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Which version would you prefer to Write?

int e
Sobatto- s vart T aneTrmevaFrone] ~ ¢ Cavplamedriavatront 3 penct st e
s

I* Laplacian 7-point Variable-Coefficient Stencil */ e e

#1F defined(__PREFETCH_NEXT_PLANE_FROM_DRAM)

for (k=0; k<N; k++) =
for (j=0; j<N; j++) : |

J_start[planeInfiavefront];
3_end[planelriavefront];

H H - int prefetch_i: Lstar( - start[@] + (leadingK+1)*plane;
te m p[k] [j] [I] - b * h:z inv * ( it prarieen LiCions - .i,mm : (\mmzmyz\m;
o s S SIS T e o vecor =
B ot SRR
For(Lje_ij_start; ij<_ij_end;ij+16)] // smooth a vector..

: stk :
. . - - . . . - - s S Y sl 1 i 258 oo o
beta i k |+1 * hl k |+1 hl k i A e S I Ve : el i
D e LS e e s sdccdomiensatnver, . " AR PR Ll ok
- - - * - - - - - - 3 tart = ij_ Start[plune!nhavefr Qnt] Sk i
-beta_i[Kk][j1[i] * ( phi[Kk][j][i]1 — phi[Kk][j][i-1] )
— rn(,,hx[rsv(n NEXT_PLANE_FROM_DRAMD
X (e
e ‘
= - = % . - . = - . k=(Leadingk-planelnitavefront); i F(Cko=kLow)SaCkekHigh)){ | o s ] gy i o
-beta k i hilk il — philkli-11[i e Nt ‘ : e : A_ e
const __m256d  invertMaskd = _mi256_broadcast_sd((double*)&inverthask) ; " 3 S A wa . S o O 3,025 lood e b, 4
int 13, kplane=kplane; ey Cmth Lo o il ), we o
: v
b k k . * h . k . » h . k 1 . = int ijkeijkplane; i Y S sl . ¥ St oo
— ] #iF defined(__PREFETCH_NEXT_PLANE_FROIDRAM) ) ey 2. e 5. ¥ ey
- eta [ ] D] [I] ( p I [ ] D] [I] p I [ = ] D] [I] ) ), #warning will attempt to prefetch the next plane from DRAH one component at a time - Sy o el
double * _base = Prefetch Pointers[prefetch_strean] + prefetch_ijk; s

for ( i=0; i<N; i++ g (f::.n;k:""'*(ghrz::.:;W.gh T—
+beta_j[k][j+1][i] * ( phi[k][j+1][i] — phi[Kk][j][i] ) H“ PR R R R TR T =aimas S 3
+beta_k[k+11[jI[i] * ( philk+1]G]0] - philkIGIi]) | | 5

_mm_prefetch((const char¥)(_base+ 8),_HH_HINT_T1); itz 2 bl 2 S
_m_prefetch((const char*)(_base+ 8), MI_HINT_TD);
m_prefetch((const char*)(_base+16), HIHINT_T1); “mhm 5, Wlﬂ”lm"lm phinsplad)
* H I h I * _m_prefetch((const char*)(_base+24), WH_HINT_TL); helstoltz 04 = _mas6 ol pPelnlt 04,0 R2iny_splaté);
e m 0 Z prefetch_ijki=28;if(prefetch_ijk-prefetch_ijk_end){prefetch_stream++;prefetch_ijk=prefetch_ijk_start; helnholtz 06 = _m2s6_m_pd(helnholtz_08,b_h2inv_splatd);
#endif

beloltz 12 = _maSé nl p el L2, i spler);

__m256d helnhol tz_00; .
fo r (k= 0 ; k< N ; k++) hes6d helnhol 204, Pelol 2.0 = _moS6 st w256 sul_pn2s i, spltd, 26 Lo pclphosi s ), o0 ol 00);

nesed helnoltz 65 Pelotl 204 =565 026 o563, ploth, 026 Lot gl ). 06 el )
. . . nesed helnholtz_12; heluhol 2,08 = _mS6.sub. 256l _p_an2s6 mul_p,splatd, 26 load pclphasijhe £)) i 08), elsoltz )
f —0 . N . #1F 17/ this version performs alligned accesses for phi+/-1, but not betai+l or phit/-pencil Peloboltz_ L2 = 56, 5l 256 o, Sploth, 056 oudpe s o) phiL2) helsoltz 2
or (J =Y, j< ’ j++) ot e e 580 e 0 = nd56 8 ond Lo €), 026 b el 2.0, ndS Lo i )
. . . conet nzed " shufFle_pdCtenp. 00, e 02,1%; ot e 0= nd5 o s oud L €), 026 b el 2.4, S oo i )
fo r ( I= o < N 1+ +) const _n2sd mload pd(phisighr 2); 560 e 0 = ndS6 gl S oud pLan £, 026 b el 208, S Lo i )
’ ’ const _n2sa “m_load pi(phisizke 4] 80 ren 12 = nd5 ol 6 oud L2, 026 b el 212, S oo phs )
const __mlzad _mm_shuffle_pd(tenp_02, temp_64,1); 0 = %3 50, 0
HTH S * 1M1 * H H T H const _mizsd _m_shuffle_pd(tenp_a, tenp_06,1); L= ATV
e m p I — a a p a I p I I — const _m2s6d _mi256_insertf128_pd(_m256_castpd128_pd256(tenp_a2) , temp_04,1); e84 = _mis6_sub_pd(phi_04,nen_04);
const __m256d _mm256_insertf128_pd(_m256_castpd128_pd256( tenp_01), temp_03,1);

_m256_insertf128_pd(_m2S6_castpd128_pd256( tenp_a3), tenp_05,1); e 12 = w56 sb L2 e 2);

- - const __m256d
- st 1128d = _nm_load_pd(phi+ijk+ €); o
te m p [k] [l] [l] c ot jm @ il Jj:bz: cL; .&L:;ki 5; 12564 RecBlack 00 = _mS6_xor_pd{irvertlaské,_n2S6_costs 256_pdCmeSe_load.si256( (__n2s6i)(RedBlaclasksiji 0) )));

const __m128d tenp_07 = _m_shuffle_pd(temp_06, temp_08,1); 2564 RedBlack 84 = _m256_xor_pd(irvertask, Jm2S6_costsi256_pd(_m256._Load_si256( (_n2561*)(RedBlacklosksijt 4) )));
const __mi28d tenp_09 = _mshuffle_pd(temp_08, tenp_10,1); t 256 RedBlack 98 = _m256_xor_pd(irvertlaské, im256_casts1256_pd(_m256_load_s1256( (__n2S6i*)(RedBlackhaskeij+ ) )));
const _n2S6d - phi_04 = _m2S6_insertF12_pd(_moS6_castpd128_pd2SeCtemp.06), 08, 13; 056 RedBlar 12 = n26 o e erds, S csts 256 o0 vt oo 56 (2560l z) )
% H * const __m256d phi_03 = _m256_insertf128_pd(_mi256_castpd128_pd2S6( temp_05), tanp_07,1); iy o ! o - !
/ a u SS - e 1 e e a c p a e const _n2sed phi_05 = _nm2S6_insertF128_pd(_m2st_castpdL28_pd256(tenp_07), tenp_09,1); nen = S Blerd . e ek )
const __m128d tenp_12 = _m_load_pd(phi+ijk+ 10); nen 4 = _m2S6_blendy_pd(phi_04,new 04, RedBlock 04);
const _ml2sd tenp_14 = nm_Loac pe(phisijks 12); e = n26 Dlerd g0, e 0, eBlock 0);
- = . const _ml28d  tenp_Ll = nm_shuFfle_pd(tenp_10, temp_12,1); - el 2
for (k=0; k<N; k++) T e e i, e« A AL DD
const _n2sed phi_08 = _nm2S6_insertF128_pd(_m2st_castpd128_pd256(temp_10), temp_12,1); LS store i yen );
N I - T const __n2s6d phi_07 = _m2S6_insertf128_pd(_m56_castpd128_pd2Se(tenp_09), temp_11,1); m2sstore pd(phisijkt 4,nen 4);
o r =V, j < ] j +4 const _m2s6d phi_09 = _nm256_insertf128_pd(_m256_castpd128_pd256(tenp_11), tenp_13,1); _miS6.store_pa(phisijt e 08);
const _m28d  tenp_16 = mm_load_pd(phikizke 14); S stre i e L)
const _mizsd  tenp_18 = m_load_pd(phitiskt 16);

for (i=0; i<N; i++){ Bt bt e
if ((i+j+k+color)%2 ==0)
Philk][1[i] = philk][][i] — lambdalk][][i] *
(temp(KIG]Li] - rhs[k]GII);}

Code B: miniGMG optimized smooth operator
approximately 170 lines of code
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Code A: miniGMG baseline smooth operator
approximately 13 lines of code



And now GPU code?

..mng ustng vectorizes smoctay
el L AL en e i sumaomata_type + spu_sunsomstas, tat ph_te, tnt rhs s, double o, dsuble s, dosmle n, tat smees, tnt level)( oumie s setok = gpususdomstas(son) levels[ievel) grigs[_petax) + (slanespencilsl)
dople s Tl D SIRCINESIISIRNA AR | Glnals

dosnte nainy - 1.0/crem)

S0t supdomain_in - gou s o) tevelsClaven). oin. i3
R e e R e

s R R R S
Fhlt e

KELL on_ogu

ride-si-opencil--
e

$Cuusunonsta_Shmuithintsunss -
RISt vt b

TUBehii1) & exr) o enreasta.x; /7 L.e. nfE vector 5o thet thresdd i3 128-byte olignes
el e e e Y detert S e
7 smid

int Reatlockpdote = Cinstswees) b o

foren

Secsunensin dimiken)(

syrctaresasy; /7 WS guer
77y o e veka LA o wrares e arve

ot 0 Koo < an
Attt o L ity
g [T s O
e O L s s T

sicenreastan x--

ittt e R et B O
728 < gpu-sundonatateon) tevelaCievet) griost g ) ¢ (plare); rescisly PRty
LGt Senrssoton xeeergete- K e St R e
: LOTBSY St § 1IN0
: srgenraaanec yeomntia iUk Sy JHreaat 3 133 enpenen;
: st Srp it
M Hgmnisenssyt
sl R e aratanariguens 1 - senat
e e Y TR esien ity onrsnsian sy - gait ).
crascy Jimanait Ty foms hrsaren yontesresstons 13
- sowte seta_t_ijeru); SR 3 1 ¢ M cesnton yenitonesastanxen) AL 3
- Gomie sesecii i) SRR RSt R Sl T P
Gounte RranH LR e 3
Gaisle e e [utn e 3
o S g % o
S - Gueien - gmosarisIt(relenata 3k - enaCs 3

77 wnen e susdonata s cosrsanag Enw:‘”;w 100 0 thrasd Slock, certatn threods wen's commit thetr rasult - s e o ety
LC enreastaxx < pencit AR ’

1€ hreseitik So Benchionserice Jwitnintoungs
RSty Swiininisine: o
T SRR sunconate_atmeny-1 uiininsannds -

[ s Gepsoss oo
At PR e et s ase
[eoume hiASK - lawsdali )" Chelanoltz i3k - FasCi3K:
ey
777 S Ehemacunsateniononty 2 newan < ons_

n

et

Tt Yke 1 4 weprones

It g eer piperine
Tt TR
it Resmlscupdote « (1ArsmeendeonL et
[ias
for(ues;esusdonatn_simike{ 3y
R
syretnreass(2; /7 AR guars pRet
ems[enreasiax ) = pri_tix
HE Grresmen oo xencstostrisen et TG ¢ 7 Zathe version Craliss Solely on the LI/LE cocne hisrorchy)
Jpetes K reatiae - SRR TR

g st
et anca ESRCiunonain type © spssuedonains. int BHid. int Freid, dasie s, deseie s

Syretnreassts! 77w quars

sauble nine = 10/

e - ’ P
PRSI 0 ): R o B
FEndir Bt s 0} gk e ¢ e
4mpwmmwm e o {2 tisiteiets $ wrandler &
¢t [ a1 suvsertn-ain = g sumgonsnsuen) AevtClaven)km.
- ‘ e R P
e ’ plane = gpu_subdomoins(sox) . levelslevel]
Gl 2 s e o s HGE T 0 b e e (o et e
P A i o
R gsster pisetine exat
S 7

o
Sivions e eve) griast pnita) + (oranespenciien)
et aainna el il s gl
P Sisdonatns (son) Lovels(ievel) orisst _atare) 1 (Hlarespenciiil)
I Gy

o1 e
TR R
e DR e

)11t
PRZE

0 iRareas i Neraion Crailes on anares menory bt yos must still foveril) pu_susaonatnstzon LevelsClevel) sricsl pri_ta) s (slanespencilel)

Sees, int Tevelo

ot e SR ndona i ypa ™ api ibdonatns, int oRLLis, ini ras.id, dousis o, dousie b, dssie 3, it

e o = rcrny
S B et s e a3 D EEEEhMIEI RSO QnEy

§ T TeSientetkiary | hreastansy)
2 is coorsened 1o smoller aen o tarese black, certetn taresds won's comit taeir resule

ussomstn_lnm 100G ©

camet v aimom ainaoungs -

10 subdematn_sin = gpu_subdomainsaex) levelsClevel) ain.
g ey el
TSRl T B i emain o] evelstievel ] 1

{/ Gonstrucs sosaters to clenent (8,8, in eacn arvey for the current sundonatn
e sousta t at:

ine Reaslockupdate = (yrsnees) & o1

forCuet; kesusgonatn_dini koo
fER R E et

Legmenseusasyt
Sl B e
abts Setendtes Y Smaciatom i - wenesavec
IR

EiEREtth I
PR 15 S < S
Kopencit] © € BMCiokapencnt) T o thRS
PO RR 155 S B STt
£ sotone] § L praned T 20 iR
ERE Ut Bt P

sgmecr el 5k - et

Do i s ot
At reatih Chetmne 213k - PnsTi3D; 7 GsRa
iowste nenpns - ni sk - lompdatisIt(relenolta i3k - enCi3:

974 = gou.sundonotnsluon) LevelsCievel] 561+ Granesseneien;
f D g fina) et Bedl | Glaacin
Joizne © gt A GE et ¢ Gt
S © Shuiubsomainitonn] levelsievel] gricic Beto 0 Gl

i ThiRieneina oo Levels Clevel) grigs(oetass] + (plamerencitensi

Htratienaet)  tengltreion ] 8] & prifigeen);

iurestiecyeet) e i) -
iHurestisn mz* ufreggll )« e
1) < gl mm'um u;

raatiea pe
oty Yimestlocs ] - ol
H(restids.ect) um\nl wreaclony i JMHVU‘
ek tredieny Jneatlinx ] » be
R JCimedien ) see ) el

e ot
Cosytnrests(; // W uard

T~
datle el i
i Nt L] e o)t ) -

)
resttonyet)[vretons ] )+

ciliny Jftreailin x I e
seta 3k teodlen yoltresdion ] ¢  emp(iesdienyod) (e, m—m 5t

st 6y eresilén s ! resttiny Joredte) ) +
i iy - piigt )
beta i sy - it )

Gole tenpi = oK - lombalif1)°Crelonnl

L Bt T

Jrif(uitririouns 8 ((edBlackiptote MR
J1 KD = g3k - Lomeali ) (helamolenifk - ensCi); 7 5

Jigele nengni < gui_i3k - lombdel1)*(relenalea ik - ms(i5);
Irif(uitringounes)(

77 B3] + ((RetleckpgaterOUteT) 2 sew.nt ¢ gni_ijk;

iy

sllackipatetessleckptate't;

fimee

1t g plo
il it

P

pi_iipt  « g oplane)

BaLIE = pete kol

Bete L6l = bt i hoplane);

3 for
} 17 618 el
selse

11 e

Version (relies solely 0 the LI/LL cacke nerarcy)

~loval void _.soaotnotce GSR(sundanaie type * gp.subdonains, int phiie, int 1h.id, dounle o, deuble 3, dowle n, int sueep int level){

ol i« LV
e

AR
<t st e e
" Tilbdtcclic + st

L Tlaciany + treslecy:

it subdonaio, gin « gpu.subtonas(oox).Levels{Level). . ;.
1t genci  dpusubdonains o). Levelslevel). gl
1t plere « gu.subdonainsvoc] LevelsLeve plane;

1 tach oy for e carrest subtoreln

11 caestruct gotnters 1o slenent
e DTS Sk

e yest))(
L s s v e grist 1) il
15 = gu_subdorains zox] Levels level ) gries( 1ms_ie) +

algha « gp_supdonatns{ons] evels{Level. rids{ __algne] + il

bet. .« gu_subdorains zon] Levls level) gries(_het. ] +

oete3 « g sobdonatns{oon] levels Level). grids[
setek « gou-subdoratnstox]. Levls{level ] grics[ il

Lot « gpu_subdorainssox] Levels level) gries(_

synetests();
e+ i+ g el el gl 0
e+ s « g subonatosvox] evels Level). grigs{ rrs_ic] + il
ot e R R o
fuble  bete.d « gou_subdonains oo, Levels level) gr
awble et < gou_subdonains (oo Levels(level) gr il
auble bk« gpu_subsorais oo Levels{level) gr
awble * owds « gpu-subdorainsCoox). LevelClevel ) gries(_-lomse) + il
sendif

1 s 15 G 9 sl 6 rad et i s 1 G i s
ok

f(asib nhouts < &)

{Coesonats drminstots - &

int Restlackipaate = (ivjhsvee) B

Kesubdona. i )|
s

s
e

1) - ptiv(
en

bR mvm -
(oni Jomg 0
v uuml] (il v]huuz g opili 7).
Beta I3k + (i it )+
et m ¢ ww] 1 yu o] Ik ])
sete - gL plane] )
e s L Ll - 0]

ptieM iy ety

Irif(uitnindouns 4 (Red8lackiptete NI
1 gL = 033k - Lombea[130)°(relanol

1t - hsC10); /7 88

« gri_isk - lomgsCu (elmalez i3k - es(i5);

ot
Irif(uitringounes)(
7 gr(13E) + ((RedlackpdaterOutes) 2 sew.nt ¢ gni_ijh;

| Bl

Sendif 1/ 10 s 20 varsions

Code C: miniGMG optimized smooth operator for GPU, 308 lines of code for just kernel
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Which version would you prefer to write?

I* local_grad_3 computation from nek5000 */
w[neltij k] += Dt[l k] U[nelt n m |] D[j m] D[i n]

Code A:

1 line mathematical representation
Input to OCTOPI

I* local_grad3 from nek5000, generated CUDA code */

void local_grad_3(double *U,double *ur,double *us,double *Dt,double *ut,double *D){

double *devIiPrt;
double *dev03Prt;
double *dev02Prt;
double *dev01Prt;
double *devI2Prt;
double *devI3Prt;

struct timeval timel, time2;
double time;

std::ofstrean tinefile;
std::ofstrean MlsearchFile;

cudaMalloc(((void **)(8devItPrt)),100 * sizeof (double ));
cudaMalloc(((void **)(&devI2Prt)), 1000000 * sizeof(double ));
cudaMalloc(((void **)(&devI3Prt)),100 * sizeof(double ));
cudaMalloc(((void **)(&dev01Prt)), 1000000 * sizeof(double ));
cudaMalloc(((void **)(&dev02Prt)), 1000000 * sizeof(double ));
cudaMalloc(((void **)(&dev03Prt)), 1000000 * sizeof(double ));

cudaMencpy(devI1Prt,D,100 * sizeof (double ),cudaMemcpyHostToDevice);
cudaMencpy(devI2Prt,U, 1000000 * sizeof(double ),cudaMencpyHostToDevice);
cudaMencpy(devI3Prt,Dt,100 * sizeof (double ),cudaMemcpyHostToDevice);

din3 dinGridd = din3(1000,10);
din3 dinBlockd = din3(10,10);

gettineofday(&tinel, 0);
Tocal_grad_3_GPU_0<<<dinGridd, dimBlocke>>>(devO1Pr devO2Pr, devO3Pr devI1Prt, devIZPr, devI3Prt);
chreodiyrchronse0;
gettineofday(&tinez, 0);

tine = (1000000.0°(tine2. tv_sec-tinel. tv_sec) + t\MZ tv,usacrt\ml.tv,uset)/lm‘aﬂ,a;
tinefile.open(" . /tines/tine__10_nm_K_nelt_n.txt", out | std::ofstrean: :app );
inefileceTine spont in rose.orio.ChlL. 10,1k e : "ctineccstd: endl;
tinefile.close();
MisearchFile.open(*./tines/MisearchFile_10_n_k_nelt_n.txt

—-global__ void local_grad_3_GPU_@(double *ur,double *us,double *ut,double *D,double *U,double *Dt)

int bx;

double newVariabled;
double newVariablel;

double newVariablez;
block[dx X

by block[dx ¥;

tx = thr‘eadIdx
in

= threudldx.

int t4;
int t6;
int t8;
int t10;
newVariable®d =
newVariablel =
newVariable2 =
newVariabled
newVariablel
newVariable2
newVariabled =
newVariablel =
newVariable2 =
newVariabled =
newVariablel =
newVariable2
newVariabled =
newVariablel =
newVariable2 =
newVariabled =
newVariablel
newVariable2
newVariabled
newVariablel
newVariable2 =
newVariable®
newVariablel
newVariable2
newVariabled =
newVariablel
newVariable2
newVariabled
newVariablel =

MlsearchFile<<"local_grad_3 "<ctimec<" [UF_0] 10 [PERMUTE_0_TXO] m [PERWJTE 0 m]  [PERMUTE 0. sxa] neu
se__orio_chill_10_m_k_nelt_n.cu"<cstd: sendl;
MisearchFile.close();

cudaMencpy(ur, devO1Prt, 1000000 * sizeof (double ), cudobencpyDeviceTohost);
dev02Prt, 1000000 * si )
dev03Prt, 1000000 * ).

cudafree(devI1Pre);
cudaFree(dev03Prt);
cudaFree(dev0zPrt);
cudaFree(devO1Prt);
cudaFree(devIZert);
cudaFree(devIPre);

iable2
newVariable@
newVariablel
newVariable2 =
newVariabled
newVariablel
newVariable2 =

urfby * 10 * 10 * 10 + bx * 10 * 10 + tx * 10 + ty]
us[by * 10 * 10 * 10 + bx * 10 * 10 + tx * 10 + ty]
ut[by * 10 * 10 * 10 + bx * 10 * 10 + tx * 10 + ty]

1

x;

Yi

urfbx * 10 * 10 * 10 + by * 10 * 10 + tx * 10 + ty];
us[bx * 10 * 10 * 10 + by * 10 * 10 + tx * 10 + ty];
ut[bx * 10 * 10 * 10 + by * 10 * 10 + tx * 10 + ty];
+D[0* 10 + ty] * Ulbx * 10 * 10 * 10 + by * 10 * 10 + tx * 10 + 0];

newVariabled

newVariable@ +
newVariablel +
newVariable2 +
newVariable®d +
newVariablel +
newVariable2 +
newVariabled +
newVariablel +
newVariable2 +
newVariable® +
newVariablel +
ewVariable2 +
ewVariabled +
ewVariablel +
newVariable2 +
ewVariabled +
ewVariablel +
ewVariablez +
newVariable® +
ewVariablel +
ewVariable2 +
ewVariabled +
newVariablel +
ewVariable2 +
ewVariabled +
ewVariablel +
newVariable2 +
ewVariabled +
ewVariablel +
newVariable2 +

ULbx * 10 * 10
Ulbx * 10 * 10
D[(@ + 1) * 10
ULbx * 10 * 10
ULbx * 10 * 10
D[(O + 2) * 10
Ulbx * 10 * 10
ULbx * 10 * 10
DL(0 + 2) * 10
Ulby * 10 * 10
Ulby * 10 * 10
DLCO + 3) * 10
Ulby * 10 * 10
Ulby * 10 * 10
DL(O + 4) * 10
Ulby * 10 * 10
Ulby * 10 * 10
D[(0 + 5) * 10
Ulby * 10 * 10
Ulby * 10 * 10
DL(O + 6) * 10
Ulby * 10 * 10
Ulby * 10 * 10
DL(@ + 7) * 10
Ulby * 10 * 10
Ulby * 10 * 10
DL(O + 8) * 10
Uby * 10 * 10
Ulby * 10 * 10
D[(0 + 9) * 10
Ulby * 10 * 10
Ulby * 10 * 10

*10+by * 10 * 10 + 0 * 10 + ty] * Dt[tx * 10 + O
*10+0 %10 %10+ tx * 10 + ty] * Dt[by * 10 + 0];
S ty] *UDbX * 10 * 10 * 10 + by * 10 * 10 + tx * 10 + (0 + D];

*10 +by *10* 10 + (@ + 1) * 10 + ty] * Dt[tx * 10 + (0 + D];
*10+ (0 +1)* 10 * 10 + tx * 10 + ty] * Dt[by * 10 + (0 + D];
+ty] *U[bx * 10 * 10 * 10 + by * 10 * 10 + tx * 10 + (@ + 2];

*10+by *10* 10+ (0 +2) * 10 + ty] * Dt[tx * 10 + (@ + 2)];
'10»(0.2)'10'1o+tx’1o+ty]‘Dt[hy‘la+(a+2)],
+ty] * Ulby * 10 * 10 * 10 + bx *10 + (0 + 2)];
'104bx‘10'10+(0+2)'18¢ty]'Dt[tx'10+(042)],
*10+(0+2) *10* 10 + tx * 10 + ty] * Dt[bx * 10 + (@ + 2];
+ty] *Ulby * 10 * 10 * 10 + bx * 10 * 10 + tx * 10 + (0 + 3)];
*10 +bx * 10 * 10 + (0 + 3) * 10 + ty] * Dt[tx * 10 + (0 + 3)];
*10+ (0 +3) * 10 * 10 + tx * 10 + ty] * Dt[bx * 10 + (@ + 3)];
+ty] *Ulby * 10 * 10 * 10 + bx * 10 * 10 + tx * 10 + (@ + 4)];
* 10+ bx * 10 * 10 + (0 + 4) * 10 + ty] * Dt[tx * 10 + (@ + 4)];
*10+ (0 +4) * 10 * 10 + tx * 10 + ty] * Dt[bx * 10 + (@ + 4)];
+ty] *Ulby * 10 * 10 * 10 + bx * 10 * 10 + tx * 10 + (0 + 5)];
*10 +bx * 10 * 10 + (0 + 5) * 10 + ty] * Dt[tx * 10 + (0 + 5)];
*10 + (0 +5) *10 * 10 + tx * 10 + ty] * Dt[bx * 10 + (0 + 5)];
+ty] *Uby * 10 * 10 * 10 + bx * 10 * 10 + tx * 10 + (@ + 6)];
*10 + bx * 10 * 10 + (0 + 6) * 10 + ty] * Dt[tx * 10 + (0 + 6)];
*10+ (0 +6) * 10 * 10 + tx * 10 + ty] * Dt[bx * 10 + (0 + 6)];
+ty] *Ulby * 10 * 10 * 10 + bx * 10 * 10 + tx * 10 + (@ + 7];
*10 +bx * 10 * 10 + (0 + 7) * 10 + ty] * Dt[tx * 10 + (0 + D];
*10+(@+7) * 10 * 10 + tx * 10 + ty] * Dt[bx * 10 + (@ + N];
+ty]l *Ulby * 10 * 10 * 10 + bx * 10 * 10 + tx * 10 + (0 + 8)];
* 10+ bx * 10 * 10 + (0 + 8) * 10 + ty] * Dt[tx * 10 + (@ + 8)];
*10 + (0 +8) *10* 10 + tx * 10 + ty] * Dt[bx * 10 + (0 + 8)];
+ty] *Uby * 10 * 10 * 10 + bx * 10 * 10 + tx * 10 + (0 + 9];
*10 + bx * 10 * 10 + (0 + 9) * 10 + ty] * Dt[tx * 10 + (0 + D];
*10+ (0 +9) *10 * 10 + tx * 10 + ty] * Dt[bx * 10 + (@ + N];
= newVariabled;

= newVariablel;

= newVariable2;

Code B:

Generated CUDA+harness,

TH Eu é rr/r_r>| 1]
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Exascale Challenges: Code B is not Unusual

* Performance portability?

* Particularly across fundamentally different CPU and GPU
architectures

* Programmer productivity?

* High performance implementations will require low-level
specification that exposes architecture

e Software maintainability and portability?
* May require multiple implementations of application

Current solutions
* Follow MPI and OpenMP standards

e Same code unlikely to perform well across CPU and GPU
* Vendor C and Fortran compilers not optimized for HPC workloads

* Some domain-specific framework strategies
* Libraries, C++ template expansion, standalone DSL
* Not composable with other optimizations
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Programming
Systems Must

Hide Complexity!

Define a common

abstraction(s) that
programmers can

target

Use compilation tools
to map to optimal
implementation

* hide programming model
choices from users

* hide architectural
complexity from users

 hide tuning from users

common abstraction level

omP4

OMP4/target CUDA

OpenACC

OFUTAH
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X-TUNE Goals

» Application programmer expresses key computation at
a high level (Code A)

* Sequential C or domain-specific specification

* Code transformations are applied
* Existing and domain-specific transformations
* Generates a collection of optimized implementations
* Includes thread-level code generation (OpenMP and CUDA)

* Autotuning

» Searches the space of implementations to find the best match
to execution context

 Selects optimized implementation (Code B)

* Automation mitigates correctness, productivity,
portability, maintainability concerns

X-TUNE automates the process of converting Code A to Code B.
See today’s demonstrations!

THEU 3 ceceeed] i X"' I E
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X-TUNE Approach

* For each motif, start with manually-tuned code or work with
developer of new code

* What transformations are needed to target specific architectures?
* What performance questions can be addressed by autotuning?

* Attempt to automate
* Exploit existing compiler transformations

e Develop new domain-specific transformations and required analysis
and code generation support

* Develop decision algorithms
* Collect application code from collaborators, Co-Design Centers and
other DOE application teams
* Generalize from experiments with manually-tuned code

THEU é
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X-TUNE Key ldeas

“Rose ——>(l—  CHILL 1y gose —CEY

S Transformations||

clang @J T -
(.lua; script)

_ ~ CUDA-CHiLL
* Composable transformation and code generation

e Leverage rich set of existing transformations and code generation
capability in polyhedral framework

» Extensible to domain-specific transformations and decision
algorithms

 Compose with existing transformations

e Optimization strategies and parameters exposed to
autotuning via transformation recipes

* Search space navigation

» Search framework can be standalone tool (e.g., Orio, OpenTuner,
Active Harmony, Nitro) —
UI\TR/ETY Argene ”/f—r}l,m‘ X‘TUNE
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Example Motifs Supported by X-TUNE

Existing Domain-specific | Autotuning
Transformations | transformations

Geometric Sequential C Communication- Ghost zones, Ghost zone  Simple,
Multigrid computation  avoiding: fusion, Partial sums depth, full X-
(w/ MPI and tile, wavefront threading, space T
OpenMP (skew&permute), strategy at N
harness) OpenMP, CUDA each level of I:

V-cycle

Tensor Mathematical Tile, permute, Rewriting, Loop order, SURF [BX
Contraction  Formula scalar Decision CUDA E
replacement, algorithm threading i
unroll, CUDA °
Sparse Sequential C Tile, permute, Generate Threading, Simple, lSJ
Matrix with CSR skew, unroll, inspectors, matrix repr.  full P
Computation matrix reduction, scalar coalesce, make- space %
expansion, dense, compact, R
OpenMP, CUDA  split, level sets /
\
ljgwi!!!TY A&é%%e ;;:isgiﬂ; ]*(Fr[-l_ll\lli: i
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Geometric Multigrid

» Multigrid solves elliptic PDEs in O(N) computational complexity by using a
hierarchical approach.

smooth Lu" = f* smooth Lu" = f*

i =\jh - Lu" (residual)
2 2 restrict(rh)

u" += interpolate(u’")

smooth Lu®" = f*! smooth Lu*" = f*
rh=f2h _ [yh 2h gy i 4h
Iz ;ores trict(r?") u*" += interpolate(u*")

smooth Lu*" :ﬂh smooth Lu*" =f1h
= i _ Lyt

o N ostrict () u*t += interpolate(u®")

multiple smooth’s on Lu®" = f5"
(or Iterative Solver like BiCGStab)

» Geometric Multigrid (GMG) is specialization in which the operator (A) is simply a stencil on a
structured grid (i.e. matrix-free)

% Stresses performance at different degrees of parallelism, locality, working set sizes, etc...
» Optimization strategy varies across different levels of V-cycle, even on one architecture!

UN lli\E/ysnY Argne @ X"'TU NE ©
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MiniGMG Benchmark

* miniGMG proxies the MG solves in BoxLib/Chombo codes
* Predecessor to EXACT Co-Design Center’s HPGMG

Distributed memory (MPI) implementation

* operator is configurable o 54 e SN
e 7pt variable coefficient proxies LMC a
* 7pt constant coefficient is simpler sdonans
» 125pt/27pt/13pt high-order stencils P procese

* smoother in the v-cycle is configurable
e Gauss Seidel, Red-Black (GSRB) = proxies
* Jacobi (mathematically weaker)

* bottom solver is configurable
* multiple GSRB'’s

* Krylov solver like BiCGStab, CG, CA-BiCGStab, CA-CG,
etc...

UN T:/ETY Argene ”/f—r}l \”\I; X"'TU N E
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Optimized Code A can beat Code B!

miniGMG optimized w/CHilLL

« fused operations - GSRB Smooth (Edison)

e created a communication-avoiding 5 45, OCHILL generated |
wavefront s ®Manualy Tuned

e auto-parallelized (OpenMP) 2 X W Baseline

S
w
o
=

autotuning finds the best 0
implementation for each box size s 3.0x
 wavefront depth (degree of comm.  § *>
avoiding) § 2.0x
* Turn on/off optimizations (fusion, > 1.5x
wavefront) § 1.0
* nested OpenMP configuration §-0.5x I i .

* inter-thread synchronization

(barrier vs. P2P) 64"3 323 16'3 83 43
Box Size ( == Level in the V-Cycle)

o
o
>

For fine grids (large arrays) CHILL
attains a 4.3x speedup over baseline

UN Ti/ySlTY Argoénne ri}l\m‘ X"'TU N E
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Flexibility

=  Fuse the residual and restriction o 45x @ +Wavefront(everything)
operations into the wavefront as well % 4.0x O +Residual/Restriction Fusion
e read uh, R", and coefficients once -y H +Wavefront(smooth only)
' B Baseline
 perform 4 smooths (no additional =
data movement) %
« write smoothed uh and new R2h 0

= Apply these transformations to a
different smoother and autotune it

e up to 3x improvement in MGSolve

ptVC 7ptVC TptVC T7ptVC
Jacobi GSRB Jacobi GSRB
Edison Hopper
Lnﬁé!E!TY A&i%&e ;iiig;ﬂ ]xi:]-l-’l\liz
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Retargetable and Performance Portable:
Optimized Code A can beat Code C!

= CHiLL can obviate the need for
architecture-specific programming
models like CUDA

 CUDA-CHILL took the sequential ?
GSRB implementation (.c) and
generated CUDA that runs on
NVIDIA GPUs

 CUDA-CHILL tunes for the current
target machine whereas static
implementations hand-optimize
for yesterday’s GPUs

 CUDA-CHILL autotuned over the
thread block sizes and is
ultimately 2% faster than the
hand-optimized minigmg-cuda
(Code C)

GSRB Smooth on 64”3 boxes

I CUDA-CHLL

—Handtuned

Handtuned-VL

Time (seconds)

= A
UN T& TY Argne X"'TU N E
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Extensible to Domain-Specific
Optimizations

Applied mathematicians are exploring how changing the stencils may be better
suited for future architecture trends

Consider the following variations (stencils) on the discretization of the Laplacian
* |ow-level implementations (optimized OMP4) may provide high performance

* but are one-off solutions as requisite optimizations/tuning change from one
stencil to the next

o 2 o
S
Ty |

2

vvvvvv
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Extensible to Domain-Specific
Optimizations

» CHiLL optimized/tuned each of these

stencils 5000 Smoother Performance (Fine Grid)
* Introduced partial sums 4500 @ All Optimizations
4000 O+Fusion & Wavefront

optimization to avoid redundant

. B+Fusion & Partial Sums
computatlon for compute—bound ) 3500

. . B 3000 B+Fusion
high-order stencils 3 BBaseline
£ 2500
* selected unique optimizations for & ©Roofline Memory Bound
each stencil and at each level of the =
* Without a communication-avoiding 500
wavefront, CHiLL delivered 0
performance near the Roofline et 27pt 13pt 125pt et 27pt 13pt 125pt
bound.

Edison Hopper
* Using a wavefront, CHiLL can nearly

double the nominal Roofline

performance for the 7- and 27-point

operators. 3 .
A
u I\?KHTY Argonne @ X"'TU N E
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Example Transformation Recipes

* These can be manually-written (miniGMG) or
automatically generated (tensor contraction)

I* jacobi_box_4_64.py, 27-pt stencil, 642 box size */
from chill import *

#select which computation to optimize
source('jacobi_box_4 64.c')
procedure('smooth_box_4 64')
loop(0)

original() # fuse wherever possible

#create a parallel wavefront
SkeW([O,1,2,3,4,5],2, [211])
permute([2,1,3,4])

#partial sum for high order stencils and fuse result
distribute([0,1,2,3,4,5],2)

stencil_temp(0)

stencil_temp(5)

fuse([2,3,4,5,6,7,8,9],1)

fuse([2,3,4,5,6,7,8,9],2)

fuse([2,3,4,5,6,7,8,9],3)

fuse([2,3,4,5,6,7,8,9],4)

I* gsrb.lua, variable coefficient GSRB, 642 box size */
init("gsrb_mod.cu", "gsrb",0,0)
dofile("cudaize.lua”) # custom commands in lua

# set up parallel decomposition, adjust via autotuning
T1=32

TI=4

TK=64

TZ=64

tile_by_index(0, {"box","k","j", "i"},{TZTK, T), TI},

{I1_control="bb", 12_control="kk", 13_control="}j",
|4_C0ntr0|="ii"}'{"bb"'"bOX","kk","k","jj","j"'"ii"’"i"})

cudaize(0, "kernel_GPU",
{_temp=N*N*N*N, beta_i=N*N*N*N,
_phi=N*N*N*N},{block={"ii","jj","box"},
thread={"1","}"},{}

UN Ti/ySlTY Argoénne ri}l\m‘ X"'TU N E
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Tensor Contraction: Spectral Element
Method from nek5000/nekbone (CESAR)

C = AQBu
* A and B are square matrices
* uisacomponent vector
* In 2-d, C can be computed:
Ci,j = Z Z ajllbi,kuk,l Order O(n4)
Ik

Optimize by rewriting to the following:
C = (AQNI®B)u

Partial Results: W = (IQB)U =————eep W;; = z Uj ij Order 0(n3)

l

Final Results: C = (A®I)w % Cij = z A kWi, j
k

U &
UNIERSITY AT X-TUNE
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Tensor Contraction: Challenging Mapping,
Particularly for GPU

* What is the optimal contraction order?

 What is the optimal loop order? (N! different
implementations)

* GPU challenges: small dimensions, memory
hierarchy effects

e Search space is discontinuous, noisy, and expensive
to evaluate

 X-TUNE Approach:

* Fully automate from mathematical description to GPU
code generation (Code A to Code B)

e Automate and reduce search time across intractable brute
force search space

EEEEEEEEEEE
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Baracuda Framework

| Mathematical
. Description B TCR 5 C Code

OCTOPI ‘ CUDA CUDA-
. 1 | Imple;entation CHILL "_
Orio-CHiLL
Search Space ‘ Performance
_ Specification Data

Fastgst | Orio :
_version Recipe
Key points:

CHiLL as an Orio module provides search SURF

space and code generation J
SURF manages exploration of search space u a R
\
UNIVERSITY Argonne X"'TUNE
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SURF: Model-Based Search

Search Using Random Forests

* state-of-the-art statistical
machine learning algorithm

* handles binary permutation
parameters

* handles nonlinear parameter
interactions

Approach

e start with promising small set of

parameter configurations Example Surrogate Model Fitted to Sampled Performance

(iterative refinement improves the statistical model)
* evaluate performa nce

e fit surrogate model (ML)

e predict new set of high-
performing configurations

* jterate

= \
UNIVERSITY Argoénne @ X‘TUNE
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Optimizing NWChem

= Extracted representative on-node
tensor contractions from

NWChem/TCE N Barracuda - 2050 7 OpenACC - C2050 ™ Barracuda- K20 ™ OpenACC - K20

* many small contractions 80
» atypical of OpenACC use model

~
o

= Baracuda generates optimized

D
o

CUDA for NVIDIA’s Fermi or Kepler

(Sa)
o

g \
GPUs S0 §, )

. 2 i VH : . N -

= Manually modified CUDA to s | 8 “§ 5 “\\§ N N MR § 5 \§
OpenACC §3°w_§_§_§_§ _§_§ _§“§_
* Naive replaces CUDA with RN \§ \§ \§ \§ —§ —§ % w§
OpenACC, but uses same loop 4§ § ; § : § ; § § ; § § I § ;
izat { YH YBE YR YR Y& YH Y& N
order and parz?.llellzatlon 5 N § N § N § \ & § ,

* OpenACC = naive + manual d11 dl2 d13 dl4 dl5  dl6 dl7 dl8 dl9

explicit control over

o
—

hierarchical parallelism

= A
LNHé!E!TY A%ﬁ!ﬁe ;££EESﬂ ]*E:]-I.JI\IEE
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Optimizing Nekbone

Nekbone (CESAR CoDesign Center Proxy App) with optimized local_grad_3
and local _grad 3t

* Many, small (e.g. 12x12x12) contractions
* Nominally implemented as many BLAS3 calls
Baracuda generates optimized CUDA for NVIDIA’s Fermi or Kepler GPUs

Compare to single Haswell core.

Speedup over Naive Optimized | Baracuda (CUDA)
1-core Haswell OpenACC OpenACC

2.86 12.39 36.47
C2050 1.18 19.21 34.65

X-Stack Pl Meeti ° e
DecZ:nber Zgisng Ul\?llﬁvySlTY Argonne ﬂ X"'TUNE
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Summary of X-TUNE Accomplishments

* Demonstrated for two motifs, Geometric Multigrid and
Tensor Contraction

* Automated architecture-specific optimization from high-level
specification

. II;erformance rivaling manually-tuned code and sometimes
etter

* Approach can achieve performance portability, productivity
and maintainability
* Implementation status

* GMG optimizations integrated into CHilLL, tensor contraction
uses existing CHiLL with additional frontend and Orio

e CHiLL publicly available on github
* Installed on Edison (user space)
 Demonstrations this evening

EEEEEEEEEEE
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Publications

* Papers
e P. Basu, M. Hall, M. Khan, S.Maindola, S.Muralidharan, S.Ramalingam, A.Rivera,

M.Shantharam, A.Venkat. Towards Making Autotuning Mainstream. International Journal
of High Performance Computing Applications, 27(4), November 2013.

* P.Basu, S. Williams, A. Venkat, B. Van Straalen, M. Hall, and L. Oliker. Compiler generation
and autotuning of communication-avoiding operators for geometric multigrid. In High
Performance Computing Conference (HIPC), 2013.

e P.Basu, S. Williams, A. Venkat, B. Van Straalen, M. Hall, and L. Oliker. Compiler generation
and autotuning of communication-avoiding operators forgeometric multigrid. In
Workshop on Optimizing Stencil Computations (WOSC), 2013.

* Protonu Basu, Samuel Williams, Brian Van Straalen, Mary Hall, Leonid Oliker, Phillip Colella,
"Compiler-Directed Transformation for Higher-Order Stencils", International Parallel and
Distributed Processing Symposium (IPDPS), May 2015.

 Thomas Nelson, Axel Rivera, Prasanna Balaprakash, Mary Hall, Paul D. Hovland, Elizabeth
Jessup, Boyana Norris, “Generating Efficient Tensor Contractions for GPUs”, International
Conference on Parallel Processing (ICPP), September 2015.

e Thesis and Dissertations

* Axel Rivera. Using Autotuning for Accelerating Tensor-Contraction on GPUs, Masters thesis,
University of Utah, December 2014.

* Protonu Basu, “Compiler Optimizations and Autotuning for Stencils and Geometric
Multigrid”, PhD Dissertation, University of Utah, December 2015.

* Thomas Nelson, “DSLs and Search for Linear Algebra Performance Optimization,” PhD
Dissertation, University of Colorado, December 2015.
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