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Ajold 2ol A ket e /oy o] 7|vke] Ty REEA C++ 7|5
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Figure 2.1: Conceptual Model of a Future High Performance Computing Node
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2.2.1 A3 949 AQxex

AxElaE Teadurt ¥E gazel e A8 Jodo ik shuhe AL
A e A=A A ol WE S| LaAAE BASHEY AHE FE 9l
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2.3 T2 A3
ZEAMZE AAR Z=E Adgsts Ao gk FA A0 G AdAF Aol HH
2 diE gte A 7}

initialization= X33k o|2gk AAA}ES parallel dispatch® A3 thS A|7}A]
FHe] =71

7}k, o]ul parallel for, reduce, scan, View allocation,

- Kokkos & AxkfoA o] A= 7=
— Kokkosoll Al F9lel7tE 234 3s= Kokkos HE Axh e == (4,

parallel dispatch)
- Kokkos$} o7&l #de] gl a=

Reproducible reductions and scans
Kokkost W& FIuloa washs &4 Bsis ngs axn

E7Lo
o Y - T
4 reduction®] 4} scang & dt=9o] WolA Falstd T AdE BT

Asynchronous parallel dispatch

parallel dispatche H]-&7] 4%
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3. o3 B AT
AR o7l el Ao A WEeE A s FRdor & Aol Thsd
- CPU(xeon phi)

* Core—data affinity: NUMA®| 2A & s]ok g

w« N eF WE Abo] =9 Zhi= alignment

* Hyperthreads’ cooperative use of L1 cache
- GPU

* Thread—data affinity: coalesced access with cache-line alignment

* Temporal locality and special hardware (texture cache)
==> a4 W<k WY A axd wjd dlolEE iy aio] o} ElA el gl
v} =3
- ARgARe] B ™ Atk 2= WSy
* Parallel pattern: foreach, reduce, scan, task—dag, ...
* Parallel loop/task body: C++ 11 lambda or C++ 98 functor
- AREAEE] HlolE &S MR E wE

¢ 129l W

*

w27 do]o}% : multi-index (i,j,k,...) < memory location
ol 71 el Aol Aget wRe] H S Kokkos7b AE
Polymorphic 22} v <&

- AHEAF HolHE 54 st=do®m A

* GPU texture cache to speed up read-only random access patterns

*

*

* Atomic operations for thread safety



4. C++ olBE g
- ¥ C++ grelruy]

x Aol Ay Ao]&gFe ofbd: OpenMP, OpenACC, OpenCL, CUDA

* Intel’s TBB, NVIDIA’s Thrust & CUSP, MS C++AMPe| 3¢S o5
- C++ template meta—-programming

% o] Zo &= C++ 1998 standard

* & 21+ lambda functionality® <138} C++2011¢] 8

* Supported by Cuda 7.0; full functionality in Cuda 7.5

* Participating in ISO/C++ standard committee for core capabilities

Application & Library Domain Layer(s)

Trilinos Sparse Linear Algebra
Kokkos Containers & Algorithms
Kokkos Core

Back-ends: Cuda, OpenMP, pthreads, specialized libraries ...




5. Spaces, Policies, Patterns
- HEE G HolH It e B9
« Differentiated by performance; <) size, latency, bandwidth
- A8 g vt ddee X
* st=glo] AHYS ®E ) cores, GPU, vector units, ...
* A7bs viRe 99
- A& A4 how (and where) a user function is executed
« o) data parallel range : concurrently call function(i) for i = [0..N)
* User’s function is a C++ functor or C++ 11 lambda
— Pattern: parallel_for, parallel_reduce, parallel_scan, task—dag, ...
- Compose: pattern + 23 AH + AL&A} g4 eg.,
* parallel_pattern( Policy<Space>, Function);
* Patternd} Ao wje} g5 A3

- Extensible spaces, policies, patterns

Compute Node Attached Accelerator
Multicore Efima[x. DDR Lo Erima[!I
Socket shared - GDDR

kL“/‘
deep_copy
Compute Node / Attached Accelerator
GPU
Multicore primag GPU::capacity
Socket DDR 4 (via pinned) shared
S
\_ GF’U:Ipef’fDrm _/
(via UVM)

Figure 5.1 A3 g3 w2e] 499 4
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AN =] wWid e HolHE AP sted B A &8 7hsd A9
= W7l s =gete=d st=dlo] of7lEA, HErq] $H4, o}, ZE e
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- View< double**[3][8], LayoutRight, DeviceType > a(“a”,N,M);
* C++ template 28 Views S3lA FdH] o, HWEE] GG v
v <dS g dimensions [N][MI[31[8]

* RowMajor data  storage(%, 4th index 1is stride-one
access)
* allocated 1n memory space of DeviceType

* C++ 17 improvement to allow View<double[ ][ 1[3][8],Space>
* Kokkos View+= an array of zero or more dimensions
-a(ijkD @ g dHolgel] A
* “Space” accessibility enforced; 9]) GPU Z=+ CPU HWXEg | H &7}
* * Optional array bounds checking of indices for debugging
- View Semantics: View<double**[3][8],Space> b =
* A shallow copy: ‘@’ and ‘b’ are pointers to the same allocated array
data
* Analogous to C++ 11 std::shared_ptr
- deep_copy( destination_view , source_view );
* ‘source_view ol 4] ‘destination_view'= A}
* Kokkos policy: never hide an expensive deep copy operation
- View<const int**[8][3], LayoutRight, Device, RandomRead> b = a;
& const + RandomRead => use Texture fetcheso n
GPUs
- W] deallocatione A5 o2 ¥

- Layout mapping : a(i,j,k,]) = memory location

« Aol wRe Yolohx HupAdA AAH

* Kokkosi= “Space”d A 3tst 7] gojo}-& AH

* o) row—-major, column-major, Morton ordering, dimension padding, ...
- Layout= #A174 : View< ArrayType, Layout, Space >

* Override Kokkos' default choice for layout



* Why? For compatibility with legacy code, algorithmic performance
tuning, ...
- Example Tiling Layout

* View<double**,Tile<8,8>,Space> m(“matrix”,N,N);

* Tiling layout transparent to user code : m(i,j) unchanged

* Layout—aware algorithm extracts tile subview

- Array subview of array view (new)
* Y = subview( X , ..ranges_and_indices_argument_list... );
* View of same data, with the appropriate layout and index map
* Each index argument eliminates a dimension

* Fach range [begin,end) argument contracts a dimension

- Access intent Attributes
View< ArrayType, Layout, Space, Attributes >
* How user intends to access datum
* Example, View with const and random access intension
» View< double #* , Cuda > a(*mymatrix”, N, N );
» View< const double #**, Cuda, RandomAccess > b = a ;
»Kokkos implements b(i,j) with GPU texture cache

_10_



7. Parallel Patterns
parallel_pattern( Policy<Space> , UserFunction )
- Easy example BLAS-1 AXPY with views
parallel_for( N , KOKKOS_LAMBDAC( int i ){ y(i) = a * x@) + y({@; } );
* Default execution space chosen for Kokkos installation
* Execution policy “N” => RangePolicy<DefaultSpace>(0,N)
* #define KOKKOS_LAMBDA [=] /* non-Cuda */
* #define KOKKOS_LAMBDA [=]__device__ /* Cuda 7.5 candidate feature
*/

- More verbose without lambda and defaults:

struct axpy_functor {

View<double*,Space> x , y ; double a ;
KOKKOS_INLINE_FUNCTION

void operator()( int i ) const { y(i) = a * x(1) + y(@); }

// ... constructor ...

b

parallel_for( RangePolicy<Space>(0,N) , axpy_functor(a,x,y) );

— Example: DOT product reduction
parallel_reduce( N , KOKKOS_LAMBDAC( int i , double & value )
{ value += x() * y(); }

, result );

*

Challenges: temporary memory and inter—thread reduction operations

*

Cuda shared memory for inter—warp reductions

*

Cuda global memory for inter—block reductions

*

Intra—warp, inter-warp, and inter—block reduction operations

- AF8A}7} reduction type¥ operationsES A9 7Hs
struct my_reduction_functor {
typedef ... value_type ;
KOKKOS_INLINE_FUNCTION void join( value_type&, const value_type&)
const ;
KOKKOS_INLINE_FUNCTION void init( value_type& ) const ;
¥
* ‘value_type’: AdYAIZtol] AA == LAk wiE

* ‘join’ and ‘init’ plugged into inter—thread reduction algorithm

_11_



8. Wlxe A< =
-4y A3
* Spg 2YUEEE )y
* GPU: iw = threadldx + blockDim * blocklds
* CPU: iw € [begin,end)Th ; contiguous partitions among threads
- ohakd vl o] wlEE #Holobx
* Leading dimension is parallel work dimension
* Leading multi-index is ‘iw’ @ aCiw , j, k, 1)
o7 el Ao Bh= AAT wld A
o) AoS for CPU and SoA for GPU
- Fine-tune " &E2] #HoJo}x
« o) TRl At WEy I
- A e & e gk
* miniMD(MD(Molecular dynamics) ZE=)E o] &
* Lennard Jones force model
* N*N computationsS 3|9 3}7] 9]alA th3} Zo] Atom neighbor list 743

*

*

pos_i = pos(i);
for( jj = 0; jj < num neighbors(i); Jj++) {
j = neighbors (i, jj);
r ij = pos_i - pos(j); //random read 3 floats
if (lzr_ij| < r_cut) £ i += 6%e*((s/xr_ij)"7 - 2*(s/r_ij)~13)
}
£L1) = £ &;

= 864k atoms, ~77 neighbors
» 2D neighbor H| <
= Different layouts CPU vs GPU

» Random read ‘pos’ through GPU texture cache

_12_
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9. ¥4 A3
- WY F5 A% ts HEo AT E
« parallel_for: S ¥4 2l iterationso] th3dF loopE T8
* parallel_reduce: reduction
* parallel_scan: prefix scan(1x] <ol thdt reduction’} Z)S +4&
- WYy F39] bodyE AYst7] /&M 774 WY AlF: functors, lambdas
# functor WAEE WAIS7] 98] KOKKOS_INLINE_FUNCTION macroS Ab&
* lambdag AH&3}l7] 98]l KOKKOS_LAMBDA macrog AH§
- A3 3 policy®E3F WA 75

9.1 ¥g &=

9.1.1 Functors

Wy T3 hodyE: AHY3r] Y3+ 37FA . public operator() instance
methodE 7}FA classtt structd. method?] <Qlxt= Asstuzt = & o] (for,
reduce, scan)®t A& (range, team)ol uwhe} thE. 7Hd AWbA 2l parallel_fors 4
HEW Fof QY as 93 A AAE e

operator() method+= oS- 2ol A= (const) o] oF s
KOKKOS_INLINE_FUNCTION macro® A% ojof FH(CUDAA 8= CUDA
|o= hAE)

- oA

class MaxPlus {

public:

// Kokkos reduction functors need the value_type typedef.

// This is the type of the result of the reduction.

typedef double value_type;

// Just like with parallel_for functors , you may specify

// an execution_space typedef. If not provided , Kokkos

// will use the default execution space by default.

// Since we're using a functor instead of a lambda ,

// the functor’s constructor must do the work of capturing

// the Views needed for the reduction.

MaxPlus (const View<double*>& x) : x_ (x) {}

// This is helpful for determining the right index type,

// especially if you expect to need a 64—bit index.

typedef View<double*>::size_type size_type;

KOKKOS_INLINE_FUNCTION void

operator() (const size_type i, value_type& update) const

_14_



{ // max—plus semiring equivalent of "plus"

if (update < x_(i)) {

update = x_(i);

¥

}

// "Join" intermediate results from different threads.
// This should normally implement the same reduction
// operation as operator() above. Note that both input
// arguments MUST be declared volatile.
KOKKOS_INLINE_FUNCTION void

join (volatile value_type& dst,

const volatile value_type& src) const

{ // max—plus semiring equivalent of "plus"

if (dst < src) {

dst = src;

¥

}

// Tell each thread how to initialize its reduction result.
KOKKOS_INLINE_FUNCTION void

init (value_type& dst) const

{ // The identity under max is —Inf.

// Kokkos does not come with a portable way to access
// floating —point Inf and NaN. Trilinos does, however;
// see Kokkos::ArithTraits in the Tpetra package.
#ifdef _ CUDA_ARCH__

return —CUDART_INF;

#else

return strtod ("—Inf", (char**) NULL);

#endif // _ CUDA_ARCH__

}

private:

View<double*> x_;

)

// This example shows how to use the above functor:
const size_t N = ...

View<doublex> x ("x", N);

// ... fill x with some numbers ...

_15_



// Trivial reduction in max—plus semiring is —Inf.
double result = strtod ("—Inf", (char**) NULL);
parallel_reduce (N, MaxPlus (x), result);

9.1.2 Lambdas

2011 version of the C++ standard (“C++11")%E lambdagts A2ZF
constructE A& anonymous EFEMA functoret L IS 3k Ao A
AHAE EJQE7E ol gro=m 7hAZE hdd £ bodyel A HE I Fu Hist
F el = Functorg AREStE 3o U

- oA

const size_t N = ..}

View<double*> x ("x", N);

// ... fill x with some numbers ...

double sum = 0.0;

// KOKKOS_LAMBDA macro includes capture —by-value specifier [=].
parallel_reduce (N, KOKKOS_LAMBDA (const int i, double& update) {

update += x(); }, sum);

_16_



10. A B E 3} (Hierarchical Parallelism)
o7|A = ] de] Wadst W] dgisia =3t o]yt F(level)S 2HE H
(team), Bl A9 2=, vector lane®] A5, wHS Al HA weba thE.

O

10.1 A&
AN 7 S sk} Akgle] wel A
of Hirol 7hsdh & Fol CPUZINE S~

1 B £Ee B £79 A
o]

4.
Bl= e "Emo] CPUER T4

ol & ZF ol it o] 39 stolH2 g A lstal, 7h slo]H s M

B AdE A7 o= 4 e WEstE dEhd,

- CPU 258 22 viEe e fEA Al HE 379

- 7} 27| :o] 5 hte] Ff3kis last level cache(LLOE 7HA 3L Q&

- 2 FoIeto] sfo]HAHEFS Tk dhhe] L1 cacheel F<stal sdgh
2 FUER WHols AT

-9 fFRES v HelHEs T BEolE A3

GPU7IWE S¥aHE viat 22 4] o5 BE3E Yo

- 22 =2 o] GPUER 22 S2E dxgsr HEA Al i 3
< T

- 0] 2 2E(NVIDIA GPUAA 9 SME)E= &F S 7HAH dd GPUUlel
A Edd w2 dgFe] M g Hos 7H

- #E Fo] FH2EStd TAEE 2AUEES e L1 AFe ~a3H HEe
of A<

- 2# = A WARPY WAVE FRONTth &g 1

direct register swapping< £3iA dHo| 715+

el
il
rlo
ol
o
offt
N
ok
i,
K

10.2 2 = €E(team)
KokkosollA tietA] ®WHsloA 714 7|24 7de=r M2 5737}

olr
ol
-
K

“scratch pad” WEHE F/3t= 2= I5Y
st=sol Aol 1-D W99 JQd2E wjgshk= diildl, 2-D Jddx 99 v
: Yol 2o ole

g3l HA e A leagueotal F WA e i s

A 28 "o] activedt.

10.2.1 4 A=l A4

Kokkos::TeamPolicyZS o]&ajA 2d= "o AM Ad~edx yAlo] 75, AR}
= league Alol= H g Alo]=E o] &4 YHE. Kokkos::RangePolicyS ©]-&3|
A EAR A g W Ay FHes AT § S



// Using default execution space and launching

// a league with league_size teams with team_size threads each

Kokkos::TeamPolicy <>

policy( league_size , team_size );

// Using a specific execution space to

// run a n_worksets x team_size parallelism
Kokkos::TeamPolicy <ExecutionSpace >

policy( league_size , team_size );

// Using a specific execution space and an execution tag

Kokkos::TeamPolicy <SomeTag , ExecutionSpace >

policy( league_size , team_size );

10.2.2 71% Ad
team M member_typed H#H AU 9
&34 league WA B Alol=e} T

=
7Fs3t. ® barrier, reduction, scan® &2 5713} 75

rU

using Kokkos::TeamPolicy;

using Kokkos::parallel_for;

typedef TeamPolicy <ExecutionSpace >::member_type member_type;

// Create an instance of the policy

TeamPolicy <ExecutionSpace > policy (league_size , team_size);

// Launch a kernel

parallel_for (policy , KOKKOS_LAMBDA (member_type team_member) {

// Calculate a global thread id

int k = team_member.league_rank () * team_member.team_size () +

team_member.team_rank ();

// Calculate the sum of the global thread ids of this team

int team_sum = team_member.reduce (k);
// Atomicly add the value to a global value
a() += team_sum;

s

“TeamPolicy”&= WA|H o= "Ho| thsfx] 24 E AL&st=
1

T Ae ¢

_18_
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10.3 ¥ “scratch pad” %22

7} 'l “scratch pad” WXEZE 7HA 3 . ZF 2Ule] 2 =e] A7l v
2e F49 Adxwxd], “scratch pad’= ¢SS FHE FUNA ZH A
2o © Wt F2EtA 3t ol eI " e ¥ 59 “scratch pad”
- le)

CUDAYIS) ety 3 dmelst 2& 79
SEER

scratch padsE& 53 vy 9 9(execution_space::scratch_memory_space)<
7.

o A F9S AAAF. TeamPolicy HH EYYS S3llA WEeE &3 +
A, B Al v W Ry gk 7He e

template <class ExecutionSpace >

struct functor {

typedef ExecutionSpace execution_space;

typedef execution_space::member_type member_type;
KOKKOS_INLINE_FUNCTION

void operator() (member_type team_member) const {
size_t double_size = 5xteam_member.team_size()*sizeof(double);
// Get a shared team allocation on the scratch pad
double* team_shared_a = (doublex)
team_member.team_shmem().get_shmem(double_size);
// Get another allocation on the scratch pad

int* team_shared_b = (int*)
team_member.team_shmem().get_shmem(160+*sizeof(int));
// ... use the scratch allocations ...

)

// Provide the shared memory capacity.

// This function takes the team_size as an argument ,
// which allows team_size dependent allocations.
size_t team_shmem_size (int team_size) const {
return sizeof(double)*5*team_size +

sizeof(int)*160;

}

b

Ad WEYE etk diAl, AFHEAT7E ViewsE scratch WEZZFH vt=2 &9
o] 7bs. View A A ®1A AR FrwEe WS Agshs
7Fesk 3 Viewst U EE Aol Q4AES wheleles A3 HEE g4

e

=

_19_



tyepdef Kokkos::DefaultExecutionSpace::scratch_memory_space
ScratchSpace;

// Define a view type in ScratchSpace

typedef Kokkos::View<int*[4 ],ScratchSpace ,Kokkos::MemoryTraits
<Kokkos::Unmanaged >> // Get the size of the shared memory allocation
size_t shared_size = shared_int_2d::shmem_size(team_size);
Kokkos::parallel_for(Kokkos::TeamPolicy <>(league_size ,team_size),
KOKKOS_LAMBDA ( member_type team_member) {

// Get a view allocated in team shared memory.

// The constructor takes the shared memory handle and the

// runtime dimensions

shared_int_2d A(team_member.team_shmem(), team_member.team_size());
1

10.4 o #|: Sparse Matrix—Vector Multiplication

* Traditional serial compressed row storage (CRS) ¢i18]&
for (inti=0;1<nrow; ++1i)
for (int j = irow() ; j < irow(+1) ; ++j )

y(i) += A = x( jeol() );
* Thread team algorithm, using C++ 11 lambda
typedef TeamPolicy<Space> policy ;
parallel_for( policy( nrow /x #leagues */ ),
KOKKOS_LAMBDAC( policy::member_type const & member ) {
double result = O ;
const int i = member.league_rank();
parallel_reduce( TeamThreadRange(member,irow(i),irow(i+ 1)),
[&](C int j , double & val ) { val += A() * x(jcol(j));},
result );
if ( member.team_rank() == 0 ) y(i) = result ;
}
);

_20_



11. A% &34

11.1 miniMD

MD>~ 2232l miniMDE LJ(Lennard Jones) force calculationE A}&3l4 A%
SA3

obg]l 19y %ol LJ-kernel atomol Wia|Ax] F2E 433}, cutoff rcutXth
= AL AP dij9 atomztell o] pairell tHa|lA A4S g ZF atome] o] j
ol WA wlg] ALlstar Adel A ARE-H.

// Parallel iteration of all atoms in the system
for (i=0;i<natoms;i++) {
double x i[3], £ i[3];
X 3[0..2] = x(1:0..2);
£ i[0..2] = 0;
// Iterating the precomputed list of neighbors
for(3jj=0; jj<num neighbors(i);jj++) {
int § = neighbors(i,jj);
double d_ij[3] , d ;
d 1j[0..2] = x 1[0..2] - x{j,0..2);
d = norm{d ij):
if(d<r_cut) {
const double sr2 1.0 / (d#d);
const double sré sr?2 % sr2 = sr2;
const double force = 48.0 = sr6 « (sré = 0.5) = sr2;
£ i(D..2] += force «» d ij[0..2];
}
b
Fiii.0..2)y = E 1710..2];
}

9. Pseudo code for the thread safe Lennard Jones molecular
dynamics kernel (LJ-kernel) in MiniMD.

P 77709 o] Lol UaA HAEES 3. 7|4 1408Flops®t atom i3
311 WXE2 A<t neighbors(jpolA dubdel wiza]l A £4, x(G,0-2)00A
randomdt W22 A £S5 7HE. o714 atomEo] A4S HEHE HILs
ek, x(G,0-2)° dslid= =2 Al ArREel 7hs.

oj2]gh wxe] FoJop2 o]f e 2Ql j(j = neighbors(ijp))e] A&l WERE.
Xeon®} Xeon PhiolA & LayoutRight(row majaor order)o]ojof b=t o]= jjoll
sl A inner loop®] T iteration SAIA #S 1S wf AH At JAF
3H7] flsld Y. Kepler GPUI A+ LayoutLeft(column major order)®]ojof &=
o, & atom i°olA ZF 2HER AHXLHOZ wEE FLo] o] FoR| 7] wiiL-d.
Kepler GPU9IA+ x(3,0-2) random accesses2 ¢34 RandomRead £4<& %

A texture fetches& Al&3dl= Zo] 2.
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Name Complon Shannon
Nodes 32 32
CPl 2x Intel E5-2670 HT-on 2% Intel E5-2670 HT-off
Co-Processor 2x Intel Xeon Phi 37¢ 1.1GHz 2x K20x
Memory 64 GB 128 GB
Interconnect QDR IB QDR IB
s RedHat 6.1 RedHat 6.2
Compiler ICC 13.1.2 GCC 446 + CUDA 55 RC
MPI IMPL 4.1.1.036 MVAPICH2 19
obef 1¥& 7zt HAEW =X GFlops/sell thalA e HolFi 5. AA

=
W52 #ololgo] HARHAS Whe] FATIFHOE FAld HowE HAR HEY
glojob wlioll, XeonolA 1.9x, Xeon PhidlAi= 3.4x, Kepler GPUSIA &=
6.6x2}o| 7} . 18] 31 Kepler GPU9A texture fetchE AF&3}A] &Fow 3.6x9
A5 A7k A

200
G _ Optimal settings
=y ; Texture fetch disabled (Kepler)
=] i Wrong data layout il
2 150}
(&) ]
= ]
b - -
3 100 _
o=
o
=
= L
L 50 =
= s
o
=

Xeon Xeon Phi Kép[er

1%, LJ-kernel performance in miniMD on a dual
Intel Xeon (Sandy Bridge), a pre-production Intel
Xeon Phi co-processrs (57 cores), and a NVIDIA
Kepler GPU (K20x) for the miniMD default test
problem with 864,000 atoms

11.2 miniFE

stol B el= WH(MPI+ X) finite element X217

3D 4 diffuction +AE ¥+ linear system WA2olal CG &HE Z7] ¢3lA
200‘3‘4«] iterationsE 73 (implicit ¥4 finite element® TL3 EAE=ES X3

3h)

NVIDIA GPUANA F3Pst= ZTEZ1HL linear algebra 3TFE0] cuBLASS
cuSparsedrsE% A H.

miniFEE =29 8M 849 weak-scaling iA|. =29 3.3GBH|®2]7} Ha3h
We] aHES 7 HAEWEA A Faet A3l weak-scaling Lef3zo]m 129
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A5 M Aeol £ S AEe Kokkos F3W-E-°] native TdEI} H|S:

I AEAS F A 53] Keplerdl4l= CUDAEY 13% Y2 A2 H
Xeon CPU9A+= =¥]i1, Xeon PhidlA+= 104 %= =, Xeon?} Keplerd
4ol 32 MPI =20l tialA 95%< ¥E a&4dS How Xeon PhidlAe] ¥
HeA FAl= HAEH = AXE MPL AAo] #A41 2 B9,

T T T T T T
u b=
L
@ 10} ]
o B o 8@ Xeon - Kokkos
| ST & @ Xeon - OpenMP
% B8 Xeon Phi - Kokkos ]
L I e = - Xeon Phi - OpenMP |
E 8.. S Kepler - Kokkos
F L Kepler - Cuda
] 1 I ] 1 1 |

1 2 4 8 IQ 32 64
# of Nodes/Devices

1%, Time for 200 iterations of a CG-solve with miniFE
variants on different testbeds. The solid lines represent
runs using miniFE-Kokkos, while the dashed lines show

results with peer variants

11.3 Tealeaf 2D
Ajol AFG5o) A4 i3Sk Mantevo benchmark suite®] 94521 mini—app
H g vfe= 8ol e A7FA] sparse WEZ A £W]E ARESH Conjugate
Gradient (CG), Chebyshev, Preconditioned Polynomial CG (PPCQ).
o] 7]+ Lawrence Livermore National Laboratoriesol|A 7§23l Raja 21|
W EPE o] vlagt
CPU¢ Xeon Phi HlZ~E+= University of Bristol, GPUs= Crayol A A&f3ta
+ Swan supercomputero] A E|AE =3}
el H3Ae(15.0), 1671 ZoJollA HAE. 4096+4096 wislolA 384 CG,
PPCGel Wa]lA4 Raja= OpenMP tjH| 15% 5 A3} A, Kokkose= 5% A&
;q »3]_ uﬂ-/\g

oA thatA B &3k hierarchical parallelism)E %84 Xeon PhiolA %=
5% *é—‘a—%“&, GPUOA 10% 453, A w2 g &5 2841 GPU
# Chebyshevét PPCG EH = 30% 8% #4. (9 dAle] MEstE S84 =
FHdol F7Heh
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NVIDIA GPU4 A Kokkosi= Chebyshev, PPCG €W thalx+= 25 CUDAZE

ST O = - = [e]
IHS sk AN Ae ol A5

Wallclock on Intel Xeon E5-2670 (Sandybridge) for 4096x4096 Mesh
2000 : - - -
1500
p = G
é 1000 B Chebyshev
T H PPCG
=
500
0
OpenMP OpenMP  OpenMP RAJA Kokkos  OpenCL
Fortran C C++
9. 40964096 Hl4] Alo]Z=el A Xeon HAE
600

f Hl CG

é B Chebyshev
= EEm PPCG

=

OpenCL OpenMP 4.0 Kokkos OpenMP
(KNC Offload) (KNC Offload) (KNC Native) (KNC Native)

19, 2048%2048 wl4] Abe]=olA Xeon Phi HZE
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35
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I
o
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Wallclock (s)

—
(=]

700

600

500

400

300

200

100

OpenCL

CUDA

Kokkos

HEE CG
B Chebyshev
| PPCG

1. 4096%4096 " oAl NVIDIA K20X EH~E

Wallclock for CG as problem size increases in steps of 100,000

OpenMP (C) CPU
OpenMP (C++) CPU
OpenMP (F90) CPU
RAJA CPU

Kokkos CPU
OpenCL CPU

CUDA GPU

OpenCL GPU
Kokkos GPU
OpenMP 4.0 KNC
Kokkos KNC
OpenCL KNC
OpenMP Native KNC

11.4 LAMMPS
Aol Aol A

Cells x 10°
7. CGolAl 100,000 =¥ A TAF Aol =25 F71A1 7]
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1me 1n sec

# Devices x T

1000

100

IM atoms; Standard Lennard Jones

LA

@—® Xcon- Kokkos

@& -@& Xeon- OpenMP

A—A  Xecon Phi - Kokkos

& = Xeon Phi - OpenMP
Kepler - Kokkos

Kepler - Cuda
MHC Xeon Phi - MPI-only Kokkos &
& e r's
—
P i

| O |

9. Lammpse©l 419 Strong

4
# Devices
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