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ExaStencils: Domain-specific generation of optimized stencil-codes
New partner: Shigeru Chiba (Japan)

http://www.infosun.fim.uni-passau.de/cl/staff/lengauer/
http://www.infosun.fim.uni-passau.de/cl/staff/groesslinger/
http://www.infosun.fmi.uni-passau.de/cl/staff/kronawitter/
http://www.infosun.fim.uni-passau.de/spl/apel/
http://www.infosun.fim.uni-passau.de/spl/people-grebhahn.php
http://www-ai.math.uni-wuppertal.de/%7Ebolten/
http://www-ai.math.uni-wuppertal.de/%7Erittich/
http://www.infosun.fim.uni-passau.de/spl/apel/
http://www10.informatik.uni-erlangen.de/%7Eruede/
http://www10.informatik.uni-erlangen.de/%7Ekoestler/
https://www10.informatik.uni-erlangen.de/%7Ekuckuk/
https://www10.informatik.uni-erlangen.de/de/mitarbeiter/byId/f38e-Person.tech.IMMD.lsinfs.altman
http://www12.informatik.uni-erlangen.de/people/teich/
http://www12.informatik.uni-erlangen.de/people/hannig/
https://www12.informatik.uni-erlangen.de/people/schmittch/
http://www.csg.ci.i.u-tokyo.ac.jp/%7Echiba/site/

Smooth
The Multigrid D
V-cycle
Prolongation
;1
First Coarse Grid \ )/
\ ’

= Elliptic PDEs and systems thereof
= Discretization using finite differences or volumes

-« Patch-based domains
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Project domain: Subdomains of Multigrid
Initially: cuboid grides, finite differences
Lately: patch-sized grids, finite volumes


abstract | ——

roblem . : '
fnfmuiatiun Continuous Domain & Continuous Model

Layer 2:

Discrete Domain & Discrete Model

L §

concrete
solver
implementation
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ExaSlang: Hierarchical stencil-code language with four layers of abstraction
Vision: Input only at Layer 1, code at Layers 2-4 generated automatically
Present state: Some input at all layers, language still in flux


)
ExaSlang 1

Example: 2D Poisson with Damped Jacobi

= Layer 1 (continuous): Ops in Unicode or LaTeX symbols, partial derivative and Laplace predefined.
Domains: unions of rectangles. Stencil weights calculated automatically.

- Layer 2 (discrete): Discretized functions are fields (data type, grid location), tied to a domain.
Geometric information as "virtual fields”, resolved to constants or field accesses.

- Layer 3 (Multigrid): Cycle and navigation through grid, access to grid levels with relative referencing.
Grid transfer ops composed from default ops. Also more advanced types than Jacobi possible.

- Layer 4 (implementation): I/O and communication composition of solver parts, e.g., length of cycle.

/** Layer 1 **/

// domain - information is carried over from L1

Domain: Q = (0,1) x (0,1) // alt.: \Omega = (0,1) \times (0,1)
00 = (x*2 - 0.5 * y*2) // alt.: \partial\Omega = ©
Equation: -A(u) = © // alt.: -\Laplace(u) = ©

// optional: specify mappings for ‘mnemonic’ names in subsequent layers to
// override defaults
Mapping: Q -> global

u -> Solution

 \ 0
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Layer 1: continuous problem.
Domain: union of cuboids
Mathematical operators: in Unicode or LaTeX
Boundary condition: Dirichlet (by expression) or Neumann (by keyword)
From the operators and equations, stencils weights for finite differences can be calculated automatically using either Lagrange polynomials or Taylor expansion. Central finite differences are used automatically, but the use of forward/backward FD can be specified, if desired.
Unicode/LaTeX names are resolved into something sensible by default, e.g., the Laplace operator will yield a stencil called Laplace. For the right-hand side of the equation “RHS” are used since no custom mapping has been defined. For the domain and the variable “u” however, custom mappings have been specified, hence their names in Layer 2.


/** Layer 2 **/

// domain - information is carried over from L1
Domain global

// fields from L1
Field Solution@all with Real on Node of global =
Field RHS@all with Real on Node of global =

// boundary conditions from L1

Field Solution@finest on boundary = vf_boundaryCoord x ** 2 - g.5 *
vf_boundaryCoord y ** 2

Field Solution@(all but finest) on boundary = 0.0

// (discretized) operators from L1
Operator Laplace from Stencil {

[ 0, ©] => 2.0 / ( vf_gridWidth x ** 2 ) + 2.0 / ( vf_gridWidth_ y ** 2 )
[-1, ©] => -1.0 / ( vf_gridwidth x ** 2 )
[ 1, ©] => -1.0 / ( vf_gridwidth x ** 2 )
[ 0, -1] => -1.0 / ( vf_gridwidth y ** 2 )
[ 0, 1] => -1.9 / ( vf_gridwidth y ** 2 )
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Layer 2: discretized problem
Discretized function: field specified by a data type, a locale and a domain
Boundary: Dirichlet at the finest level, otherwise zero
Virtual fields are resolved to concrete references at a lower layer
.


/** Layer 3 **/

/* fields and operators from L2 are carried over automatically */

// new fields
Field Residual from Solution

// override inherited boundary conditions where applicable
override bc for Residual@finest with ©.0

// generate default inter-grid operators for node-based discretizations
Operator RestrictionStencil from default restriction on Node with 'linear’
Operator CorrectionStencil from default prolongation on Node with "linear’

// create smoother function
Function Smoother@all {
Val omega : Real = 0.8
repeat 3 times {
Solution =
Solution + omega * diag inv ( Laplace ) * ( RHS - Laplace * Solution )

Al 0o
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Layer 3: Multigrid concepts
Residual mirrors Solution but the finest level is initialized to zero (via keyword override bc).
Inter-grid operators inherit from predefined versions, their orders are specified as “linear”.
Smoother creates multiple variants of field Solution (also called slotting) implicitly.


/** Layer 3 **/

// create v-cycle function
Function VCycle@(all but coarsest) {
Smoother ( )

Residual = RHS - ( Laplace * Solution )
RHS@coarser = RestrictionStencil * Residual

Solution@coarser = 0.0
VCycle@coarser ( )

Solution += CorrectionStencil * Solution@coarser

Smoother ( )
}

Function VCycle@coarsest {
/* CGS */
}

Al Q
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V-cycle defined recursively, coarse-grid solver omitted.
Note the relative addressing of levels (coarser, finer, coarsest, finest).


/** Layer 4 **/

// create main function
Function Application ( ) : Unit {
/* init code */

Var resStart : Real
Var curRes : Real

NormResidual@finest ( )
resStart

repeat until curRes < 1.0E-5 * resStart {
VCycle@finest ( )
curRes = NormResidual@finest ( )

}

/* de-init code */

) ) o Al Qo
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Layer 4: implementation details (I/O, communication, etc.)
Composition of the application, usually with loop constructs (here an iteration of V-cycles), implementation if NormResidual omitted.
Code for I/O, communication, etc. is generated automatically and omitted here, also the de-initialization code.


(The same) ExaSlang input can be
mapped to different hardware platforms

« "classical”’ CPUs
1400

time per cycle [ms] for 3D constant coefficients

= GPUs 1200 . —o— —
1000
« FPGAs 800
ARM 600
n 400 —0
200 L ——— —0
= and blends of these 0
. . . i 1 8 64 512
(Automatic) Parallelization using #compute nodes
=«  MPI —e—CPUonly —e—GPUonly —e—CPU+GPU
- OpenMP (on CPUs) time per cycle [ms] for 3D variable coefficients
- CUDA (on GPUs) 3000
2500 —% — ——
= ...and combinations 2000
First results from PizDaint@CSCS o
- Weak scaling 500 t —S $— —8
0
8 64 512

= 4 MPI threads per node 1

= 5123 unknowns per node

#compute nodes

—e—CPUonly —e—GPUonly —e—CPU+GPU
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Platform Variability:
From the same ExaSlang code, target code can be generated for a variety of platforms and architectures. Basic scalability is maintained in every case.


« Beyond Poisson’s equation

- Stokes A Block Smoother for Stokes

« Navier-Stokes

- Image processing

. . loop over p {
solve locally {
u@l[e, 0] => rhs_u@[o, 0] ==
Laplace * u@[9, @] + dxLeft * p@[o, 9]
u@[1, 9] => rhs_u@[1l, 9] ==

« Each with specialized Laplace * u@[1, 0] + dxLeft * p@[1, O]

= Grids (may be non-uniform,

non-axisparallel, staggered) ;@[@, 9] => rhs_p@[0, 0] ==

= Discretizations and boundary dxRight * u@[©, 9] + dyRight * v@[9, 9]
treatment }

- Solvers (e.g. block smoothers, }

non-linear multigrid, etc.)

ExaSlang 4
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Problem Variability:
Block smoothers – in contemporary technology a challenge- can be specified easily, as shown in the code snippet. This code sets up a (local) system in each cell and solves it directly. Bigger blocks, overlap, coloring and damping can be added as required. Boundary handling is added automatically.


« Fully Generated Real-World Application

= Collaboration with Austria (U. Graz, G. Haase) and Chile (U. Santiago de Chile, D. Vasco)

« 3D non-Newtonian and non-isothermal fluid flows

= Finite volume discretization on non-uniform staggered grids

roxy o » O » [ ] L [ ] L [ ] [ d
v e A A~ A~
Aok e o X @0 N —o= — ° |
& & - f i
1 1 ]
teox o » [ ® » ® S ° S
1 1 1
= = - - =
el e % o ™ » ° S ° S
Yer o ¥ o H ;::‘ o 'S

values associated with the
cell centers, e.g. pand 6

values associated with the
x-staggered grid, e.g. U

v

. values associated with the
y-staggered grid, e.g. V

: control volumes associated
with cell-centered values

control volumes associated
with x-staggered values

control volumes associated
with y-staggered values
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Showcase: a real-world application
Solvers for other grids than the staggered grid shown here can be generated from the same ExaSlang 4 code. Language extensions for frequently required operations are available (evaluate/interpolate values at (staggered) interfaces, integrate expressions across (staggered) interfaces). For axis-parallel grids, geometric data is stored in edge-like structures. The same Layer 4 code can be used to generate solvers for different grids as well – in the case of uniform grids, all geometric information will be inlined, no memory for the geometric information is required and optimized code is emitted. The images on the left show results for Newtonian (upper) and non-Newtonian (lower) test cases. In both, the left side is heated and the right side is cooled. The temperature differences induce a flow.



« Compute Optimizations
= Arithmetic optimization (to maintain the numerical stability of stencil codes)

= Common subexpression elimination (CSE)

* text-based (tb) version: in a loop iteration
* loop-carried (Ic) version: between loop iterations

= Vectorization for Intel x86 (incl. Xeon Phi), IBM BlueGene/Q and ARM NEON

Example: non-Newtonian flow simulation

—_— o _

2] wn

E, W base

g o | m tCsE

53 ¥ 7| @ tb&lcCSE

£ O tb CSE + vect

g o _| O tb&lc CSE + vect
(ap]

Q

®

£ o |

-

Re]

3

¢ 2

®

> B

T o -

update quantities compile LSEs solve LSEs total
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Compute-Bound Optimization:
The loop-carried common subexpression elimination is novel. Vectorization takes hold at the update phase, all optimizations together cut the time of the compile phase in half. The overall speedup of the application is about 1.4.



« Memory-Bandwidth Optimizations

= Polyhedral transformations (temporal blocking)

* perform search-space exploration
* choose schedule heuristically

Example: exploration for 3D 7-point Jacobi

4.500 - ® base " : e ® ® - ® P
& 3 . ° e o o
4.000 - ® optimum
¥ 3500 oo $ @ ¢ - .
> : 2 . «¥2% 21953 X-E
E. SR 1 % .’:. i ° e 8 ? o ; .l ® - e ."..
§ 2.500 - . . - °: . . & . . o
|00 ® .'o LA | e ° e o . S & o 0:
E 2 000 . :. .. ® : : 3 L ] ® .. .3 ®
jg 1.500
L 1.000 }f‘. '““"'“v*"‘ 3 fwggsmnguw 1) -l....

elolhe’ * ok " odadarne

O 1000 2000 3000 4000 5000 6000 7000 8000 95000 10000 11000 12000
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Memory-Bound Optimization: polyhedral transformations
The challenge is, given the base variant (red), to identify the optimal variant (green) in over 12000 variants. We are presently looking for features that promise, or even guarantee, a speedup.


)
Taming the Variability of the Code-Generator

Legend:
v Mandatory
o Optional
A o
BeundaryCenditions

A Alternative
Grid LoadBalancing Caching MultiGridAlgarithm Abstract

Pattern

ExaStencils

Stencil

./Nc’ncfete
Solution | | Periodic | | Neumann | | Dirichlet | Dimension Black

InterGridTransfers Smaother

CoarseGridOperator
Skalar | | Vector | | System Two || Three

BlockMgmt | | Coarsening | | Lingar | | Cubic | | MatrixDep

N

Reduction | | Aggregation

GaussSeidel | | Jacobi | | Rediscret | | Galerkin
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Variability of the Code Generator:
At the algorithmic level of Multigrid, performance-improving feature combinations (so-called variants or configurations) are identified more easily. Basis is a feature model, a so-called feature structure tree.
The approach is to measure a small number of well chosen variants directy (by so-called structured sampling) and use an inference engine, the SPL Conqueror, to generate an abstract model (a big polynomial) covering all variants. The full set of variants is so huge that it cannot be measured directly.



Unter Zuhilfenahme des Codegenerators können Millionen von Code-Varianten zur Lösung eines mathematischen Problems generiert werden.
Diese Varianten unterscheiden sich z.B. in dem Glätter, der verwendet wird, auf wie vielen Knoten parallelisiert werden soll, welche Optimierungen bei der Generierung verwendet werden usw. 
Um dieser großen Anzahl von Varianten handhabbar zu werden, verwenden wir Algorithmen für Supervised-Machine-Learning.
Damit wir diese Algorithmen verwenden können, müssen wir zuerst einige Varianten auswählen und deren Laufzeit messen.
Bei der Auswahl verwenden wir strukturierte Sampling-Methoden.
Basierend auf den gemessenen Laufzeiten identifizieren wir dann den Einfluss der verschiedenen Parameter des Codegenerators und halten die Erkenntnisse dann in einem Performance-Influence-Model fest. 
 


®)

Identifying Performance-Optimal Configurations

Can we identify performance-optimal parameter settings for different mathematical problems?

Sampling Learning

PL & -
onqueror

Performance-
Influence Model

Mixed-Integer
Nonlinear Optimizer

112

Performance-influence model for 2D Poisson with const. coeff.

2667.4 - 343.8 * log2( numNodes ) * numPre - 926.5 * log2( numNodes ) *
numPost - 33.3 * log2( numNodes ) - 317.5 * log2( numNodes ) - 76.9 *
mpi_CustomDatatypes + 1545.2 * numPre - 6.4E7 * numPost - 0.1 * log2(

numNodes ) * ( 64 - numNodes ) - 0.3 * log2( numNodes ) * ( 64 - numNodes )

* log2( ranksPerNode ) + 2.3 * log2( numNodes ) * numPre * ( 64.0 -

numNodes ) - 0.4 * log2( numNodes ) * numPre * ( 64.0 - numNodes ) * log2(
tileSize_x) - 0.5 * log2( numNodes ) * numPre * ( 64.0 - numNodes ) * log2(

ranksPerNode ) - 0.1 * log2( numNodes ) * numPre * ( 64.0 - numNodes ) *
log2( ranksPerNode ) * vectorize + 0.06 * numPost * ( 1.0E9 - tileSize_x ) +
101.0 * log2( numNodes ) * numPost * log2( numNodes ) - 0.4 * log2(
ranksPerNode ) * ( 64.0 - ranksPerNode ) + 1.0 * log2( ranksPerNode ) *

numNodes - 111.1 * log2( ranksPerNode ) - 174.3 * log2( numNodes ) + 0.006

* log2( ranksPerNode ) * numNodes * ( 64 - numNodes ) - 0.7 * log2(
numNodes ) * log2( ranksPerNode ) - 0.03 * log2( nhumNodes ) * ( 64.0 -
ranksPerNode ) - 0.03 * log2( numNodes ) * ( 64 - numNodes) - 4.5 * log2(
numNodes ) - 2.7 * mpi_CustomDatatypes * ranksPerNode - 16.3 *
mpi_CustomDatatypes * ( 4.0 - minLevel ) - 86.7 *
omp_parallelizeLoopOverDimensions + 2.2 * mpi_CustomDatatypes *
ranksPerNode * log2( numNodes )

Configuration
predicted to be
optimal

inms

Rurftime

30000

000

20

10000
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Identifying Performance-Optimal Configurations
To assess the validity of the model , ist output is compared with the output of  those variants that a mixed-integer non-linear optimizer delivers as best ones. By this measure, the influence model at the lower left has an accuracy of about 80%, and it identifies better variants than the ones in the original sample.



Bytespresso:

A new approach of deep reification for language embedding of domain-specific code.

DSL code embedded in Java is dynamically extracted and compiled into target (native) code.
In ExaStencils: a platform for an ExaSlang-like embedded DSL.

code generation
g.set(0.0); z.set(0.0); r.set(x); p.set(r);

T t double rho = r.norm();
extracted arge compile for (int cgit = 1; cgit <= cgitmax; cgit++) {
i Code g.setToMult(a, p);
DSL code atruntime and run double d = inner(p, q);

double alpha = rho / d;

embedded z.setToAdd(z, alpha, p);

H r.setToAdd(r, -alpha, q);

In Java abStraCt double rho@ = rho;
syntax tree | rho = r.norm();

. iler. double beta = rho / rhoo;
Runnlng + By a DSL COmpJ va p.setToAdd(r, beta, p);
Bytecode run-time values DSL code s in Ja )

( + but runs with a different
— types semantics. It expllmts Size C
‘_;% run-time information. MFlops
Java 25000

20000

Preliminary experiment: 15000

NAS Parallel Benchmark 3.3 CG 10000
with MPI Vector-Matrix DSL on Bytespresso 5000 . l I

0

on the Fujitsu FX-10 supercomputer 128 #of

$ mpifcc —Kfast Processes
M Fortran M Bytespresso
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Japan: An Embedded DSL for Stencil Computing
The external DSL ExaSlang is compared to an internal DSL mimicking the central parts of ExaSlang 4.
This DSL is developed by deep reification in the tool Bytespresso. First results (not yet relating to ExaSlang 4) show  performance comparable with hand-written Fortran code, but the DSL code is more abstract (featuring matrices and vectors rather than bare arrays).


Case Study: Generation of Multigrid Solvers in SPIRAL

SPIRAL.: rule-driven optimizing code generator for digital signal-processing transforms, linear algebra

Simple multigrid solver (cooperation with Franz Franchetti, CMU):
square 2D Poisson, Richardson smoother, Dirichlet boundary

Compared to ExaStencils, SPIRAL’s domain is much narrower
Special single-core optimization, but missing Kronecker optimization (fusion of sum of products)
Algebraic view, comparable to ExaSlang 3 without knowledge of PDEs
m—1 0
MGSolvePDE, . r.m — [I,,2|0,,2] - H MGCycle,, ., , | - { “2]
o o o Inz
MGCycle,, ,, » = CGCp w,r - Richardsony g, r

CoarseErrory o .r
CGCn,w,r — [ e

0,2 | I,2

CoarseErrory, , » — Interpolate,, - Scatter, - Solve,, ., » - Gather, - Residual,

Interpolate,, — Tridiag, (v2/2,v2,v2/2) ® Tridiag,, (vV2/2,V?2,v2/2)

Scattern, — ST,;(H_UN ® ST’E(”_U”
11 .
Solve L= N .
W, [I((n_l)/z)z |0((n_1)/2)2} -MGCycle,_1y/2,w,r" [ 1((((“_11))2);] >

Gather, — G{% V/2*" g G{ny 1)/2xn

Residualy, — [Tridiag,, (1, —2,1) ® I, + I, ® Tridiag,, (1, —2,1) | I,,2]

r—1

Richardsonn,w,r — H
1=0

ResidueLaplace,, ,, — Tridiag,, (w,0.5 — 2w, w) ® In + In ® Tridiag,, (w, 0.5 — 2w, w)

ResidueLaplace,, ,, wl,2
0,2 I

n2
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Case Study SPIRAL:
SPIRAL was the motivator for project ExaStencils
In a two-day effort one SPIRAL and one ExaStencils expert introduced SPIRAL to the domain of Multigrid.
Shown are the algebraic transformation rules that govern SPIRALs optimization of a simple Multigrid solver.
In this case, no extension of SPIRAL was necessary; for more complex solvers, moderate extensions would be.


« Cooperation

= SPIRAL (CMU / Imperial College / Terra-Neo)

= RSDFT (Computational Materials Chemistry, Ruhr-Universitat Bochum)
= Non-Newtonian flows (University of Graz / Mechanical Engineering, University of Santiago, Chile)
= Performance-influence models for Multigrid (Applied Mathematics, University of Zaragoza)

= Stencil variablity for porous media (EXA-DUNE)

« Special Section in Concurrency and Computation: Practice and Experience

= Six papers from Dagstuhl Seminar 15161 on Advanced Stencil-Code Engineering (April 2015)

= Of these, five papers are new collaborations, four of them with participation of ExaStencils

Thanks for your attention!
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Networking:
A special issue on a Dagstuhl Seminar fueled ExaStencils’ grounding in applications with colaborators inside SPPEXA and around the world.
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