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A Heterogeneous Landscape

Multicore

GPU

FPGA
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Accelerator Platform
Computation starts from CPU

HPC Workloads
Seismic Simulations
Offline Portfolio Valuation

Non Real-time Apps

© 2012 IBM Corporation
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Network Appliance Platform

Process data hot off the network

Financial Data Feed
Business Rule Matching
Smart Routers

Data Filtering
Compression
Encryption

) © 2012 IBM Corporation
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Storage Appliance Platform

Push computation near data
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Database Acceleration

Compressed Memory
Data Mining
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Heterogeneous Programming: Current Reality

‘(jta:’f CUDA V‘tla:lillJoLg
OpenCL
Python : SystemC

CPU Compiler
GPU Compiler

© 2012 IBM Corporation




IBM Research

Goal: Make Heterogeneous Platforms Accessible for Mainstream Use

Vision: High-Level Java-Derived Language

IDE, Compller Debugger Cloud SyntheS|s

=5

Lime Toolchain

Platform:
Hardware + Runtime

© 2012 IBM Corporation
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Export Model

Development for customer-owned platform
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The Liquid Metal Programming Language
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Node Backend
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Compiler Philosophy:
» Bytecode backend compiles the full language
» Each device backend compiles a subset of the language
« Compiler gives specific feedback on “exclusions”
© 2012 IBM Corporation
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What is Lime?

Lime = Java + Isolation + Abstract Parallelism

Isolation: ability to move computation
local keyword
Immutable types

Abstract Parallelism: freedom to schedule
Stream programming model (task, =>)

Data parallel constructs (@ map, ! reduce)

12 © 2012 IBM Corporation
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The Lime Development Experience

1. Prototype in standard Java
» Lime is a superset of Java
- Java-like Eclipse IDE (editors, debugger, navigation)

2. Gentle, incremental migration to parallel Lime code
Lime language constructs restrict program to safe parallel structures

* Isolation

* Immutability

« Safe Deterministic Parallelism
* Bounded Space

=0 % Breakpoints| <t B ¥ =0

45 Debug 3¢ T3 Type Hierarchy|

Target
() Native Binary 0 GPU ©pency) 4 FrGA (HDL)
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Example Program: N-body simulation

aaaaaaaaaa n

1. Compute forces using particle states
2. Update particles based on forces

3. Periodic checkpoint to disk or display

1.02932e-04 | © <> @[ 00 J B 1000 |7

Particle | Force | )( Force
Generatorj positions Computatiory forces @ccumulator
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4.||

Task and Connect

Particle \ Force
Generator ) positions forces |Accumulator

class NBody {
static void simulate() {
float[][4] particles = ...; // initial state

Task nbody = task NBody(particles).particleGenerator
=> task forceComputation

=> task NBody(particles).forceAccumulator;
nbody.finish();

float[][4] particles;

NBody(float[][4] particles) { this.particles = particles; }

static local float[[][3]] forceComputation(float[[][4]] particles) {..}
float[[][4]] particleGenerator() {..}

void forceAccumulator(float[[]1[3]1) {..}

© 2012 IBM Corporation
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Relocation Brackets

~

Particle
Generator ) positions

Force
forces Accumulator

class NBody {
static void simulate() {
float[][4] particles = ...; // initial state

Task nbody = task NBody(particles).particleGenerator
=> ([ task forceComputation ])

=> task NBody(particles).forceAccumulator;
nbody.finish();

float[][4] particles;

NBody(float[][4] particles) { this.particles = particles; }

static local float[[][3]] forceComputation(float[[][4]] particles) {..}
float[[][4]] particleGenerator() {..}

void forceAccumulator(float[[]1[3]1) {..}

© 2012 IBM Corporation
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// compute the force on each particle
static local float[[][3]] forceComputation(float[[][4]] particles) {

}

return @

force(particles, #particles); // map operator @

// compute the force on particle p
static local float[[3]] force(float[[4]] p, float[[][4]] P) {

}

float £fx

=0, fy = 0, fz = 0;

for (float[[4]] Pj : P) {

float
float
float
float
fx +=
fy +=
fz +=

}

dx = Pj[0] - p[0];

dy = Pj[1l] - p[1l];

dz = ...;

F = ...; // scalar code, compute force between p and Pj
dx + F;

dy + F;

dz + F;

return new float[[]] { fx, fy, fz };

4.||

Language constructs guarantee safe, deterministic, parallel execution semantics

Deeply immutable types (e.g. float[[]])
Isolation (e.g. local)
Data parallel function application (map, @)

© 2012 IBM Corporation
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Data Parallelism via map (@)

float[] a = ...;

float[] b = ...;
float[] ¢ = a @+ b; // map operator + over 2 arrays

2 12
w0 0
s s o

static local float add(float x, float y) { return x + y; }
float[] ¢ = @add(a, b); // map function add() over 2 arrays
float[] 4 = @add(a, #1); // map function add() over 1 array, 1 scalar

© 2012 IBM Corporation



What didn’t you write? (GPU)

G cCalc @ java [2) limebada_calculator_ [ limebada_calculator_ 83 73
e
}
/*
* Class: limebada_calculator_0CLAccCalculator
* Method: computeAccOCL
* Signature: (ID[D[D)J
=

JINIEXPORT jlong JINICALL Java_limebada_calculator_OCLAccCalculator
(INIEnv *env, jobject obj, jint devicelndex, jdouble softenLeng

struct timeval start, end;
initializeFIDs(Cenv, obj);

// Setup various buffers if this is the first time we enter her
// Note that we are using our own copy via Java-hosted field.

int numParticles = env->GetArraylLength(partData) / 4;
cl_float4 * positions = (cl_float4 *) env->GetlLongFie Y PC
float* accs = (float *) env->GetlLongField(obj, accMe
Compute_t *compute = (Compute_t*) env- >GetLongF1e 5 oclInf

if (positions == NULL) {
// It needs to be big enough to contain es as we unpack.
int positionSpace = 4 * numParticle F(double),
int accSpace = 3 * numParticles * 51 double); // enough
positions = (cl_float4 *) mall onSpace);
accs = (float *) malloc(accSpuz&
compute = setupCompute(numPa , devicelndex);
env->SetLongField(obj, posMem , (long) positions);

env->SetlLongField(obj, a mFID, (long) accs);
env->SetLongField(objG foFID, (long) compute);

} ‘:.
0\

gettimeofday, \ NULL);

// Copy d and then squeeze it down to float

env—>GetD% rayRegion(partData, @, 4 * numParticles, (doubl

for (int i=0% i<4*numParticles; i++) {

((cl_float*)positions)[i] = (cl_float) ((double *)positions]

}
gettimeofday(&end, NULL);

marhsalTime += ((end.tv_sec * 1000000 + end.tv_usec) - (star@"

float softenlLenSquared = softenLength * softenlLength;
calcAcc(compute, numParticles, positions, accs, softenlLenSquare

cl_ulong startTime;
cl_ulong endTime;

int retCode = clGetEventProfilingInfo(kernelComputationEvent, (
checkError(retCode, "clGetEventProfilingInfo");
retCode = clGetEventProfilingInfo(kernelComputationEvent, CL_PF
checkError(retCode, "clGetEventProfilingInfo");

kernelTime += endTime - startTime;

retCode = clGetEventProfilingInfo(firstTransferEvent, CL_PROFIL
checkError(retCode, "clGetEventProfilingInfo");

retCode = clGetEventProfilingInfo(lastTransferEvent, CL_PROFIL]
checkError(retCode, "clGetEventProfilingInfo");

totalOclTime += endTime - startTime;

calledNUm++;

GalileoSingleAccCalc |d] Eulerintegrator.java |=) limebada_calculator_ B
// Performance notes:

// (1) rsqrt seems just as fast as native_sqrt
// (2) Using float4 throughout will cause extra
static const char *Source =

"float4 calcAccHelp(float softlenSq, float4 acc,

s

GalileoSingleAccCalc &3 @ Eulerintegrator.java

|=| limebada_calculator_ || limebada_calculator_ &3 3 =g

static Compute_t* setupCompute(int N, int devicelndex) {

Compute_t* compute = (Compute_t*) malloc(sizeof(Compute_t));

// Setup device, compile kernel, and create communication buffers
compute->info = setupGPU(@, deviceIndex, Source, "calcAccKernel");
compute->input = makeBuffer(compute->info, CL_MEM_READ_ONLY, sizeof(cl_fl

// '3 flops ; compute->output = makeBuffer(compute->info, CL_MEM_WRITE_ONLY, sizeof(cl_
! float dx = pj.x - pi.x; return compute;
" float dy = pj.y - pi.y; }
" float dz = pj.z - pi.z;
" // 10 flops é‘: : * i f *
" Flogt d2 = dx*dx + dy*dy + dz*dz + softl 0 void calcAcc(Compute_t *comp, int N, cl_float4 *pos, cl_flogt @cs,
" ﬂg:: }:d_= rsz:tgga;ld o // We can't let softenlen be zero or else we can't let a b -inter
" 7/ 6 flo;spjl ’ ‘\‘ // This is not softening in the sense of preventing clo encounter
o e e & O d 0 if (softenLenSquared == )
" acc.y += f * dy; ‘O softenLenSquared = le-24f; // will compute 1@ er of this
" acc.z += f * dz;

return acc; *z
" ‘-"
"__kernel void cal 1

" __global flgat sitions,
" __global f &1* accs,
" __local f localPos,

" float tlenSq) {

\0@ - get_global_id(0);

get_local_id(0);
1nt gs = get_global_size(0);
int ls = get_local_size(Q);
int blks = gs / ls;
" float4 pi = positions[gi];
" float4 acc = {0,0,0,0};
int baselndex = 0;
" for (int b=0; b<blks; b++) {
" localPos[ti] = positions[baseIndex+ti];
" barrier(CLK_LOCAL_MEM_FENCE);
for (int j=0; j<ls; j++) {
" float4 pj = localPos[j];
acc = calcAccHelp(softlLenSq, acc, pi,

pJ

baseIndex += ls;
" barrier(CLK_LOCAL_MEM_FENCE);
"oy

accs[gi] = acc;

int err;
cl_command_queue queue =
cl_mem input = comp->input;
cl_mem output = comp->output;
cl_kernel kernel = comp->in

S
comp->info- >queé‘

1;

err = clEnqueueWriteBuff%queue, input, CL_TRUE, @, sizeof(cl_float4) *
checkError(err, "clEm@e riteBuffer");

err = g(kernel, 0, sizeof(cl_mem), &input);
err |= Arg(kernel, 1, sizeof(cl_mem), &output);
err |= rnelArg(kernel, 2, comp->info->maxWorkGroupSize * sizeof(c

err@{®cl5etKernelArg(kernel, 3, sizeof(float), &softenlLenSquared);
c or(err, "clSetKernelArg");

// one-dimensional

size_t global =

size_t local = 1;

err = clEnqueueNDRangeKernel(queue, kernel, 1, NULL, &global, NULL, @, N
checkError(err, "clEnqueueNDRangeKernel");

err = clEnqueueReadBuffer(queue, output, CL_TRUE, @, sizeof(cl_float4) *
checkError(err, "clEnqueueReadBuffer");

err = clFinish(queue);
checkError(err, "clFinish");
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What didn’t you write? (FPGA)

User Logic Platform runtime and communication

3000 lines of platform independent HDL
500 lines of platform dependent HDL
3 months of development time

?7?? months of debugging time

© 2012 IBM Corporatigp
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Lime Developer Tools
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Compiling the Code (FPGA)

;-
Name:  Holal (mI505uart - MAC DEMO)

M(m Arguments | ) JRE] % Classpath | @ Accelerations | E/ Source | g Environment | Common\l
Project:
lime-tests YoYe ot = e [ arowse... )
Main class: HW Target:
hola.Holal [ Ix9uart a warch...
() Include system libraries whe
() Include inherited mains whe Builder Machine:
[ Stop in main charity.watson.ibm.com:1100
When 'Run’ is pressed: :
Build and save accelerations fi ERILE rer artifacts
REMOTE:
local:
Name:  Holal (ml505uart - MAC [ }
'® Main ['00= Arquments |'|\ JRE rmi:
Sources to include: [ l
P} lime-tests
® e SYNTH:
synth:
[ SYSTEM B w
synthfe:
[ FPGA_VENDOR ) }
Target accelerations: clock:
— [ ignoreTimingError 54
() Native Binary U UrVpEIY Uy v @ rrun 1A Details )

Multiple 3" party tools with long workflow

Create an ISE® or Quartus® project
Write HDL and testbench

Simulate design
Repeat 2 & 3 until functionality is achieved
Implement your top module

Follow advanced design guides

Modify the design as necessary, simulate,
synthesize, and implement until design
requirements are met.

Run timing simulations, verify timing closures

Program your Xilinx® or Altera® device

© 2012 IBM Corporatigrp
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Debugging

o L Y

‘Debug with JVM

DR —

VS.

Low-level
Waveforms

%5 Debug 22 Tg Type Hierarchy = B 9= variables 3 ©g Breakpoints = i
O ] DD @ _=‘ S ¥ || Name Value
@ Holal [Lime Application] - ®a o |
&2 hola.Holal at localhost:52799
3@ Thread [main] (Running)
3 Thread [Holal.foobar-1) (Suspended (breakpoint at line 70 in Holal
= Holal.foobar(int) line: 70
= LimeS$Task$Thola$1Holal_foobar_|_IT.doWork(intWrapper) line: r}
= LimeS$STask$Thola$1Holal_foobar_|_IT.doWork(Value) line: 1
= FilteriImpl.doWork{Value) line: 260
= Filterimpl.dolt() line: 225
= SynchronousRunner.runimpl() line: 186 ——— B) < »
= SynchronousRunner.access$0(SynchronousRunner) line: 158 - 0
= SynchronousRunner$ 1.run() line: 72 ) 4
————mmmmmm—————— < »
(3) Holal.lime &3 |J] ServerlOCTL.java |J] RemotelOCTLFactory.j |J] NallaBoardProvider.j |J] UARTBoardProvider.ja 34 =0
68
69 public static local int foobar(int a) {
»70 return 2*a;
71 } 0
72 -
IIII|I|II|II|IIIIII'IIIIIIIII'|||||I|II|IIII|IIII{
"Name v 6446ns  6448ns  6450ns  B452ns  6454ns  B456ns 6458ns B460ns  B462ns
clk_11 [ [ L -
inData_15 [12 7:0] h0000000000000000000000.. h00000000000000000000000000000002
inReady_13 f
outReq_l17
reset_12
a_20(31:0] h00000001 h00000002
inReq_l4 l l

h00000002
hxocooooocccococococococoad0000002

multTmp_21(31:0)
outData_18[127:0]

h00000004
hxocococoocccccococococoadd 0000004

1

pc_19[2:6]-
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Running the Code

Name: Holal (mI505uart - MAC DE

® Main 9= Arguments | =i JRE [

baud: word:
Sources to include: 115200
= »i@ lime-tests
parity: stop:
o— | r—

™ noprogram () debug

UART:

VS IMPACT - F-\default.ipf - [Boundary Scan]
.

S21SlaveSerial
SSSelectMAP
SZDesktop C...
[=] SystemaCE
—[E]PROM File ... xero2s

— tile ? -—

xc3s400
- file 7 -

iMPACT - Prepare PROM Files

Yet i
Another 7z i
Tool

INFO: iMPACT: SO1

t2 : Manufactua
INFO: iMPACT: 1777
Reading F:/Xilin
INFO: iMPACT: SO1

done .

Chain TCK freg =
Validating chain
Boundary-—scan ch
PROGRESS_END — E
Elapsed time =
s/ =®® BATCH CHMD

—| £ oot o P } |-, .
U ZUTZ ibivi worporaticgn
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Limeforge (Synthesis in the Cloud)

E’-

200 MHz
XUPV5
PCle
Generated HDL

Lime Builder Service - Mozilla Firefox: IBM Edition (@D
/_ JR—— PR —
@' l/C'\" (x)(#&) ( |} [ http://lyric.watson.ibm.com:8080/ {77\ (9 Google Q\
Most Visited ~ Getting Started Latest Headlines  Google News Meeting Agenda - Li... IBM~ Logic Pro 9, Logic Ex...
.l 0 Lime Builder Service l - l l",

Job ID Job Name Start Submitter Task ID Board Target Action  Status Phase Job Time Progress Result
1004 | Hola5.makeTask5 | 07/12 11:04 | pery@dyn9002034247 | 3777144747 | nallapcie280 | 225.0 Mhz | (kL) | Ongoing | Map 7.0 min 25% | null
1003 | Hola4.makeTask4 | 07/12 10:59 | pery@dyn9002034247 | 1097401331 | nallapcie280 | 150.0 Mhz | (ki) | Ongoing | Par 12.7min | 60% | nul
1002 | Hola1.makeTask1 | 07/12 10:59 | pery@dyn9002034247 | 1057238476 | nallapcie280 | 200.0 Mhz | (kL) | Ongoing | Par 12.7min | 60% | null
1001 | Hola1.makeTask1 | 07/11 17:49 | pery@dyn9002034247 | 1057238476 | nallapcie280 | 200.0 Mhz Completed | unknown | 4.7 min | 100% | Error

© 2012 IBM Corporati@s




IBM Research

Lime Implementation
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Lime Virtual Machine

-

bytecode

Artifact Store

Lime Virtual Machine (LVM)

- J

IE o] s 75 e
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GPU Backend Structure

28

public class NBody {

Lime code|

@article GerD Force Computation Force ACCID
}
}

N\

JVM

Host
(glue)

JNI interface )

CAppIication§

JavaByteCode

|

Device
(Multicore,GPU)

(OpenCL API ¢

Kernel
a||_':)C )

C

OpenCL
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How do we evaluate performance?

« Speedup for Naive Users
How much faster than Java?

« Slowdown for Expert Users
How much slower than hand-tuned low-level code?

Current status (bottom line)

No magical super-compiler
« Some benchmarks Lime performs as well as hand-coded alternative
« Some, not.
« Communication/computation ratio dominates

Ongoing research into better implementation technology
« Big performance improvements in reach
« Good enough for prime time? We’'re optimistic.
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Speedup vs. Java [pLbi12]

c 8- -
S 0 Nvidia GPU (GTX580) s g X
® 00 AMD GPU (HD5970) < s
g 8- x
o < N x
8 3 &
= ™
s 8 x
> & = Q
5 g &
e 3
2 g - 2 X
g 2
3] >
S § N § x v 3
k5 < - 3 5 x X %
P ) ™ N N
8 o [ 1T1 = Batta
N-Body (Single) Mosaic Parboil-MRIQ JG-Crypt JG-Series (Double)
N-Body (Double) Parboil-CP Parboil-RPES JG-Series (Single)

end-to-end performance (all overhead included)
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Speedup vs. Hand-Tuned OpenCL [pLDI12] (GTX 580)

o "0 —_ B Gilobal B Local @ Texture
()] - O Global+Vector E Local+Conflicts removed B Constant
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<
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N-Body Parboil-CP Parboil-RPES
Mosaic Parboil-MRIQ

end-to-end performance (all overhead included)
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Lime FPGA Results

« Combinatorial circuits: match hand-coded
- pipelining

« Complex circuits: goal is 2-4x worse, now 2 10x
- 1/0O pipelining and classic compiler optimizations

* Increasing synthesizable language feature set
- First of its kind FPGA garbage collector

32 © 2012 IBM Corporation
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Liquid Metal Summary

v High-level, concise abstractions for parallelism

v' Gentle, incremental migration from Java

v Rich Eclipse-based tool support

v General solution for programming heterogeneous systems

A No magic
 parallel algorithm design is not easier
* one version of a program may not run well on all devices
 vanilla Java programs will not run on accelerator

KX]

© 2012 IBM Corporation
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Backup
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Export Model

Development for customer-owned platform
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