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Stencil Example

= Consider our 7-point constant

. : A
coefficient stencil...
« 7 flops per point Peak Flop/s
8 memory references (7 reads, 1 store) 4
* An ideal cache can filter all but 1 read and % Y’ Gflop/s <Al * DRAM GB/s
1 write per point (compulsory misses) I :
- Al =0.44 flops per byte E
< ! /-point
= Actual performance can suffer ' Stencil
from... ; )
. . . 0.44
) CapaCIty misses in the L2/L.3 Arithmetic Intensity (Flop:Byte)
« Failure to vectorize / optimally vectorize
« Superfluous write allocations
3 woryf
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Stencil Example in Advisor

= | et's walk thru a series of
progressively more optimized
stencil implementations Peak Flop/s

= We'll use Advisor’s Integrated 8
Roofline functionality' to highlight P o JJ Gllopls <Al DRAM GBJs
how optimization changes Al at £
different levels of the cache <  -poin
¥ g

Arithmetic Intensity (Flop:Byte)

Technology Preview, not in official product roadmap so far. _
This version will be made available during the hands-on component of 4 "/'>||$|
this tutorial. BERKELEY LAB




Naive Version (ver0)

#pragma omp parallel for

= Naive version (ver0)... For(kel: kedimsls kat) {

for(3=1;j<dim+1;j++){
#pragma novector

« 7-point stencil

° 5123 gnd (padded to 5143) for(i=1l;i<dim+1;i++){
int 1jk = 1*1Stride + j*jStride + k*kStride;
 OpenMP on outer loop new[ijk] = -6.0%old[ijk ]
> pragma to prevent vectorization N g]g%]gtggg]gg
> 8MB/thread cache working set old[1jk-jstride]
old[1jk+jStride]
» Low DRAM/L3 Arithmetic Intensity old[ijk-kstride]

old[1jk+kStride];

= A
5 JZZﬁH
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Baseline Version (ver1)

o # 11e1 f
= Eliminate novector o Chats ket ke g
. . . for(3=1;j<dim+1;j++){
= Simplify Address calculation For(izlsi<dimelsi++){
. . int 1jk = 1 + j*jStride + k*kStride;
= Still has issues... new[ijk] = -6.0%01d[iik ]
_ old[ijk-istride]
» 8MB/thread cache working set old[ijk+istride]
* old[1jk-jStride]
» 8MB*16 threads > L3 old[iiksjstride]
» Low DRAM/L3 Arithmetic Intensity old[ijk-kstride]

old[1jk+kStride];

()
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Tiled Version (ver2)

- #pragma omp parallel for schedule(static,l)
= Apply 2D (8x8x912) loop tiling... |Eeeeri sty iy pus gy

: _ int kLo = TILE*(tile/jTiles);
» Cache working set reduced to ~164KB int Lo = TILE*(tile%iTiles):

» Should improve L3 and DRAM Al (but for(k=kLo;k<kLO+TILE;k++){
not L2) for(j=jLO; j<jLO+TILE;j++){
for(i=0;i<dim;i++){
int 1jk = 1 + j*jStride + k*kStride;

new[1jk] = -6.0%old[1]k ]
old[1jk-1 ]
old[1jk+1 ]
old[1jk-jStride]
old[1jk+jStride]
old[1jk-kStride]
old[1jk+kStride];
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Padded Version (ver3)

#pragma omp parallel for schedule(static,l)
= Same code, but for(tile=0;tile<jTiles*kTiles;tile++){
. : - - int kLo = TILE*(tile/jTiles);
Unit-stride padded to 520 (multiple of 8) int Lo = TILE*(tileXiTilesy:
« First non-ghost zone aligned to 64B for(k=kLo;k<kLO+TILE;k++){
. _ _ o for(j=jLO; j<jLO+TILE;j++){
« Should facilitate vectorization / eliminate for(i=0;i<dim;i++){
peel and remainder IOOpS int 'Ijk =1 + j"‘jStride + k*kStride;
new[ijk] = -6.0%01d[ijk ]
. : : — old[ijk-1 ]
Larger dimension = larger array... SR ]
> Als should be a 1% lower old[ijk-jstride]

old[1jk+jStride]
old[1jk-kStride]
old[1jk+kStride];

= A
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SIMD/Cache Bypass Version (ver4)

#pragma omp parallel for schedule(static,l)

= Once data has been aligned, for(tile=0;tile<jTiles*kTiles;tile++){
force SIMDization and alignment | USRS

int jLo = TILE*(tile%jTiles);

= Write allocate cache is inflating Sl bperpaiiaaiigts
tota| data movement by 50% #pragma omp simd aligned(new,ol1d:64)
o #pragma vector nontemporal
« Use non-temporal store to bypass cache for(i=0;i<jstride;i++){ |
int 1Jjk = 1 + jJ*jStride + k*kStride;
» DRAM Al should be a 50% higher and new[ijk] = -6.0%o1d[ijk ]
close to the ideal 0.44 flop/byte old[ijk-1 ]
old[1jk+1 ]

old[1jk-jStride]
old[1jk+jStride]
old[1jk-kStride]
old[1jk+kStride];

= A
9 EZEﬁH
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Open https://nxcloud01.nersc.gov in Browser

= Login using your temporary account.
= Create a shell on cori using your temporary account

= Load Advisor
module load advisor/2018.integrated_roofline

= We've pre-collected/surveyed the stencil benchmark for you:
cp $ADVISOR_XE_ 2018 DIR/ECP-meeting-tutorial/* ~
= [Launch advisor:
advixe-gui
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Advisor notes that
verO didn’t vectorize

spragms sovector

Line

o a

@ B forgyeiigcsiasirgean
n

26 fordhsisicdimeiries)(

A0 beneh_staneii_verdtonpiparailel_forfl at bench_stescil_ve.e136)
£ J0ep. Mot vecloriied: noverter directive weed

¥ losp Lransformatisns spplied

P2l int i3k = ividtride ¢ Je3Stride o kekdtride;

PT] aew{isk) = -6.0%02d[11k |

+ old[ijk-iStride]

4 old[ijkeistride)
»n . Lik=3itride)
2 + old[ijke stride)
2 + old[ijkekitride]
4 + ol ikekstride) s
s 0
% Aiterationses;

Temn = 1A
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L Seff Tme~  Total Time  Type
+ 0 Posp in bench_stenci_veriSompSparaliel for$22 st bench stenci v1c25] VI meftoctive . 1282000 1628230 Vectonzed o v
+ 7 [e0p In bench_stencil_veroSempSparabel far@22 a1 bench steacd v0.c:26] & 1 Potential € movecter directive 1000 B4R GFLOPS
[oop in barch_stenci_ver SompSparaliel for@26 at bench_stencil v3.c-32] ¥ 1 neftective .
* Doap i bench, s1encd ver2SompSparatiel 1er@ 26 at Dench stencd v2.£32) @ 1 meftective .
« 7 Posp i barch,_stenc_verd SompSparatel for@29 a bench stench wi537) un  GunB  Vecirzes Mo
F 0 Posp in mansompSparatiel 120826 at main.c-28) 2756s1 e "
O Poap In barch,stencd verZSompSparaliel 15r@2% at bench stencd v2 £ 1) 0492¢1 8 e loop was ave
« &) Posp in bench_senci_veriSompSparaiiel forB22 at berch stencl v1c-24) 0331 0 roer loop was ave
+ O Poop n bench,_stencd_ver 35ompiparatiel for@26 a bench, stenci vd ¢ 31) 030851 B rver loop was ave
« O poop in banch_stenci_verOSompSparatel for$22 at bench stencl v0.c24) ¥ 1Asemedd. 02080 @ wector depardence
0 Poap in berch, stencd verd SompSparatel Tor@29 at Dench stench vd ¢ 34) € 10pporment .. 007231 B rwer loop was ave 00 -
+ O Pocp in banch_stenci_ver3$ompSparaliel for@26 a bench_stencl v3.c30) 00561 @ e loop was are
+ O Posp in bench_stenci verZSomeSparaliel 1oe@26 at beech stenci v2.¢-30] 0048l 1 e loop was ave o
= O Poap In barch,_stenci_verd SompSparatel for@29 a bench stench w5 33) 004051 6 e loop was ave -
+ 0 (1039 in baech,_stenci_ver SSompSparaiel Ie @26 at bench stenci v3.c-26) o011 © irvner 1oop was ave /
* | AnoB0e0cI0 000851 - *
« &) Poop in berch,_stenci_verO st bench_stencl v0.c-21) § 1Assumedd.. 00001 @ wectx deperdence o
+ § Bench_stencil yerd 000051 Ca o
+ § Bench stencil verO8cemp$paratil for$22 00001 ,‘f P o
O Poop in berch, stencd verOSompSparatel for@22 at Dench stencd v0.c 23] ©1Assumedd.. 000051 B wecar deperdence A3 >
< f start 000051 10+ / Q
« § man 0.000s1 |
* | mansompSparatel for@20 000051 .
<O pospin 226 at -26) 0.000s1 @ rver oo was ave
+ O Poap n banch_stencd_vert o bench, stencl vic:21) ©1Assumwdd.. 000051 B o deperdence Y
« § Bench_stescil verl 0.000s1 - Y
+ § Bench stencil veriSompSparabiel ar$22 00001
+ O Poop In banch,_stenci_veriSompSparaiel for@22 at banch stench v1c23) 0.000s1 0 mer loop was ave
+ O Posp in bench,_stenci verd at bench stencd v2 ¢ 25) ©1Assumedd.. 000051 © wecar deperdence
* | Bench_stencil ver2 0000s1
« § Bench_stescil ver2SompSouralel forg2e 0.000s1 —
= O Poap n barch_stencd_verZSompSparaliel 1or@26 at bench stencd v2 £ 27] 000051 8 rver 150p was e .
« O Posp in berch_stenci_ver2$ompSparaliel Ior@2€ at bench stencl v2.27) 000031 0 rwer 120 was ave
+ O Poap in banch, stencd_ ver3 at bench, stencd v3.c:25) © 1 Assumedd.. 000051 8 wecr Oeperdence
« § Bench_stescil verd 0.000s1
4 mansh snansil uardbamatassbel dandtd ANVLE 0160 B Comesinn o1 10
—_— | Sof Dapeec Teow 9685 Tomw T 12768 5 Actrmets ntenssy (FLOPByts)
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Ver2 (tiled)

ece <No current progect> - intel Advisor

Welcome  stencil.snapshot.advisor.2018.integrated.roofline000 (read-only) ©
e r S OWe | IO (G| Bapsedme: 3405 (¥ - a TR = |PLTER: animosses = || AlSowces = | Loops Andfuscions w | All Thesads = || CARM I« NTS) = || Losts anc siores =

Lo S -
B Summary QO survey s Rsotice BT Refinement Repeets 'ummzms

- - #)[=] Function Call Sites and Loogs VPOMInCS | ot Timew TotaiTme | Type Wiy N Vecto Petomarce (GFLOPS) & @ © & ° e Sags Theseced Rosh © =
+ 0P In bench veri$ompSparaiel tor stenct v1c28) ¢ HEB vecro
") Doop in bench,_stencd_verOSompSparatel for@2 V0.0 26] o 142 748508 342 7485 Scalar e Srecive o ;)
n + 03P In barch_stenci_ver J$ompSparaiiel_for 2 bench_stencl v1.c-32) A 300 Vecto
+  [eop in bench_stencil verZSempSparaliel for®26 M bench stencd v2.0:32) 9094350 Vecterized (B
« O Posp in banch,_¢ 37 7
+ © 1 vecrora
v terch_stencd v ", © e
u o] veriSompSparaiel © eoer
¢ $00cd_ver SompSparatie » © ver 100 was ave
. ’ stenci_verOSompSparaie c24) . 2081 @ wector deperden
. Dench_s1encd verd SompSparate stenci vic 34 . 007251 © rrer oD was ave 100
o berch_stencd_ver JSompSparalie stench v3 £330} @ roer loop was atre
. bench_stencd_ver 28 omeSpn stenc 30)
ol I barch_stencd_verdSompSparatiel for stencl v 5 33)
. borch_stencd_ver SSompSparaiiel for$2€ at bench stenci vic 28
' $0uL0
D Posp in bench_stencl_ver st bench_stenc v0.c-21 § 1 Assumed d @ wectr deperdence
1 Bench_stencil yerd .
§ Bench_stencil ver0$ompSparabiol for22 .’
. 0 i bench, stencd verOSompSparael for@22 at bench stencd v0.c 23) § 1 Assumed d © wecu Seperdence
| _start 10 .
§ man
§ manSompSgarate ; .
D Poop in main Spar ale 2€ at =, @ roer loop was aive
") Poop in bench_stencld_ver? 3 bench_stencl vi § Y Assumma 0 -] Oeperdent e °
§ Bench_stencil verl °
2+ bench stencil veri SompSparaliel $ar@22
| | [ | 7 Posp In berch i_vertSompSparaiel for@22 at be stencl V1c23 wat are
% Poop n bench 1 ver2 at bench stenci v2 ¢ 25) ¢ 1 Assured d perdence
§ Bench_stencil
§ Bench_stescil 1 —+— r
7 Poop in bench Thesaded Ope . B wwer ) was ave s )
o P in bench @ roer loop was ave
0 I Danch, stencd ver at bench, stencl v3.c25 © 1 Assumed d © w0 Oeperdence
u « § Bench _stencil
D a1 1 10
to re ISter OC . Sl Bupse Nnn: 65006 Tl Nnn: 909006 Actrmen: tenssy (FLOPBy)
e
Teme % Function Time % Tears

065 50 943 TN

Selected (Toral Teve) 0658

~
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Advisor notes the
presence of NTS |

Ver4 (cache bypass)

B summay O

+

= |1 Alis flops divided
y load+store+NTS

= Hence, NTS does not

change L1 Al

=] Fume

tiee W1 Refisement Repeets

Survey &

m Call Sites and Loogs

vert$ompSparaliel for$22 at bench stencl vic

Dosp in bench_stenci Q
v 0 0 bench_stencd_verOSompSparatiel Tor@22 at bench stencd vO ¢ 26] v
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00p In barch,_stencl_verO$ompSparatiel for ¢
") Poop n besch_stenci_verd SompSparatel 1 .
D Pocp in berch_stencd_ver3SompSparaliel for
Poop in bensch_stenci verZ8ompSparaliel
") Posp In barch_stenci_verdSompSparatiel for
o] bonch_stenci_ver SSompSparatiel foe
'
2 Posp in bench_stencl_verD ot be stencl vO ¢
§ Bench_stencil verd
§ Bench_stencil ver0$ompSparaliol for22
D Poop n bench,_stentd verOSompSparatel for@22 at bench stencd v0.c 23] v
§ _start
i man
| mansompSgaratel for@26
D Posp in mainSompSparaliol foe@2e at
") Poap in bench,_stencd_ver? 3t bench_stencil vic 2 .
§ Bench_stencil ver!
§ Bench stencil veriSompSparaliel tor
. stenci_veri§ompSparaliel for@22 at bench stencl v1c23)
5 Poop in bench,_stencl ver at beech stenci v2 ¢ 25) ¢
§ Bench_stencil yer2
§ Bench stescil moSouralel forg2e
0 Doap in banch ver I8 ompSparaliel 1or@ 26 at vagar
D Pocp in bench_stencl_ver2$ompSparalie V227
") Doop in bench,_stencl_ver3 at bench_stencd v3.c 25 s
§ Bench_stencil verd

@) Capsadsme: 30000 (¥ 3 JREL 2o voaies < | sowces =] toows rahcsons

<NO current project> - intel Advisor

Welcome  stencil.snapshot.advisor.2018.integrated.roofline000 (read-only) ©
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Self Time~  Total Tere Type
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Potential v 142748588 242 74858 Scelwr Tve
effocts 9223000 23000 Vectorzed
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1 Assurmed d
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Assumed 0

Assumed d

© rer loop was ake
o0sasl
0040s!
1231
0008s1

was ave

w3t are

200830
900858

142 950 00

Threaced
Furx

Ope

ew

o Oeperdence

0 rrer loop was ave

Orperdente

000051
0000s1
0000
0000

@ rer loop was ave
B v Seperdence

0000 Theeaded (Ope . @ wwer b

© oer loop was ave

8 v

was ave

ocoml Scaler

Scatar Orperdence

Furx

(1wcap *
#pragma o

tor

tile=0

int
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tor(

spragma cap gred(rev,oldibd)
fpragma vector engoral
tor( pies)(

]thmo

CARM (LY « NTS) =

Loads and stiores =
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D Seff Bapeec T 42028
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a0l
160 67147 T
1604s 1

NT-weres

14

~

i
frreeeer i

BERKELEY LAB



L2 Al

ece <No current project> - intel Advisor

u u . Welcome  stencil.snapshot.advisor.2018.integrated.roofline000 (read-only) © -
L Se rve HIT Ig | | IO o @ | rEuresrcreOoy | T (o S -

Q
M summary D sy & Reotice [ Refmemert Reperts 'mmnzms

change the L2 Al B e ﬁ

¢ Petformance
hiues

on Call Sites and Loops Self Time >

veri$ompSparaliel for @

Doop in bench,_stencd_ver! 3 bench_stenci v, @ 1 Assemed d

oSpaatel 0% & e 0 2
ver3$ompSparatel for® § 1 )
verZ$. Sparaliel fer® § 1 neffective vectorized

120p In beach_stencil verdSompSparabiel ©7.147 Vectorzed (B
+ Sparaliel 1@ 275 Vectorized«Thr . B 1 vecionizanon poss
v barch,_stencd 0492sl Scalar 8 woer 1o0p was alre
ol basch veri$ompSparaliel for 03531 Scalar @ moer loop wan ave
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x n o] barch verdSompSparatiel for @ imner loop was e
o] bonch_stenci_ver SSompSparatiel fork @ mner loop was ave
' 0
D Pocp in bench s verD st bench stencl vC § 1 Assumed d @ vector depordence
, 1 Bench_stencil verd
§ Bench_stencil ver0$cmpSparabiol for@22
5 0 0 Dench_stencd verOSompSparatel forf § 1 Assumed d Ope o Beperdente °
. n , ™ . § _start
fon (o] Senh Sracd verEhamgtgaraliel for® 19 bemch stemil vas
| man$ompigaratel for@26 Pertormance 3348 GFLOPS
-

vector Beperdente Seif Bageod Thme: 4313

« § Bench_stescil ver! © | Towd Time 470407 5

Bench_stencil veri SompSparaliel 1ar@ 22

- O posp in bech s vert§ompSparaliel forl
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Bench_stencil

X0 i barch
P in banch,
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« § Bench_stescil

¥ 1 Assumed d

= Ver4 has higher Al. - "
= Why? NTS bypassed - - =

the L2.

~
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Welcome  stencil.snapshot.advisor.2018.integrated.roofline000 (read-only) © v
= verO and ver1 have T T T C——

[l Summary | ©> survey 8 Bzotice | #1 Refinement Reperts INTEL ADVISOR 2018

T Vectoried Loops Perormance (GFLOPS) » - - Use Sege Threacec Rocts » -
¥ PTOMINCe | oot Time~  Total Time | Type Woy No Vectorgaton? ¢ Q o

#1(=] Function Call Sites and Loogs
hiues Vet EMcency Gan wi
+ U Posp in bench veri$ompSparaiel for 1ineffective ! \ 2 A2 o J3r & .
" Poop in bench,_stencd_verDSompSparatel for § 1 Potential w 27 7 8 rovector ¢ 1000 e MA Poas: 842
+ O Poop in bench, verJ$ompSparaliel for § 1 ineffective n2 g s

+ U Poop in bench _stencd verZSompSparaliel 1orE 1 ineffective
[120p In beach_stencil verdSompSparaliel f

cmeSou alel 1@,

4 verZhompSparaliel forg

poss . AV

VectorizedsThe . @ 1 wvectenz
450 Scalar 8 e

30 posp s man

D) Poop in banch, s % was are

*) Posp in besch veri$ompSparaiiel lor 14315008 Scalar Q rrer was ave
ver 3S5ompSparatiel fors 9260708 Scalar 8 woer 0P was ave A -
verOSompSparatiel forl § 1 Assemed d Scalar 0 vector deperdence

verdSompSparatel for® § 1 Opportunt
ver JompSparaliel forl

B woer op was ave
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= ver2 and ver3 (tiled) 1Sl
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0 Posp in besch

" Poop In bench % was are

0P wirs alve
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% [0ap n banch,_sencd_ver!) #t bench_stenciyl. § 1 Assemed 0 898250 € vector deperdence e Q ;‘“’“”‘rm;“”mm

« § Bench stescil verl s9a2l > L Towd Time 67347 s
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§ Bench_stencil ver2SsmpSoaratel for$26 Furcton ”
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o
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correlated with
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Questions



Open https://nxcloud01.nersc.gov in Browser

= Login using your temporary account.
= Create a shell on cori using your temporary account
= Load Advisor
module load advisor/2018.integrated_roofline
= Source the environment variables:
source $ADVISOR_XE_ 2018 DIR/advixe-vars.sh
= \We've pre-collected data for you:
cp SADVISOR_XE_2018 DIR/ECP-meeting-tutorial/* ~
= [ aunch advisor:
advixe-gui
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