: 8192 KB/ NUMA domain

Roofline Analysis with CrayPat and Roofline-based Performance Projections for a Future Architecture
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Validation via kernels for computing geometric series

* The nt" order of geometric series * Three types of implementation

OM(n) = I+M+M*+M3+ ... +M"
Data movement = 2 variables
Minimum FLOPs =2n -1
CI=(2n-1)/ (2 variables)

Inline-implementation:
Loops foriand j from 1 to m:
OM(1,)) = 1.0 + M(i,j) + M(1,))"2 + M(1,))"3 + ... + M(i,))"n

Recursive loops:
e 4176 test cases Loops for i and j from 1 to m:

e The order of the series: 1 to 29 (i.e., 29 cases) 21\1/(1)(;;) f:rlkofrom L to n:
e The size of array per MPI rank: 642, 2562, 1024%, and - A
4096° (i.e., 4 cases) OM(i,)) = OM(1L,)*M(i,j) + 1.0
e Variable type: 4-byte SP and 8-byte DP (i.e., 2 cases)
. ) . Flat loops:
e  Compiler type: gnu, cray, and pgi (i.e., 3 cases) Loops for i and j from 1 to m:
e  Optimization level: O0 and O3 (i.e., 2 cases) OM(ij) = 1.0 '
e Implementation type: inline, recursive loop, and flat A loop for k from 1 to n:
loop (i.e., 3 cases) OM(i,j) = OM(ij) + M(i,j)"k

Roofline Analysis with CrayPat and Roofline-based Performance Projections for a Future Architecture



BLUE WATERS By MY GREATLAKES LONSORTIUN PR~

SUSTAINED PETASCALE COMPUTING

Employed hardware counters to measure data transfers

L1 DCA
. PAPI_L1 DCA, or DATA_CACHE_ACCESSES
* Level 1 data cache accesses
*  CrayPat default counter for computing computational intensity
* Asingle reference = a single vector length (i.e., 16 bytes = 128 bits)

* DCR_GOOD
. DATA CACHE_REFILLES FROM L2 OR_NORTHBRIDGE:GOOD
*  The number of data cache refills satisfied from the L2 cache and/or the system with valid final status

* Asingle reference = a 64-byte transfer
e Other counters have been tested in the same way

* Instrumenting the code with CrayPat
. Focusing on kernels of interest using CrayPat API (PAT _region_begin/end and PAT _record)
*  Enabling the CrayPat APl via “pat_build -w myprogram”
*  Setting the runtime variable for hardware performance counters (i.e., PAT_RT_PERFCTR)

Roofline Analysis with CrayPat and Roofline-based Performance Projections for a Future Architecture
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The O3 optimization

The OO0 optimization
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Range of MIN and MAX of byte measurements

* The O3 optimization ....,,,._E.HL.,.-].H.]-II.]I,H.H.--......____
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Raw data of byte measurement for selected cases

Coefficient of variation (L., STD / Mean )
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Raw data of byte measurement for selected cases
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Validation via 2D/3D stencil codes

*  The main kernels of 2D/3D stencil codes *  FLOPs, data transfers, and Comp. Intensity (Cl)
) A 5-point 2D stencil code: 7-point 3D stencil code:
5-point 2Dlstenctl code: . FLOPs = 4*n*n*niter FLOPs = 6*n*n*n*niter
Loops for iter from 1 to niter: Data Movements = 5*n*n*niter Data Movements = 7*n*n*n*niter
iﬁ;—srgfr“;‘;ff]gggn S Cl for DP=4./5/8=0.1 FLOPS/byte  CI for DP = 6./7/8 = 0.1071 FLOPS/byte
OM(ij) = 0.25% ( M(i+1j) + M(i-1) + M(ij+1) + M(ij-1) ) CI for SP=4./5/4 = 0.2 FLOPS/byte CI for SP=6./7/4 =0.2143 FLOPS/byte
PAT region_end()
Loops for i and j from 2 to n+1: ° 72 test cases
M(i,j) = OM(ij)
7-point 3D stencil code: e Stencil size per MPI rank (i.e., (n+2)* for 2D and
Loops for iter from 1 to niter: (n+2)? for 3D): (2048+2)?, (4096+2)%, (8192+2) for
PAT region_begin() 2D, and (128+2)%, (256+2), (416+2)* for 3D (i.e., 6
Loops for i, j and k from 2 to n+1: cases in total)
OM(i,j,k) = 0.166666666666666667 * ( M(i+1,j,k) + M(i-1,j.k) . , .
ML) + M(j-1K) + MLk + MGijk-1) ) o Vanable type: 4-byte SP and 8-byte DP (i.e., 2 cases)
PAT region_end() . Compller type: gnu 4.9.3, cray 8.5.8, and pgi 17.5.0
Loops for i and j from 2 to n+1: (i.e., 3 cases)
M(i,j.k) = OM(i,j k) e  Optimization level: O0 and O3 (i.e., 2 cases)

Roofline Analysis with CrayPat and Roofline-based Performance Projections for a Future Architecture
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FLOP measurements
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Ratio of the byte measurements over the exact transfers and
Comp. Intensity (Cl)

Byte measurements
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Roofline analysis via Intel Advisor - 2D/3D stencil kernels

e Test platform
*  Adual Intel E5-2680V4 (Broadwell)
processor node of UIUC campus cluster
* Intel/18.0 with -O3 —xHOST

[ Summary % Survey & Roofline ®] Refinement Reports
Performance (GFLOPS) kQ B~ Use Single-Threaded Roofs @

tor FMA Peak FLOPS
100 .
tor FMA Peak FLOF
,
Add Peak \FLOPS
Add Peak: 13.14 GFLOF

e Limitations of Intel Advisor

«  Not compatible with other vendors’ ’ o ’ i
processors (e.g., AMD, ARM, and NVIDIA) | h=a

*  Not compatible with other compilers (e.g.,
CRAY, PGI, GNU, ARM) N o A .

*  Requiring at least two executions (i.e., | |
Survey analysis, and Trip Counts Analysis 7| SolEiapasd Time: 16205 Tl Time: 16205 ‘ At nansty (FLOPByt)

with FLOP), so not suitable for large-scale A screen shot of Intel Advisor Roofline features; 3D kernel with (256+2)3 stencil
simulations
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5-point 2D stencil kernel

* Cray cce/8.5.8 with the O3 optimization

* Access to two arrays (i.e., M and OM) 10°
° Required memory size in total /,_____,_SEy_eEt_O_'_F_N_”iP_eli‘k_QS_(Z?_@F_L_QP_/E/_"_"E’P__
,,'/ L e DP Vector FMA’ peak 228.2 GFLOP/s/node
? PSS e s i = s s
| stencil | se | op NE AT T
2 @ 1024 R ) v DP:(256+2)"2
(128+2) 135 KB ____37_0_K_B _____ & & Z 7 A DP:(512+2)"2
L2 data cache 256+2)2 2k | 1.085MB 3 A < DPi(1024+2)°2
(1024 KB/core) (256+2) 53 1 .065 2 - \\006’ ' { > DP:(2048+2)"2
D EED GEE NN NED GEE SER SEE SE SEE SEE SER SER SR SER SEE SR GEE SER SER SEE SER SER GEE SR SR SR TS - (] Y %:’l’ . A
(512+2)? 2.1 MB 4.2 VB g o g MR S
) N4 % '
o A an p o SPi(128+2)~2
(1024+2)2 8.4 MB 16.8 MB 2 10" {3 A SP:(256:2)“2
S e o o SP:(512+2)"2
(2048+2)? 33.6 MB 67.2 MB = ‘ & ® SP:(1024+42)"~2
e\ﬁb & SP:(2048+2)"2
(4906+2)2 134 MB 269 MB X ¢ SP:(4096+2)"2
#  SP:(8192+2)"2
(8192+2)2 537 MB 1.074 GB 10° : ' '
102 10-1 10° 10! 102

Computational Intensity (FLOPS/Byte)
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7-point 3D stencil kernel

* Cray cce/8.5.8 with the O3 optimization
* Access to two arrays (i.e., M and OM)

 Required memory size in total

(16+2)3 47 KB
L2 data cache s
(1024 KB/core) (32+2) 314 KB
(64+2)3 2.3 MB
(128+2)3 17.6 MB
(256+2)3 127 MB
(416+2)° 584 MB

1.169 GB

By MY GREATLAKES LONSORTIUN PR~

FLOP-rate/node (GFLOP/s/node)

103

102 -

SP Vector FMA peak: 450.8 GFLOP/s/node

LATCrre P eI :/_ __________________

’

,
.,
,~~ DP Vector F/I\QA’E)eak: 228.2 GFLOP/s/node

W 7 =~
&7 Z i ® DP:(16+2)"3
o e v DP:(32+42)"3
37 7 /
\;;/ \&O,, ! A  DP:(64+2)"3
§% x?/ @ < DP:(128+2)"3
) & > DP:(256+2)"3
01y ¥ e ® DP:(416+2)"3
S & SP:(16+2)"3
, o ®  SP:(32+2)"3
’ e SP:(64+2)"3
\%0 o SP:(128+2)"3
cg/ ® SP:(256+2)"3
> SP:(416+2)"3
10° - ' ! ,
1072 101 100 10!

Computational Intensity (FLOPS/Byte)
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HPCG!

*  GNU gcc/4.9.3 with the O3 optimization

. . o 3
« A 27-point stencil operator with 10
. SP Vector FMA peak: 450.8 GFLOP/s/node
* dense and sparse computations, ”’f ------------------
. . 7 L+~ DP Vector FMA'peak: 228.2 GFLOP/s/node
e truncated multi-grid V cycles, ) ’tf‘” ---------------------
. g ’ ’ //’
e unstructured sparse triangular solver § 1024 & :
o e\s,’ s /’
e 128 MPI ranks on 4 XE nodes S QQ@\' )
S > ,,
* 163 to 1283 per MPI rank s 5 & ot
E R qqz';,/’ P 2
. RU A
Mostly DRAM bandwidth bounded g 8 ®—HPCG(x=16)
S p &f v HPCG(nx=32)
performance - 4 it A HPCG(nx=64)
Q\.fo}" < HPCG(nx=96)
Q@/ »  HPCG(nx=104)
7 ® HPCG(nx=128)
100 S S e S e ety
102 1071 100 10! 102

Computational Intensity (FLOPS/Byte)
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HPGMG-FVV

*  GNU gcc/4.9.3 with the O3 optimization

* The 4t-order accuracy finite volume 10°
e The full multi-grid (FMG) F-cycle /,____,_SEYSEEO_'_F_"’l’iP?ghﬁ%.@ﬁk%@@fﬁ*&-
e 512 MPI ranks on 16 XE nodes = /,.f:'___I_I,/_Z__?F_’_"PEEQ':F_,“Q‘_\_P_EEB_ZZ?.Z_GEEQE’_SL"_"FP__
* 163to 2563 cubes per MPI rank £ 0 o
5 S =
S (gqj\',
] o 5 Q?/ & .
*  Most critical performance bottleneck is load - ANy -
ko] M4 4 L,
imbalance via FMG F-cycle g a4 s
810ty W
o) {7@’?'" ® HPGMG(16~3_box/thread)
T / bofz\/ v HPGMG(32"3_box/thread)
e A HPGMG(64"3_box/thread)
ny)’ <4 HPGMG(128"3_box/thread)
» HPGMG(256"3_box/thread)
10° - : . ]
102 1071 100 10! 102

Computational Intensity (FLOPS/Byte)
Source: Williams (hpgmg.org), HPGMG BoF, SC-16, 2016
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Sparse Linear Solver

o Spa rse iterative solver PETSc: tfgmr solver with asm_basic preconditioner from PETSc
e  PETSc!8l: cray-petsc/3.6.3.0 103
 The transpose free QMR (i.e., tfgmr) A e o K bk ASO.8 CHOMSode
solver . /,_':'_’___,f_'ZI_I_QE_V_‘*_CE"_'_f_E"/_\'_;’;PE:_229-_2_95&95/_51"_0_‘1_6__
«  The classical additive Schwarz (i.e. g . IE %
asm_basic) preconditioner 5 & /"
* Sparse direct solver % &;??'@ge*"
*  MUMPSPland SuperLUo E ol ,/%03}}3' .
* Cray_tpSI/ 16.03.1 E w0y 0 obf’/."i, ® PETSc_tfqmr_asm_basic(10Kdof)-1XE
* CSR matrices from a CFD code!™ d V¢ I e st
* 10K, 83K, 684K and 2M unknowns I o i
* Employed XE nodes o LU ]| |8, PoTse o, sem basiciatdon o2xes |
* 16 MPI ranks on 1 XE node 10~ 107 10° o' 1o?

Computational Intensity (FLOPS/Byte)

e 512 MPI ranks on 32 XE nodes
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Sparse Linear Solver

MUMPS
10°
-1 SP Vector FMA peak: 450.8. GFLOP/s/node |
ot ,~* DP Vector FMA’peak: 228.2 GFLOP/s/node
— ol ALLLET Yecor roR peakiec. braramole
£ o” 7
2 1071 g A 7
(@] Q,\r’\r' et v e
] (¥4 , 0
L QQ/ b‘z", e
9 ‘0;23// \QO’,’ ,//
% \',:’,l (9%\:711 .’I,
[o] %4 \,/  a
c e ¥ .74
= J "Jq’, e °
2 N, 4
© 10! - s -
I & MUMPS(10Kdof)-1XE
9 & v MUMPS(83Kdof)-1XE
o ‘ &7 A MUMPS(684Kdof)-1XE
Q\,g," < MUMPS(684Kdof)-32XEs
R »  MUMPS(2Mdof)-32XEs
® MUMPS(5.5Mdof)-32XEs
10° - : . :
102 107! 10° 10! 102

Computational Intensity (FLOPS/Byte)

SuperLU
103
L LSE Vector FMA peaki 450.8 GF| OP/s/node 11
<7 / /
ot +* DP Vector FMA’peak 228.2 GFLOP/s/node
— P I O (R R A B B s bt bl e b it A B
% v /7 ,/
o s e e
5 102 e,/” i <
4 10 4 S 2 ¥ o
[« W NG / il
[®] e Vi Ve
| (©%4 . .
o Q7 ‘ P
G oD 7 ¥
= B & L
3 A
Is) Lt g
c s %7 .
= / 9,7 Vi
) , 2 -
Tty A=
—_ s ’
nl- R4 Qb‘b//
o) /’ NG
d e Q)\?’
0,
\Nf:;/ ® SuperLU(83Kdof)-1XE
o v SuperLU(684Kdof)-1XE
L A SuperLU(684Kdof)-32XEs
100 4! T —
102 101 100 10! 102

Computational Intensity (FLOPS/Byte)
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Surface Extraction with TIN-based Search-space Minimization codel'?

e  Four critical groups of SETSM code based on a

CrayPat report on an XE node 10°

* U/VLL: 33.1% (997.6s), multi-threaded T el e bl

*  U/main: 25.3% (671.3s), single-threaded _ i e

- UJ/OT: 25.2% (757.8s), multi-threaded g 109 &

«  UJVLL_B: 1.0% (31.1s), multi-threaded 2 S :

e Others: 15.4% (464.15s) - e 03@}/ - <

«  Hypothesis for the performance projection E - @g/,ga‘ff\’o" R

*  Performance of multi-threaded groups is e B
bounded by DRAM bandwidth of the NODE 8 10 7 LI

*  Performance of the single-threaded group is v U/main(25.3%)
bounded by DRAM bandwidth of the NUMA ] i, It 05
domain Y o e e

Computational Intensity (FLOPS/Byte)
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Surface Extraction with TIN-based Search-space Minimization codel'?

Roofline-based performance projection

 Wall time projections based on our

hypothesis Projected Speed u
yp Processor type wall :ime (s) ovzr an )?E
W Targe ™% = WTxe*(BWNPF)xg / (BWNOPE )iarger Dual Ivy Bridge EP (E5-2670V2) 1715.3 1.76
W T target®® = WTxe*(BWNUMA)xg / (BWNUMAY) et Dual Haswell (E5-2680V3) 1427.7 2.11
Dual Broadwell (E5-2680V4) 1282.2 2.35

\VTtargetovem11 = (Sum of WTtarget) /0.846

e Target nodes at UIUC campus cluster Errorof
Processor type Measured projection
DRAM DRAM wall time (s) "
’ bandwidth | bandwidth : (%)
rocessor type per node per NUMA Dual Ivy Bridge EP (E5-2670V2) 1603.0 7.00
(GBJs) ® (GBJs) Dual Haswell (E5-2680V3) 1293.0 10.42
Dual Interlagos 596 14.9(b) Dual Broadwell (E5-2680V4) 1 1680 978
Dual Ivy Bridge EP (E5-2670V2) 93.5 46.70 o
Dual Haswell (E5-2680V3) 1123 56.20  What to do for more accurate projections
(©)
Dual Broadwell (E3-2680V4) 1251 625 «  Characterizing more groups of the code

Comparison with measured performance

(a) Measured via the stream benchmark, (b) Four NUMA domains per node,
(c) Two NUMA domains per node

Roofline Analysis with CrayPat and Roofline-based Performance Projections for a Future Architecture
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Concluding remarks & future work

* Areliable and practical method for the roofline analysis model with CrayPat is proposed
* |tis compatible with various compilers (e.g., Cray, GNU and PGI compilers)
* |t can be extended to other processors (e.g., AMD, ARM, GPU and Intel)
* |tisscalable as much as CrayPat is.

e Selected hardware performance counters for the roofline analysis have been validated thoroughly
via manually derived reference data

e CrayPat-based roofline analysis has been performed for HPCG, HPGMG, PETSc, MUMPS and
SuperlLU.

* An example of the roofline-based performance projections for other processors is presented.

*  We plan to perform similar analyses with GPU nodes and other processors (e.g., ARM, and Intel).
*  We will share our developed python scripts (General Roofline Evaluation Gadget — GREG) via
NCSA public GitHub repository (https://github.com/ncsa/GREG)
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