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Outline
e FPGAs are capable for HPC?
Yes, then how to scale them?
e FPGA-based Stream Processor
FPGA-based
stream processor
e FPGA-based Real-time Data Compressor
e Summary
FPGA-based
data-compressor
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General-purpose u-processors
Increased cores, but X
low growing rate of off-chip I/O bandwidth | |

v Gap between the memory bandwidth and
the peak arithmetic performance
v Only a fraction of the peak performance

off-chip I/O BW

Samuel Williams, Andrew Waterman and David Patterson, “Roofline: An Insightful Visual Performance Model for Multicore Architectures,” Comm. of ACM, Vol.52, No.64, 65-76, 2009. HEART

3 International Workshop HEART2010 1 June 20710 2010

GFlops vs. Operational Intensity

Roofline Model : Samuel Williams, Andrew Waterman and David Patterson, “Roofline: An Insightful Visual
Performance Model for Multicore Architectures,” Comm. of ACM, Vol.52, No.64, 65-76, 2009.
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Core || Core || Core

Increased cores, but cee
low growing rate of off-chip /O bandwidth | |

General-purpose u-processors

v Gap between the memory bandwidth and
off-chip I/O BW

the peak arithmetic performance

v Only a fraction of the peak performance

Their massively-parallel systems

v Communication overhead If we give_resource-balanced
o N HW adaptively to each
v' Limited scalability application, happy? YES!
v’ Very inefficient computation But how?
... a few % of the peak GFlops Custom Computing Machine!
of an entire large-scale system K /
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Platform for Custom Computing Machines

S
CPU | high flexibility
g 1 Reconfigurable
o |l [ 1 e _ Computing
> Memory
2 (software)
Py
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o |
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2
?;3 ASIC/
Q@ Custom VLSI
- high performance
speed / power
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Core i7 processor Stratix IV FPGA
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FPGA (Field-Programmable Gate Array)

Die photo of Core i7 processor Die photo of Stratix IV FPGA
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el
8 FPGA (Field-Programmable Gate Array)
TOHOKU
Microprocessor (each core)
Inlst | il
- Reg.
fetch fﬁg ==
dec. F
t t !
\ Cache |
External Memory .
Components for program execution: Components to make logics:
v’ register files v logic blocks (LBs)
v" ALUs (data-paths) v" DSP blocks (integer comput.)
v' control logic v block RAMs
v' cache memory v wires & switch-blocks (SBs)
HEART

10 International Workshop HEART2010 1 June 20710 2010




[

i
Y
=
L
s
AL

MAX-1 DN7000K10PCI
http://www.maxeler.com/content/ http://www.dinigroup.com/DN7000k10pci.php
XILINX Virtex 4 XCAVEXG0/100 jrac LPoR2 | [ DDR2 | [ DDR2 |
Gigabit SFP ) 16 DDR2 S
transceiver [ strea#spizgzzls?rr:gdcircuit 1 3omx6 USsB config Stratixll‘_’Stratixll‘_’StratixIIHA
CF «FPGA . £ &
Gigabit SFP up to 16 inputs up to 16 outputs} | 14 DDR2 i * t * t * 1
wransceiver [ [ fisszoreanis k. ppg v v v
IS io I PCI Ext. cnct Ext. cnct
il F
PCI Express x8 PCl-bus
PCI-Express I/F on FPGA Separate PCI I/F chip
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8 FPGA Co-Processors (XtremeData, Inc.)
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FPGA module for CPU sockets
Wide bandwidth for main memory
(via FSB / Hyper Transport Link)

XD2000F

Altera Stratixl|
FPGAs for AMD
Opteron Socket

XD2000i

L Altera Stratixlll
¥ FPGAs for ‘
3 |ntel Socket http://www.xtremedatainc.com/
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FPGA Clusters

SGI Altix RASC RC100
2 Xilinx Virtex-4 LX200
Dual NUMAIink ports

110 :
Visualization \ .

Altix System Architecture

Rocket 10

Maxwell (The University of Edinburgh) AR LR LR LR LR L LA
64 Xilinx Virtex-4 LX100 [imiaiaiasaiasad
with 32 Intel Xeon processors ARERY Ny Sy e

- PCI-X for Host to FPGAs
- 2D torus network of Rocket I/O

Network

Standard Network Protocol
Switch

BEE2 (Berkley Emulation Engine)
5 Xilinx Virtex-1l pro 70 per module
- CAD tool acceleration
- image/signal processing
- scientific computing
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Application Domains Suitable for FPGAs

Capable for massively parallel floating-point computation,
while suffering from overhead of frequency and area...

Year
N
= RBM 2009;32-FP  MD 2009, 32-FP  Opt. Pricing 2009
& 200MHz, X 25 200MHz, x 80  32-FP;106MHz, x12

2000

Stencil 2008, 32-FP
2 x 106MHz, x 29

Seq. Align. 2007 LBM 2007, 31-FP Bio Chem. Sim. 2007
18bit, 37MHz, x298 100MHz, x 3 32-FP, 90MHz, x 84
Traffic Sim. 2005 Radiosity 2005 Code Vec. Gen. 2005 FDTD 2005, 32-FP  SpMV 2005, 64-FP
64bit, 180MHz, x34 1.15Fix, 176MHz, x160  24.4Fix, 33MHz, x400 50MHz, x 4 200MHz, x 33
Bio Cell Sim 2004 Seismic 2004
Cel. Automata 2001 3201, 50MHz, x27
bits, 36MHz, x250
DES 2000, bits
168MHz, x750
)
Bit-level operation Integer / fixed-point Floating-point
computation computation
HEART
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FPGA'’s Potential for HPC

State-Of-the-al't FPGAS — 3500 DSP Stvaﬂxsuvu(;s?
v Reconfigurable commodity device § 000
v’ Larger & faster g
7] 2000
v’ Lower initial-cost than VLSlIs g S
B 550MHz Sna‘;)S/M(if)
v" High potential for custom computing 2 suacnse / wsgmnn®
R . . R g Stratix Il s .swanxm(su
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g 1.0x10% G’;g:ﬂ‘:} o Cyclone il Cy(sc‘ljo"r’w;)lv g sorzo ).suaux\v
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3 E 10240 swaix S Cyclone v
Lox0t 2000 2002 2004 2006 2008 2010 0 2000 2002 2004 2006 2008
Year Year HEART
s International Workshop HEART2010 1 June 2010 2010
How to Build Scalable Machines?
e Remove a bottleneck in scaling a system
What causes the bottleneck? -- Bandwidth!
v" Not only arithmetic performance,
but also bandwidth must be considered for scalable custom machines.
We have to explore custom structures/architectures for
individual applications to build scalable and extensible
machines with multiple devices.
HEART
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Our Approaches toward Custom HPC

FPGA-based machines with tailored structures
for scalable high-performance custom computation

Systolic-array processor Stream processor with
for finite difference method Kextensible custom pipelinesj

Real-time numerical data
compressor for improving
memory bandwidth

HEART
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Stream Processor with
Extensible Custom Pipelines
for HPC Kernels
- FPGA o - FPGA o
W O N
= "1 2 2 D @
L ~ FPGA ~ FPGA
_54_--<—%<1— §<— +%<
FP;A-based Pi_pelined greaming A:ay
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Problem of Many-Core Processors

Ext. memory

PRkl il At <
’ S
’ \

Cache memory

3

$

Many cores require many data.
but
Insufficient memory bandwidth

!

Cores are not fully utilized,

resulting in low scalability.
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Ext. memory

Comp. Unit

L 2

RAM

Comp. Unit

RAM

Comp. Unit

Comp. Unit

RAM

Comp. Unit

RAM

4

Comp. Unit

Custom Machine with Stream Computing

Computing unit requires only

the outputs of the previous unit
l
All units can operate with
the constant bandwidth.

More units, higher performance.

What kind of kernels
can be streamed?
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8 Time-Marching Stencil Computation

TOHOKU

for (n=0; n< N, ; N++) <—— Time marching

for (j=0; j< Jpax s J+F)

. . . Grid
for (i=0; i< I .., ; i++
( me ) traverse
Vi G VIR )
Stencil computation
2D Time-marching Stencil Computation Computational grid

Stencil Computation

v Update all the grid-points with local stencil computation
v Repeat them for time-marching

(Examples: Cellular Automata, Jacobi computation, LGM, LBM)
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09 I-1
0000000000
0000000000
. 000000000
S T
SENen 0800000000000
..I.I...l‘-ll-'l... LT T T
R e L LT T IAN L T
-\ cyclic buffer ...L A Vi . 2 e e .. e
&\ (size=2l) .8 data input_ .....,.,.....,.,.,...
[ 1]
J-1
time-step n time-step n+1
Cyclic buffer
Tomoyoshi Kobori and Tsutomu Maruyama, “A High Speed Computation System for 3D FCHC
Lattice Gas Model with FPGA,” Proceedings of FPL2003, 755-765, 2003. HEART
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time-step n time-step n+1 time-step n+2
Tomoyoshi Kobori and Tsutomu Maruyama, “A High Speed Computation System for 3D FCHC
Lattice Gas Model with FPGA,” Proceedings of FPL2003, 755-765, 2003. HEART
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(size=2I) .8 data input_J, ...........

L] LT
...I................... Ll LI

time-step n time-step n+1 time-step n+2

o— cyclic buffer

Pipelined execution of streamed multiple time-steps

Required bandwidth is constant!

Tomoyoshi Kobori and Tsutomu Maruyama, “A High Speed Computation System for 3D FCHC
Lattice Gas Model with FPGA,” Proceedings of FPL2003, 755-765, 2003. HEART
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Stream Processor w/ Extensible Stages

time-step n time-step n+1 time-step n+2

|

=) 0 ® ®

v
Buffer
Stage 1
Buffer
Stage 2
Buffer
Stage 3

Memory

A

Multiple-stage execution per memory-read.
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Roofline Model of
Extensible Stream Processor

1. Increase the peak performance with a constant memory BW
2. Increase the operational intensity of problems
performance .
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Single-Stage Stream Processor
for Lattice Boltzmann Method (LBM)

faaa foer fiso
! ! !
T T 1
in1 in2 in3
Macro unit
p. pu, pv, | p(u+v) and p(u-v)
Delay = =
unit | Valuerhol?mg unit ; |

Equilibrium || Equilibrium || Equilibrium

unit 1 unit 2 unit 3
f fada fogy fish
T T
T T 1
Collision Collision Collision
unit 1 unit 2 unit 3
oy gt vy

I I I
Translation || Translation [[ Translation
unit 1 unit 2 unit 3

FPGA board i 0 5
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f—t+ At Init. Relaxation
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Macroscopic calc. equilibrium
| state
Equilibrium calc. | >~
I
Collision ) Diff
Translation | —_ Particles Eg
[
Boundary
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Mapping to Stream Processor

Init.
t=t+At N
- N\
Macroscopic calc. ROt CEr LITE
I
Equilibrium calc. Parallel & l fi
I > regular
. streaming b . .
Collision HW (FPgA)y Streaming Engine
l - Macro calc
Transllatlon ) Equilibrium calc
Boundar } Software Collision
y (CPV) for all the points
N @
Y

Streaming by FPGA

Kentaro Sano, et al., "FPGA-based Streaming Computation for Lattice Boltzmann Method,"
Procs of the International Conference on Field-Programmable Technology, pp.233-236, 2007.
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e Value-holding unit |
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Equilibrium | [Equilibrium || Equilibrium
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f foas oo fi50
[ | |
1 | ]
Collision || Collision || Collision
unitl unit2 unit3
fan fony fiso "
| | |
Translation || Translation || Translation
unitl unit2 unit3 /
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Lo e e
Input/output 9 values
of fi for 3 cycles Y
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Implementation of Single Stage

_— f2,4,3 fG‘BJ f1‘5,0
e X I { } }
| in1 in2 in3 |
&l Macro unit
= p, puU, pv, | p(u+v) and p(u-v)
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ey = | Value-holding unit |
unit T T T
] /|
Equilibrium || Equilibrium [| Equilibrium
=+ unit 1 unit 2 unit 3
— "
2 = f foas foar fi5o
= I T T
= T—1 1 1
Collision Collision Collision
} unit 1 unit 2 unit 3
fus fost fiso
T T T
aps . Translation || Translation || Translation
Xilinx Virtex4 FPGA (2005) unit 1 unit 2 unit 3
outl out2 out3
£ i 1

Single stage of streaming LBM
pipeline operating at 100MHz

Floating-point operations
(single precision custom 31bit FP)
adder 27 multiplier 17

Real-time 2D LBM computation by FPGA divider 1
RT
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%A Computed Results (Circle, RE=300)
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Computed Results (Wing, RE=300)

Lt am

T=4000 T=50000
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Speedup by Single Stage

3x10’ ——=

FPGA@100MHz _-

2.5x107 | \

-FPGA
-o-{Opteron
->{Pentium4 x2.9

2x107

n stages
x3.5 = X 3n

™
N\, d
)(_——+:'~—\—>(‘,7/_x—‘)<—')<——9<——x
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1.5x10’
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1x10’

Speeds (points/sec)

5x108 F Pentium4@3.4GHz

0x10° : ' : : : :
3x10°  1x10* 3x10* 1x10° 3x10° 1x10° 3x10°
Bandwidth of PCI-Express limits the performance.
1.8GB/s : 40% stall of 1:00MHz pipeline,
and higher frequency > 100MHz available.
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Real-time data compressor

128
peak FP performance
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/ +ILP

2
3 16 +balanced mul/add
T 8 ,
S
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2
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1/16 1/8 1/4 1/2 1 2 4 8 16
Operational Intensity (Flops/Byte)
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Real-time Data Compressor
to Improve Memory Bandwidth
for Streamed CFD Kernels
0100111011001
0011110100110...
FPGA-based data compressor
HEART
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Bandwidth enhancement for Sl —
memory
stream computing by data compression ]
v Lossless compression of Decompressor
floating-point (FP) data streams 7 *

v Only high-throughput required

(Stream comp. is tolerant to latency.) Streaming HW

(FPGA)
FPGA-based compression hardware SO EsRET
v High-throughput by hardware processing |
v" Compact circuit that can be attached .
, Stream Computing
to memory-I/F unit
HEART
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Compression with Polynomial Prediction

original
data-stream
fi, fi-1, fi2, ..
| i1
. » Convert to Encode
> integer
p 4
\
—1S,k
Polynomial Computing
icti diff
Prediction ifference ———

encoded
data-stream

Overview of compression algorithm

More accurate prediction gives integer-difference closer
to zero, which can be recorded with fewer bits.

HEART
2010
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1D Polynomial Predictors

[Ibarria2003]
Underlying func. can be locally
modeled with polynomial ones.

f(x)=a,+aXx++a X"

X <~_~

[ 1D polynomial predictors

Sequence of FP values pp=c f +c,fi,++c_ f_,

Coefficients by Lagrange polynomial

v 0t order (n=1) p,=", Constant
v 1t order (n=2) p,=2f ,—f, Linear
v' 2nd order (n=3) p,=3f_,—-3f ,+f, Quadratic
v 31 order (n=4) p,=4f_,—6f _,+4f ,—f, Cubic

HEART
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32 bits or 64 bits

A

sign exponent significand

Original F |1/00101100({00101101

Predicton P {1/00101100|00101011

IF-P|= 000000000 00000010, O

——

leading-zero count residual bits  sign
LZC = 13 (5hits) r='10" (F-P>0)
s=0

32 bits > 8bits (LZC:5bits, residual:2bits, sign:1bit)
Compression ratio = 4

HEART
40 International Workshop HEART2010 1 June 20710 2010




LY Compression Ratios for 2D LBM Case

TOHOD\U

—_— o —

Compression ratio

1 1 N N
0 10000 20000 30000 40000 50000 60000
Time-Steps
We estimate x4 wider bandwidth on average.
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g Design of High-Throughput Compressor

TOHOD\U

f from sequential inputs

i : | |shift
integer converter L@.@.@.@ shift

\stagel  stage2  stage3 e Cf I

f \ Const } Const Const [Const. W

ICONV F L] || ex Multlplle Multlpller Multlpller Multiplier

Subtractor Subtractor
Predictor [ | [ L_/ LZCU | zc

/ =
= = Subtractor| Cubic Predictor
(fixed-point ops.)

d|ff CaIC. Unit prediction output 1Pi

3-stage compressor Buffer & Cubic predictor

v" No feedback loop v" Fixed-point calculation

v" High-throughput by pipelining

Developing a parallel compressor/decompressor

HEART
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Summary

e Efficient acceleration of HPC kernels
v" requires balanced comp. & bandwidth.
v" FPGA-based custom computing provides.
v How to design such custom machines?
-> architecture & algorithm mapping

e Stream processor
with extensible stages

v" Higher scalability with slow memory
v' 2D LBM example

e Data compression for wider BW
v" Prediction-based compression
v' 4 x Compression = 4 times faster memory!

e Custom computing can change

the roofline to balance comp. and BW!
HEART
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Future Directions of HPCC

e Performanceissues
v" Further exploration required on
Algorithm, Architecture and Circuit levels.
v" New possibilities to implement custom machines

» Coarser—grained reconfigurable devices?
» Structured ASICs? — ALTERA Hardcopy
» Custom VLSIs by EPL (electron projection lithography)?

e Productivity issues

v Design -- Programming/Design tools

» Programming language is important for HPC.
(OpenMP? CUDA? OpenCL? Chapel?)
v" Utilization -- Standards for programming, OS, HW

e A lot of things to do!

HEART
aq International Workshop HEART2010 1 June 20710 2010




