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PART 1:  Integrating Kokkoswith CASTLES

What do you do when someone hands you 100,000 lines of Fortran and says 
άƳŀƪŜ ǘƘƛǎ Ǌǳƴ ƻƴ ŀƴȅǘƘƛƴƎΚέ

PART 2:  GPU-specific kernel optimizations

How do I make per-grid-point inner loops blazing fast?
Highly general/easily transferrable to other applications.
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CASTLES: Cartesian Adaptive Solver Technology for Large Eddy Simulations

CASTLES simulation of rotating detonation engine 
(courtesy of Dr. Christopher Lietz)

Á A high-order Navier-Stokes solver for turbulent combustion
Á Written in Fortran
Á MPI parallelism, but no intra-node parallelism



4DISTRIBUTION A:  Approved for public release; distribution unlimited

Control API

Timestepping
Time derivatives for physical quantities

Geometry
Handles spatial discretization

System
Specifies system of equations

Equations
Physics-independent quantities

Physics
Turbulence models

Detailed chemical kinetics
Chung Viscosity Model (ported to Kokkos)

Peng-Robinson Equation of State (ported to Kokkos)

Structure of CASTLES
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What is Kokkos?

/ҌҌ CǊŀƳŜǿƻǊƪΦ  /ƭŀƛƳǎ  άtŜǊŦƻǊƳŀƴǘ ŎǊƻǎǎ ǇƭŀǘŦƻǊƳ ǇŀǊŀƭƭŜƭƛǎƳέΥ  ǿǊƛǘŜ ƻƴŎŜΣ ŎƻƳǇƛƭŜ ŦƻǊ Ƴŀƴȅ ŀǊŎƘƛǘŜŎǘǳǊŜǎΦ

Parallel patterns (for, reduce, scan) accept user-defined functors(like Thrust or Intel TBB)

Backendsfor NvidiaGPU, Intel Xeon, Xeon Phi, IBM Power8, others.

ά±ƛŜǿέ Řŀǘŀ ǎǘǊǳŎǘǳǊŜǎ provide optimal layout:  
cache-order access when compiled for CPU, coalesced access when compiled for GPU.

Thrust offers similar multi-platform backendsςbut less low level control and does not abstract data layout.

Programming Guide: 
https:// github.com/kokkos/kokkos/blob/master/doc/Kokkos_PG.pdf

At GTC 2017: 
S7344 - Kokkos: The C++ Performance Portability Programming Model 
S7253 - KokkosHierarchical Task-Data Parallelism for C++ HPC Applications

https://github.com/kokkos/kokkos/blob/master/doc/Kokkos_PG.pdf
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Enabling Kokkosin CASTLES

CASTLES is a Cartesian solver written in Fortran 90.

Á Identify performance limiting subroutines

Á Port Fortran subroutines to KokkosC++ 

Á Optimize ported routines

Á Minimally invasive integration of KokkosC++ with CASTLES 
όάŎƻŘŜ ǎǳǊƎŜǊȅέύ 
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Identify critical subroutines ςCPU profile

Quick and easy single-process profile with nvprof:

I like the top-down view.
Easy to see global structure and call chains.

Can also do bottom up profile (default) 

nvprof -- cpu - profiling on 

-- cpu - profiling - mode top - down ./ CASTLES.x
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Identify critical subroutines ςCPU profile

Quick and easy single-process profile with nvprof:

I like the top-down view.
Easy to see global structure and call chains.

Can also do bottom up profile (default)

[ƻƻƪǎ ƭƛƪŜ ǘƘƻǎŜ άpreosέ ŀƴŘ άchungέ ǊƻǳǘƛƴŜǎ
are burning a lot of time

======== CPU profiling result (top down): 

51.29 % clone 

| 51.29% start_thread

|   51.29 % orte_progress_thread_engine

|     51.29 % opal_libevent2021_event_base_loop 

|       51.29 % poll_dispatch

|         51.29 % poll 

48.54 % MAIN__ 

| 48.45% interfacetime_mp_maintimeexplicit _ 

| | 48.45% interfacetime_mp_rhstimessp34_ 

| | 29.77 % interfacegeom_mp_rhsgeomrescalc _ 

| | | 15.46% interfacegeom_mp_rhsgeom3dresad1lr_ 

| | | | 15.35% interfacesysexternal_mp_rhssysupdiss _ 

| | | | | 15.35% interfacesysinternal_mp_rhssysscalarupdiss _ 

| | | | | 9.85 % eosmodule_mp_eoscalcrhoh0fromtp_ 

| | | | | | 9.64% eosmodule_mp_eosrhohfromtpprop _ 

| | | | | |   9.64 % preosmodule_mp_preosrhohfromtpprop _ 

... 

| | | | | 5.18 % eosmodule_mp_eosgammajacobianproperties _ 

| | | | | 5.10 % preosmodule_mp_preosgammajacobianproperties _ 

... 

| | | 13.90% interfacegeom_mp_rhsgeom3dviscres2_ 

| | | | 13.84% interfacesysexternal_mp_rhssysviscflux _ 

| | | | 13.32 % preosmodule_mp_preosviscousfluxproperties _ 

| | | | | 7.85% chungtransmodule_mp_chungcalctransprop _ 

... 

| | | | | 3.27% preosmodule_mp_preoscriticalstate _ 

... 

| | 18.33 % interfacegeom_mp_bcgeomrescalc _ 

| | | 14.77% interfacegeom_mp_bcgeomsubin _ 

| | | | 14.77% interfaceeqnfluids_mp_bcfluidseqnsubin_velocity _ 

| | | | 14.77 % preosmodule_mp_preoscalctfromhp _ 

... 

| | | 3.56% interfacesysexternal_mp_stepsys3dcalcqadd_ 

| | |   3.53 % eosmodule_mp_eosthermalproperties _ 

| | |   | 3.50% preosmodule_mp_preosthermalproperties _ 

...

nvprof -- cpu - profiling on 

-- cpu - profiling - mode top - down ./ CASTLES.x
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Peng-Robinson equation of state and Chung transport model

Peng-Robinson Equation of State:
Computes physical properties (density, enthalpy, etc.) for real gas 
mixtures at high pressure

Chung Transport Model:
Computes transport properties (viscosity, thermal conductivity, 
mass diffusivity) for real gas mixtures at high pressure

Many underlying subroutines shared between Chung and P-R.

Properties are computed individually per cell 
(or interpolated points at cell interfaces), 
so trivially parallel

Relatively small data transfer, lengthy computation 
=> perfect for GPU offload

Input/output data scales linearly with number of species (NS)

Subroutines contain single loops, double loops, triple loops over NS 
=> runtime scales like a*NS + b*NS2 + c*NS3

Occupies majority of CASTLES runtime for ns >= 4ish 

y = 2E-10x3 + 3E-09x2 + 2E-08x + 6E-09
R² = 0.9999
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Frame

// Owns and allocates TVPropertiesobject
TVProperties* tvproperties;

// Controls Kokkosinitialization/finalization
ǾƻƛŘ ƛƴƛǘƛŀƭƛȊŜόΧύΤ
vƻƛŘ ŦƛƴŀƭƛȊŜόΧύΤ

TVProperties* gettvproperties();

Architecture of my Kokkosframework

Designed for minimally-invasive operation alongside large Fortran code.

Everything is controlled from 
Fortran through a single 

lightweight global Frame object.

Kernel launches and data comms
are referred to TVProperties* 

owned by Frame.
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Frame

// Owns and allocates TVPropertiesobject
TVProperties* tvproperties;

// Controls Kokkosinitialization/finalization
ǾƻƛŘ ƛƴƛǘƛŀƭƛȊŜόΧύΤ
vƻƛŘ ŦƛƴŀƭƛȊŜόΧύΤ

TVProperties* gettvproperties();

Architecture of my Kokkosframework

Designed for minimally-invasive operation alongside large Fortran code.

TVProperties

// Owns and allocates TVImplobject
TVImpl* impl;

// Public member functions to communicate data
// to/from Views in TVImpl
void populateInputStripeόΧύΤ
void populateOutputStripeόΧύΤ
void populateprEOSSharedDataόΧύΤ
void populatechungSharedDataόΧύΤ
Χ

// Public member functions to launch collections of 
// kernels 
void prEOSThermalPropertiesόΧύΤ
void prEOSViscousPropertiesόΧύΤ
void eosGammaJacobianPropertiesόΧύΤ
Χ

Everything is controlled from 
Fortran through a single 

lightweight global Frame object.

Kernel launches and data comms
are referred to TVProperties* 

owned by Frame.
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Frame

// Owns and allocates TVPropertiesobject
TVProperties* tvproperties;

// Controls Kokkosinitialization/finalization
ǾƻƛŘ ƛƴƛǘƛŀƭƛȊŜόΧύΤ
vƻƛŘ ŦƛƴŀƭƛȊŜόΧύΤ

TVProperties* gettvproperties();

Architecture of my Kokkosframework

Designed for minimally-invasive operation alongside large Fortran code.

TVProperties

// Owns and allocates TVImplobject
TVImpl* impl;

// Public member functions to communicate data
// to/from Views in TVImpl
void populateInputStripeόΧύΤ
void populateOutputStripeόΧύΤ
void populateprEOSSharedDataόΧύΤ
void populatechungSharedDataόΧύΤ
Χ

// Public member functions to launch collections of 
// kernels 
void prEOSThermalPropertiesόΧύΤ
void prEOSViscousPropertiesόΧύΤ
void eosGammaJacobianPropertiesόΧύΤ
Χ

TVImpl

// Contains members of TVPropertiesǘƘŀǘ ŘƻƴΩǘ ƴŜŜŘ
// external visibility (pimpl idiom)
// Owns and allocates KokkosViews
View1DType T;
View1DType P;
View1DType Yi;
ΧόǎŜǾŜǊŀƭ ŘƻȊŜƴ ƻŦ ǘƘŜǎŜύ

// Owns std::unordered_mapsto launch kernels
// and communicate data by name
unordered_map<string,View1DType>

select1DViewByName;
unordered_map<string,View2DType>

select2DViewByName;
// Owns Launcher for each kernel
// (lightweight wrapper with string identifier,
// inherits common timing routines from 
// LauncherBase)
unordered_map<string,LauncherBase*> launchers;

void safeLaunchόΧύΤ

Everything is controlled from 
Fortran through a single 

lightweight global Frame object.

Kernel launches and data comms
are referred to TVProperties* 

owned by Frame.
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For modularity and consistency:  one subroutine->one kernel

There are roughly 50 of these that serve as building blocks.

Fortran subroutine:
Operates on a single grid point at a time

Kokkoskernel launch:
Operates on nActivePoints grid points in parallel

KokkosViews,
captured by value from members of TVImpl )

(View copy constructor is a lightweight shallow copy)

parallel_for ( tvimpl - >nActivePoints , 

KOKKOS_LAMBDA( const int & t )

{

c(t) = sqrt ( rho(t)* hT(t)/

( rho(t)* rhoP (t)* hT(t) 

+ rhoT (t)*( 1.0 - rho(t)* hP(t) ) ) )

} ); 

pure subroutine prEOSCalcSoundSpeed &

( rho, rhop , rhoT , hp, hT, c )

use useGENKindDefs , only : dp

implicit none

real ( dp), intent ( in )  :: rho, rhop , rhoT , hp, hT

real ( dp), intent ( out ) :: c

c = sqrt ( rho* ht / &

( rho* rhop * ht + rhot *( 1.0_dp - rho* hp ) ) )

end subroutine prEOSCalcSoundSpeed

Parallel pattern

User-defined 
functor (lambda)

Parallel work index t
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32.6X

24.6X

18.7X

15.5X

Fortran (Serial)
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GPU* vs. Serial Fortran**

5 species 10 20 50

GPU Speedups for Standalone Peng-Robinson

* NvidiaKepler K40 ** Intel Xeon E5-2620 v3 CPU

Good speedups overall.

GPU speedup is better for fewer species (NS)
Á Smaller per-thread data set => improved 

cache hit rates on GPU
Á Smaller inner loops => vectorization less 

efficient on CPU

(a combination of GPU doing better and CPU 
doing a bit worse)
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Integrating Kokkoswith CASTLES:  Interface Functions
C++ Interface functions (callable from Fortran) tell Frame object to initialize/finalize Kokkos, launch collections of kernels, or communicate data.

extern ñCòvoid frame_initialize _( int device_id ,

int nGridPoints

int ns

int nq

int iTurb )

{

frame.initialize ( device_id , // GPU device to select

nGridPoints , // Chunk size for Kokkos launches

ns,          // Num chemical species

nq,          // Utility values

iTurb );

}

extern ñCòvoid

frame_tvproperties_eosthermalandviscousproperties _(

int nActivePoints )

{

frame.gettvproperties () - >eosThermalAndViscousProperties (       

nActivePoints );

}

call

frame_tvproperties_eosthermalandviscousproperties &

( %VAL( NumThisStripe ) )

Interface function to initialize Kokkosand allocate storage                                                      

Interface function to launch collection of kernels for thermal and viscous properties 
Corresponding Fortran call

! Compute KokkosDeviceID as MPI rank%num devices

! Num devices is supplied by input file

call frame_initialize ( %VAL( KokkosDeviceID , &

%VAL( KokkosMaxBlock ), &

%VAL( nspe ), &

%VAL( nq ), &

%VAL( iTurbType ) ) 

Corresponding Fortran call
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Integrating Kokkoswith CASTLES:  Interface Functions
C++ Interface functions (callable from Fortran) tell Frame object to initialize/finalize Kokkos, launch collections of kernels, or communicate data.

extern ñCòvoid frame_initialize _( int device_id ,

int nGridPoints

int ns

int nq

int iTurb )

{

frame.initialize ( device_id , // GPU device to select

nGridPoints , // Chunk size for Kokkos launches

ns,          // Num chemical species

nq,          // Utility values

iTurb );

}

extern ñCòvoid

frame_tvproperties_eosthermalandviscousproperties _(

int nActivePoints )

{

frame.gettvproperties () - >eosThermalAndViscousProperties (       

nActivePoints );

}

call

frame_tvproperties_eosthermalandviscousproperties &

( %VAL( NumThisStripe ) )

Interface function to initialize Kokkosand allocate storage                                                      

Interface function to launch collection of kernels for thermal and viscous properties 
Corresponding Fortran call

! Compute KokkosDeviceID as MPI rank%num devices

! Num devices is supplied by input file

call frame_initialize ( %VAL( KokkosDeviceID , &

%VAL( KokkosMaxBlock ), &

%VAL( nspe ), &

%VAL( nq ), &

%VAL( iTurbType ) ) 

Corresponding Fortran call

Disallow name mangling by C++ compiler Trailing _ expected by Fortran linker

Pass integers by value
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Communicating Data
Data communication must translate between 4D Fortran pointers (x,y,z,dataindx) and KokkosViews. For some computations, a halo of fringe points must be ignored.

Fortran <-> C++ communication works as follows:

1. C++ framework receives double* from Fortran
2. Iterates linearly through x,y,zvalues.  Extracts volume of data to Views, skipping fringe points.  
3. In Views, x,y,zindices are flattened into a single parallel-work index, t. 
4. After computation, reverse the process, copying data from Views back into double* storage with data layout expected by Fortran.

C++ framework must know xdim, ydim, zdim, and fringe boundaries to unpack and repack data.  No free lunch here.  Annoying indexing.

! Name tag of destination View

tag = ñQò// char ( 0)

call frame_castles_populateinputstripe ( tag, &

Q, & ! 4D Fortran pointer, source of copy

%VAL( NumX ), %VAL( NumY ), %VAL( NumZ ), &

%VAL( SptX ), %VAL( EptX ), &

%VAL( SptY ), %VAL( EptY ), &

%VAL( SptZ ), %VAL( EptZ ), &

%VAL( SptData ), %VAL( EptData ), &

%VAL( SptStripe ), %VAL( EptStripe ) )

extern ñCòvoid frame_castles_populateinputstripe _( 

const char name[ 8], // Name tag of destination View

double * data, // Source pointer (from Fortran)

i nt nx , int ny , int nz , // Dims of block (including fringes)

i nt SptX , i nt EptX ,     // Fringe boundaries in x - direction

i nt SptY , i nt EptY ,     // ñ                    y- direction

i nt SptZ , i nt EptZ ,     // ñ                    z- direction

int SptData ,            // Start of data region (slowest index )

int EptData , // End of data region

int stripeStart ,        // Start and end of selected x,y,z

int stripeEnd ) // stripe; used when looping over block

// in chunks (stripes) of fixed size

{

frame.gettvproperties () - >populateInputStripe ( name,     

data, nx , ny , nz , SptX , EptX , SptY , EptY , 

SptZ , EptZ , SptData , EptData , stripeStart , stripeEnd );

}

C++ interface function

Corresponding Fortran call
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Data marshalling challenges

Challenge #1:  
Kokkoslaunches need enough parallel work (enough grid points) to saturate GPU.

Solution:
Ensure availability of ǘƘƛǎ ǇǊƻŎŜǎǎΩ ŜƴǘƛǊŜ block of data where Kokkosinterface functions are called.  
Restructuring some Fortran calling functions was required, but minimal impact to code overall.

Challenge #2:  
Block size handled by each process may change between timesteps, due to adaptive mesh refinement.  
Prefer not to reallocate Kokkosdata structures, or worse, exhaust GPU memory.

Solution:
Launch KokkosŎƻƳǇǳǘŀǘƛƻƴǎ Ǿƛŀ ŀ ƭƻƻǇ ƻǾŜǊ ǘƘƛǎ ǇǊƻŎŜǎǎΩ ōƭƻŎƪ ƛƴ ŎƘǳƴƪǎ ƻŦ largeishbut fixed size 
άKokkosMaxBlockΦέ

KokkosMaxBlockƛǎ ŀ ǘǳƴƛƴƎ ǇŀǊŀƳŜǘŜǊ ƛƴ ƛƴǇǳǘ ŦƛƭŜΣ ƭŀǊƎŜ ŜƴƻǳƎƘ ǘƘŀǘ ƻƴŜ ŎƘǳƴƪΩǎ ƭŀǳƴŎƘ ǎƘƻǳƭŘ ǎŀǘǳǊŀǘŜ Dt¦ ǿƘŜƴ 
10-20 processes are sharing the GPU via NvidiaMulti-Process Service.

KokkosMaxBlock= 8192 or 12288 usually gives good performance. 
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** Minor Caveat:  If MPI process is bound to a specific set of cores, Kokkosdoes not try to 
select the optimally hardware co-located GPU (this may have changed since last I checked).

Cluster-level concerns:  Multiple GPUs per node

Standalone Kokkosapplication:

Within code:

To run:

Kokkoswill detect available GPUs and assign MPI ranks to GPUs 
round robin.**

My application (embedded within a big Fortran code):

Pass numGPU devices per node in Fortran input file:

Within Fortran,  compute device to use as (MPI rank%numdevices):

ΧŀƴŘ Ŏŀƭƭ ǘƘŜ ƛƴǘŜǊŦŀŎŜ ŦǳƴŎǘƛƻƴ ǘƻ ƛƴƛǘƛŀƭƛȊŜ Kokkos:

Finally, within C++ frame.initialize():

No need for arguments to executable.

Kokkos ::initialize ( int & argc , char* argv [] );

$ mpirun - n numprocs ./ myKokkosApp \

>        -- kokkos - ndevices =2 

&KokkosInputs

KokkosNumDevices = 2

... 

/

call MPI_COMM_RANK( MPI_COMM_WORLD, rank, ierror )

KokkosDeviceID = mod( rank, KokkosNumDevices )

Kokkos :: InitArguments args ;

args.device_id = KokkosDeviceID ;

Kokkos ::initialize( args );

call frame_initialize ( %VAL( KokkosDeviceID ), ... )
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Cluster-level concerns:  NvidiaMulti-Process Service (MPS)

Without MPS:
Each MPI process has its own CUDA context.  

Multi-process profile shows one process at a time using a given GPU.

With MPS:
Multiple processes can share a given GPU simultaneously.

Better utilization and dramatic speedup for my application, and easy to use 
(just run  nvidia - cuda - mps- control ïd on each compute node to start the daemons).

See http:// on-demand.gputechconf.com/gtc/2016/presentation/s6142-jiri-kraus-multi-gpu-
programming-mpi.pdf

Kernels from different processes do not overlap Kernels from different processes overlap
For small NS, turning on MPS makes overall 

application up to 3X faster

http://on-demand.gputechconf.com/gtc/2016/presentation/s6142-jiri-kraus-multi-gpu-programming-mpi.pdf
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GPU Speedup of Overall CASTLES+Kokkos

Production-style runs:
40 MPI ranks on 2 nodes.

Á CASTLES Fortran uses 20 CPUs/node 
only.

Á CASTLES+Kokkosuses 20 CPUs + 2 
GPUs/node. 

Á Speedup computed as (CASTLES 
Fortran runtime)/(Castles+Kokkos
runtime)

2.5-3.0X consistently observed across 
range of desirable problem parameters.

2.50X
2.59X

2.77X2.73X 2.79X 2.83X

5 species 20 species 40 species

Speedup with Kokkos

1st order 9th order
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Kokkoson CPU matches Fortran on CPU

Often, naively porting Fortran to C++ results in a slowdown (e.g. compiler has a harder time optimizing/vectorizingloops). 
Need to use hardware-specific (Intel) compiler and manually tweak vector pragmas for some in-kernel loops, but in the end 
KokkosC++ is as fast as original Fortran.

Can the Kokkos-enabled codebase compile for CPU as well as GPU, with good performance?

KOKKOS_LAMBDA( const int & t )

{ 

#ifdef KOKKOS_HAVE_CUDA

éGPU-optimal code goes hereé

#else

éCPU- optimal code goes here é

#endif

}

To compile for CPU, just change arguments to makefile(see Kokkosdocumentation).

nvccignores Intel pragmas.  Kokkos-enabled source code is (almost entirely) same as used for GPU.

Only two kernels needed moderately divergent code for good performance on both CPU and GPU.  
Kokkosbuild system provides pragmas to select different code when compiling for different hardware.

KokkosǇǊƻƳƛǎŜ ƻŦ άǇŜǊŦƻǊƳŀƴǘ ŎǊƻǎǎ-ǇƭŀǘŦƻǊƳ ǇŀǊŀƭƭŜƭƛǎƳέ ƳƻǊŜ ƻǊ ƭŜǎǎ ŦǳƭŦƛƭƭŜŘΦ 

30.2 s 28.5 s

CASTLES+Fortran (1
CPU)

CASTLES+Kokkos
OpenMP (1 thread)**

Test case:  NS=5, 163 grid points, 
50 timesteps

**KMP_AFFINITY=compact,1,granularity=core
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Node level performance + comparison with Xeon Phi
Kokkosruns on Xeon Phis in native mode.
Á MPI+Kokkosprocesses see Phi cores as additional CPU cores.
Á Kokkoscomputations are not offloaded GPU-style.  
Á Entire process runs on a set of Phi cores just like on a multicore CPU.

Dt¦ǎ ŀǊŜ ƻŦŦƭƻŀŘ ŎƻǇǊƻŎŜǎǎƻǊǎΣ ǎƻ ŎŀƴΩǘ ŎƻƳǇŀǊŜ tƘƛ ǾǎΦ Dt¦ ŀǇǇƭŜǎ-to-apples.  But we can get an idea at node level.

200 s

67 s

726 s

151 s

CASTLES Fortran:
20 CPU cores

CASTLES+Kokkos:
20 CPU cores + 2

GPUs

CASTLES+Kokkos:
Xeon Phi Knight's

Corner

CASTLES+Kokkos:
Xeon Phi Knight's

Landing

Runtime for fixed problem size 1203, NS=5, 1st order, 20 timesteps
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System details

2x10 core Intel Xeon E5-2650 v3
Config file for Intel MPI:
- genv I_MPI_PIN_DOMAIN= auto:compact

- n 20 ./ CASTLES.kokkos

Although cores are hyperthreaded(40 logical cores available), 
adding more processes doesnot improve performance significantly.

2x10 core Intel Xeon E5-2650 v3
+ 2 Kepler K40 GPUs.
KokkosMaxBlock= 12288
Same MPI configas CASTLES Fortran.

hƴŜ YƴƛƎƘǘΩǎ /ƻǊƴŜǊ рммлt (60 cores, 240 logical processors).
KokkosMaxBlock= 1024
Configfile for Intel MPI:
- genv I_MPI_PIN_DOMAIN=4:compact ïgenv OMP_NUM_THREADS 4

- host mic0 ïn 60 ïenv KMP_AFFINITY=compact,granularity =core ./ CASTLES.knc

hƴŜ YƴƛƎƘǘΩǎ [ŀƴŘƛƴƎ тнол όсп ŎƻǊŜǎΣ нрс ƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎƻǊǎύΣ flat memory mode, SNC-4 cluster mode
KokkosMaxBlock= 1024
Configfile for Intel MPI:
- genv I_MPI_PIN_DOMAIN=1:compact - genv OMP_NUM_THREADS 1

- n 256 ïenv KMP_AFFINITY=compact,granularity =core numactl ïm 4,5,6,7 ./ CASTLES.knl

Numactlςm 4,5,6,7 enforces first-touch allocation in onboard high-bandwidth memory.
I experimented with fewer MPI processes, bigger domains, and more OpenMPthreads, 
and found 256 procs with 1 thread/proc best.

200 s

67 s

726 s

151 s

CASTLES Fortran:
20 CPU cores

CASTLES+Kokkos:
20 CPU cores + 2

GPUs

CASTLES+Kokkos:
Xeon Phi Knight's

Corner

CASTLES+Kokkos:
Xeon Phi Knight's

Landing

Runtime for fixed problem size 1203, NS=5, 1st order, 20 timesteps
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PART 1:  Integrating Kokkoswith CASTLES

What do you do when someone hands you 100,000 lines of Fortran and says 
άƳŀƪŜ ǘƘƛǎ Ǌǳƴ ƻƴ ŀƴȅǘƘƛƴƎΚέ

PART 2:  GPU-specific kernel optimizations

How do I make per-grid-point inner loops blazing fast?
Highly general/easily transferrable to other applications.
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ά9ƳōŀǊǊŀǎǎƛƴƎƭȅ ǇŀǊŀƭƭŜƭΣέ ŀƴŘ ƛƴƴŜǊ ƭƻƻǇǎ ŀǊŜ ǎƛƳǇƭŜΧ
but achieving high performance is an interesting problem!

// Loop over N grid points (trivially parallel)

for ( int t = 0; t < N; t++ ) 

for ( int y = 0; y < NS; y++ ) // NS ~ up to 50ish

for ( int x = 0; x < NS; x++ ) 

output[N *( NS*y+x )+t] = ax[x* N+t ]*ay[y* N+t ] + bx [x* N+t ]*by[y* N+t ];

P-R and Chung involve nested inner loops over chemical species NS (can be 50 or more).

Independent calculations for each grid point.

Toy example (shown as serial loop over grid points):

Bandwidth-Bound Per-Grid-Point Inner Loops

Arrays of size NS*N that store 
per-grid-point input data



27DISTRIBUTION A:  Approved for public release; distribution unlimited

ά9ƳōŀǊǊŀǎǎƛƴƎƭȅ ǇŀǊŀƭƭŜƭΣέ ŀƴŘ ƛƴƴŜǊ ƭƻƻǇǎ ŀǊŜ ǎƛƳǇƭŜΧ
but achieving high performance is an interesting problem!

// Loop over N grid points (trivially parallel)

for ( int t = 0; t < N; t++ ) 

for ( int y = 0; y < NS; y++ ) // NS ~ up to 50ish

for ( int x = 0; x < NS; x++ ) 

output[N *( NS*y+x )+t] = ax[x* N+t ]*ay[y* N+t ] + bx [x* N+t ]*by[y* N+t ];

P-R and Chung involve nested inner loops over chemical species NS (can be 50 or more).

Independent calculations for each grid point.

Toy example (shown as serial loop over grid points):

Several X-dependent loads Several Y-dependent loads

Bandwidth-Bound Per-Grid-Point Inner Loops



28DISTRIBUTION A:  Approved for public release; distribution unlimited

Testing Parameters

Tesla K40 GPU
Á 12 GB device memory
Á 15 Kepler SMs

Kepler architecture:
Á 192 single-precision cores and 64 double-precision cores per SM
Á 100% occupancy = 2048 active threads per SM
Á 65,536 registers available per SM
Á 64KB L1 cache/shared memory per SM, configurable as either 48 KB L1 + 16 KB shared, 32 KB L1 + 32 KB shared, 

or 16 KB L1 + 32 KB shared
Á 48 KB read-only cache (declare pointers with const__restrict__ to use this**)

Compiled with nvccversion 7.5, opt-in L1 caching, verbose to see register/local mem use, targeting compute capability 3.5
nvcc - Xptxas =ñ- dlcm =caò ïXptxas =ñ-vò ïarch=sm_35 kernels.cu

Runtime call to cudaDeviceSetCacheConfig (cudaFuncCachePreferL1) to set the 48 KB L1 + 16 KB shared 
option in case the compiler chooses to load via L1

For timing purposes, I use N=2048*120, NS=64, 960 blocks, 256 threads/block.  On a K40 with 15 SMs, this is 8 full waves.

Kernel wall times averaged over 100 trials.  

ϝϝ Lƴ ǎǳōǎŜǉǳŜƴǘ ŜȄŀƳǇƭŜǎΣ L Řƻ ƴƻǘ ǿǊƛǘŜ άŎƻƴǎǘΦέ  !ƭǘƘƻǳƎƘ ǘƘŜ Kepler Tuning Guideƛǎ ǇǊŜǘǘȅ ŀŘŀƳŀƴǘ ǘƘŀǘ ǿǊƛǘƛƴƎ άconstέ ƛǎ ƴŜŎŜǎǎŀǊȅ ǘƻ ǘǊƛƎƎŜǊ 
loads via the 48 KB read-only cache, I found that for toy kernels presented here,  the compiler uses read-ƻƴƭȅ ŎŀŎƘŜ ŜǾŜƴ ƛŦ άconstέ ƛǎ ƻƳƛǘǘŜŘΦ

http://docs.nvidia.com/cuda/kepler-tuning-guide/#read-only-data-cache
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__global__ void naive( double * __restrict__ ax, double * __restrict__ bx , 

double * __restrict__ ay, double * __restrict__ by, double * __restrict__ output ) 

{ 

// Ordinarily we might wrap this in a grid stride loopéomitted to save space.

int t = threadIdx.x + blockIdx.x * blockDim.x ;

#pragma unroll 1 // Disallow compiler unrolling so we know whatôs happening.**

for ( int y = 0; y < NS; y++ ) 

#pragma unroll 1

for ( int x = 0; x < NS; x++ )

output[N *( NS*y+x )+t] = ax[x* N+t ]*ay[y* N+t ] + bx [x* N+t ]*by[y* N+t ]; 

}

ϝϝ LŦ ǿŜ ƻƳƛǘ ǘƘŜ ά#pragma unroll 1 έǎ ŀƴŘ ƭŜǘ ǘƘŜ ŎƻƳǇƛƭŜǊ ǳƴǊƻƭƭ ŀǎ ƛǘ ǿƛǎƘŜǎΣ ǊŜƎƛǎǘŜǊ ǳǎŜ ƎƻŜǎ ǳǇ όŀǎ ŜȄǇŜŎǘŜŘύΣ ƻŎŎǳǇŀƴŎȅ ŦŀƭƭǎΣ ŀƴŘ ǘƘŜ άƴŀƠǾŜέ ƪŜǊƴŜƭΩǎ ǇŜrformance 
worsens.  100% occupancy is not always essential, but  in this case, explicitly including the pragmas is better than relying on compiler heuristics.

Naïve CudaKernel ςone thread per grid point
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__global__ void naive( double * __restrict__ ax, double * __restrict__ bx , 

double * __restrict__ ay, double * __restrict__ by, double * __restrict__ output ) 

{ 

// Ordinarily we might wrap this in a grid stride loopéomitted to save space.

int t = threadIdx.x + blockIdx.x * blockDim.x ;

#pragma unroll 1 // Disallow compiler unrolling so we know whatôs happening.

for ( int y = 0; y < NS; y++ ) 

#pragma unroll 1

for ( int x = 0; x < NS; x++ )

output[N *( NS*y+x )+t] = ax[x* N+t ]*ay[y* N+t ] + bx [x* N+t ]*by[y* N+t ]; 

}

DǊƛŘ Ǉƻƛƴǘ ƛƴŘŜȄ άǘέ ƛǎ Ŧŀǎǘ ƛƴŘŜȄ ŦƻǊ ŎƻŀƭŜǎŎƛƴƎ

Naïve CudaKernel ςone thread per grid point
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__global__ void naive( double * __restrict__ ax, double * __restrict__ bx , 

double * __restrict__ ay, double * __restrict__ by, double * __restrict__ output ) 

{ 

// Ordinarily we might wrap this in a grid stride loopéomitted to save space.

int t = threadIdx.x + blockIdx.x * blockDim.x ;

#pragma unroll 1 // Disallow compiler unrolling so we know whatôs happening.

for ( int y = 0; y < NS; y++ ) 

#pragma unroll 1

for ( int x = 0; x < NS; x++ )

output[N *( NS*y+x )+t] = ax[x* N+t ]*ay[y* N+t ] + bx [x* N+t ]*by[y* N+t ]; 

}

DǊƛŘ Ǉƻƛƴǘ ƛƴŘŜȄ άǘέ ƛǎ Ŧŀǎǘ ƛƴŘŜȄ ŦƻǊ ŎƻŀƭŜǎŎƛƴƎy-dependent loads should hit in cache (or be promoted to registers) during loop over x. 
I find that manually hoisting y-loads to a register does not affect performance.

Naïve CudaKernel ςone thread per grid point
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__global__ void naive( double * __restrict__ ax, double * __restrict__ bx , 

double * __restrict__ ay, double * __restrict__ by, double * __restrict__ output ) 

{ 

// Ordinarily we might wrap this in a grid stride loopéomitted to save space.

int t = threadIdx.x + blockIdx.x * blockDim.x ;

#pragma unroll 1 // Disallow compiler unrolling so we know whatôs happening.

for ( int y = 0; y < NS; y++ ) 

#pragma unroll 1

for ( int x = 0; x < NS; x++ )

output[N *( NS*y+x )+t] = ax[x* N+t ]*ay[y* N+t ] + bx [x* N+t ]*by[y* N+t ]; 

}

DǊƛŘ Ǉƻƛƴǘ ƛƴŘŜȄ άǘέ ƛǎ Ŧŀǎǘ ƛƴŘŜȄ ŦƻǊ ŎƻŀƭŜǎŎƛƴƎy-dependent loads should hit in cache (or be promoted to registers) during loop over x. 
I find that manually hoisting y-loads to a register does not affect performance.

Each x-load is used only once per outer y-loop iteration.
tǊƻōŀōƭȅ ǿƻƴΩǘ Ƙƛǘ ƛƴ ŎŀŎƘŜ ƻƴ ǘƘŜ ƴŜȄǘ ƻǳǘŜǊ ȅ-loop iteration.

Naïve CudaKernel ςone thread per grid point
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YŜǊƴŜƭ άƴŀƠǾŜέ ƛǎ ǎǘǊƻƴƎƭȅ ōŀƴŘǿƛŘǘƘ-bound, and 
accesses are already coalesced.  What should we do?

__global__ void naive( double * __restrict__ ax, double * __restrict__ bx , 

double * __restrict__ ay, double * __restrict__ by, double * __restrict__ output ) 

{ 

// Ordinarily we might wrap this in a grid stride loopéomitted to save space.

int t = threadIdx.x + blockIdx.x * blockDim.x ;

#pragma unroll 1 // Disallow compiler unrolling so we know whatôs happening.

for ( int y = 0; y < NS; y++ ) 

#pragma unroll 1

for ( int x = 0; x < NS; x++ )

output[N *( NS*y+x )+t] = ax[x* N+t ]*ay[y* N+t ] + bx [x* N+t ]*by[y* N+t ]; 

}

DǊƛŘ Ǉƻƛƴǘ ƛƴŘŜȄ άǘέ ƛǎ Ŧŀǎǘ ƛƴŘŜȄ ŦƻǊ ŎƻŀƭŜǎŎƛƴƎ

Naïve CudaKernel ςone thread per grid point

.138 sec

Naïve

Runtime

y-dependent loads should hit in cache (or be promoted to registers) during loop over x. 
I find that manually hoisting y-loads to a register does not affect performance.

Each x-load is used only once per outer y-loop iteration.
tǊƻōŀōƭȅ ǿƻƴΩǘ Ƙƛǘ ƛƴ ŎŀŎƘŜ ƻƴ ǘƘŜ ƴŜȄǘ ƻǳǘŜǊ ȅ-loop iteration.
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Standard CPU-informed strategy:  tile the loop?

for ( int yy = 0; yy < NS; yy += TILE_FACTOR ) 

for ( int x = 0; x < NS; x++ ) 

for ( int y = yy ; y < yy + TILE_FACTOR; y++ ) 

output[N *( NS*y+x )+t] = ax[x* N+t ]*ay[y* N+t ] + bx [x* N+t ]*by[y* N+t ]; 

Recall why loop tiling helps on CPU:
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Standard CPU-informed strategy:  tile the loop?

for ( int yy = 0; yy < NS; yy += TILE_FACTOR ) 

for ( int x = 0; x < NS; x++ ) 

for ( int y = yy ; y < yy + TILE_FACTOR; y++ ) 

output[N *( NS*y+x )+t] = ax[x* N+t ]*ay[y* N+t ] + bx [x* N+t ]*by[y* N+t ]; 

X-dependent loads should hit in cache 
for the inner y-loop, and be reused 
TILE_FACTOR times

Recall why loop tiling helps on CPU:


