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Outline

¢ Architectures and Systems

¢ Tools and Programming
& Applications
4 Performance

¢ Wrap-up
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Reconfigurable Supercomputing (RSC)

< Efficient high performance computing using
parallel and distributed systems of both
reconfigurable hardware resources and
conventional microprocessors

& This tutorial establishes the current status, the
direction taken, and the potential for RSC

ICFPT07 12/11/07




Top 500 Supercomputers

Rank Site Computer | Processors | Year Rinax Roeak
eServer Blue
1 nted Senes | conesowion [ 212082 | 2007 | 478200 | 596378
Forschungszentrum Blue Gene/P
2 Juelich (FZJ) Solution 65536 2007 | 167300 | 222822
Germany IBM
SGI/Ne\{v Mexicc_) . SGI Altix ICE
3| comy e yatens [ o0 rane ! | 14336 2007 | 126900 | 172032
United States SGI
. Cluster Platform
4 |sons Xeon 53xx 3GHz, 14240 2007 | 117900 | 170880
India Infiniband
HP
Cluster Platform
3000 BL460c,
5 posoriiadia SR I Ul 13728 2007 | 102800 | 146430
Infiniband
HP
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Reconfigurable Computers
The microchip that rewires itself
SCIENTIFIC rciaLaron & Scientific American — June 1997
AMERICAN oo — Computers that modify their
o ' hardware circuits as they operate
; are opening a new era in
“‘:* computer design.
~ vy
; : : : - Reconfigurable computers
] 2 = architecture is based on FPGAs
: : : (Field Programmable Gate
29 c= Arrays)
k- L L8
2 ce
| > L X A
F J L X3
> el
Source: [Sci97]
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Execution Model for HPRCs

uP

*Transfer of Control
*Input Data RP

F’C—’—

e
«Output Data ( Piplines, Systolic Arrays, SIMD, ...

*Transfer of Control “—

& Fine grain computations with the RP, others with the MP
¢ Interaction between RP and MP can be blocking or asynhronous

& This scenario is replicated across the whole system and standard

HPC parallel programming paradigms used for interactions
ICFPTO07 12/11/07 7

Synergism between pP and RPs

Software—Control Flow Hardware—Data Flow
(von Neumann)

Temporal - reuse of Spatial — Unfolding
fixed hardware parallel operations with

changeable hardware

Coarse-Grain Fine-Grain
Very Fast Relatively Slow
Saturating Rate Increasing Speed

Relatively Easy

(S.W./Parallel Harder
Programming)

COTS, multipurpose COTS, multipurpose

T2/ 11707 8




A
Virtex-5
550 MHz
24M gates*
Virtex-1l Pro Virtex-4
@ 450MHz @ 500 MHz
= 8M gates* 16M gates™
2 Virtex-11
E-' @ 450 MHz Spartan-3
s 8M gates @ 326 MHz
o Virtex-E 5M gates
ot @ 240 MHz
= 4M gates
5 Virtex
- XC4000 .200 MHz Spartan-11
= @ 100 MHz IMgates o 200 MHz
= 250K gates 200K gates
% Spartan
¢ 80MHz
XC3000 XC5200 ™ 40K gates
@ 85MHz @ 50 MHz
7.5K gates 23K gates
XC2000
@ 50 MHz
1K gates
" N N 2 ) ) L " N L
L] L] L) T L) Ll L] Ll Ll Ll Ll »
1985 1987 1991 1995 1998 1999 2000 2002 2003 2004 2006
Year Source: http://class.ece.iastate.edu/cpre583/lectures/Lect-01.ppt
ICFPTO07 12/11/07

9

WHAT’S NEW IN THE VIRTEX-5 FPGA FAMILY

Virtex-5 family Virtex-4 fa 'y Virtex-5 benefit

6 independent inputs

Process 65nm, 90nm, Higher density and

Technology 1.0v Wee 1.2v Ve performance with lower
Triple-oxide Triple-oxide power and cost

LUT Real 6-input LUT with A-input LUT Fewer logic levels—

higher density and speed
and lower powwer

Distributed RAM

256 bits per CLB

64 bits per CLB More memory

Shift Registers (SRL)

128-bit in one CLB

64-bit in one CLB Deeper pipelines

with ECC

36 Kbits per block
(2 % 18Kb) with power
sawving circuits

Interconnect New diagonal routing Segmented routing Fast, predictable routing
Clock 550 MHz 500 MHz Higher speed
Management
PLL and DCM DCmM PLL: lower jitter
DCIVE: flexible clock synthesis
Block RAM/FIFO 550 MHz 500 MHz Higher speed

18 Kbits per block More memory,

low power

DSP Blocks

550 MHz
25 x 18-bit MAC, plus
bit-wise comparator

1.38 mVW/100MHz
@ 38% toggle rate

500 MHz
18 x 18-bit MAC

Higher performance
Higher precision using
50% fewer slices

2.3 m\W/100MHz
@ 38% toggle rate

Lower power




The Design Cycle

(That we want you to avoid !)

Design and implement
a simple encryption P
unit with RC5 cipher Specification
with fixed key

:> Functional simulation
HDL (Hardware

Description Language)
model

1 L Synthesis
Post-synthesis simulation

Y > netlist

ICFPTO07 12/11/07 11

The Design Cycle

(That we want you to avoid !)

@ Implementation
(Mapping, Placing & Routing) Timing simulation

o

[Cr—y cormguranie
At

@ Downloading and Testing
On board testing

= — |

12/11/07 12
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General Architecture of an FPGA-Based Board

Processing
Element
(PE#N-1)

-

Pr ing Pr ing
Element Element
/0 CARD (PE#O) (PE#I)
LOCAL LOCAL LOCAL
MEMORY MEMORY MEMORY
BUS INTERFACE
CONTROLLER

snd

COMMON MEMORY / INTERCONNECT NETWORK ‘

ICFPTO07 12/11/07
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Reconfigurable Computing Boards
(Accelerators)

4 Boards may have one or several interconnected
FPGA chips

¢ Support different bus standards, e.g. PCI, PCI-X,
VME

¢ May have direct real-time data I/O through a
daughter board

¢ Boards may have local onboard memory (OBM)
to handle large data while avoiding the system
bus (e.g. PCI) bottleneck

ICFPT07 12/11/07
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Reconfigurable Computing Boards
(Accelerators)

4 Many boards per node can be supported

¢ Host program (e.g. C) to interface user (and uP)
with board via a board API

¢ Driver API functions may include functionalities
such as Reset, Open, Close, Set Clocks, DMA,
Read, Write, Download Configurations, Interrupt,
Readback

ICFPTO07 12/11/07
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Some Reconfigurable Boards Vendors

ANNAPOLIS MICRO SYSTEMS, INC. (http://www.annapmicro.com)
University of Southern California -USC/ISI (http://www.east.isi.edu)
AMONTEC (http://www.amontec.com/chameleon.shtml)

XESS Corporation (http://www.xess.com)

CELOXICA (http://lwww.celoxica.com)

CESYS (http://lwww.cesys.com)

TRAQUAIR (http://www.traquair.com)

SILICON SOFTWARE: (http://www.silicon-software.com)

ALPHA DATA: (http://www.alpha-data.com)

Associated Professional Systems: (http://www.associatedpro.com)
NALLATECH: (http://lwww.nallatech.com)

L 2R 2BR JER JER R JER R R JER R 4

ICFPT07 12/11/07

16




Representative Example

Boards

From Annapolis Micro Systems (AMI)
http://www.annapmicro.com
&
Nallatech
http://www.nallatech.com

ICFPTO7 12/11/07 17
WILDFORCE™
256k x 32
Xilinx 4062XL’s dual port
RAM

Source: [AMS02]

ICFPT07 12/11/07 18




WILDSTAR™ and
WILDSTAR™ E
on VME

Source: [AMS02]

ICFPTO07 12/11/07 19
WILDSTAR™ Il for VME
Backplane I/0 Backplane I/0
PO P2
PEO PE1
VIRTEX™ I SRAM VIRTEX™ Il SRAM VIRTEX™ ||
XC2V 6000, 8000 XC2V 6000, 8000 XC2V 6000, 8000
Master
Clock
4—> Differential Generator
«+—» Single Ended
Copyright Annapolis Micro Systems, Inc. 2002
‘ VME BUS ‘ Source: [AMS02]
ICFPT07 12/11/07 20
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WILDSTAR™ || Pro

Reproduced and displayed with permission

ICFPTO07 12/11/07 21

WILDSTAR™ |l Pro

PED 50 Differential Pairs PE1

o VIRTEX™ Il Pro 50 Differential Pairs VIRTEX™ Il Pro 1o
@0 XC2VP 70,100 30 Rocket 110 Pairs - XC2VP 70,100 #1
chet & P
20 Rocket I/0 Pairs

T

mmmmlp-  Rocket 10
=7 DifferentialPairs
*+—*  Single Ended

.

PEO Flash PCl Flash

PE1 Flash Mast
- oo > ik

—
Generator [, |G[K

32/64 Bits 33/66/133 MHz Copyright 2003-2004
PCI BUS Annapolis Micro Systems, Inc.
Reproduced and displayed with permission
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Nallatech's BenNUEY-PCI-4E

ICFPTO07 12/11/07 23

Clusters and Networks of
Reconfigurable Computers
(NORCs)

ICFPT07 12/11/07 24
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Networks of Reconfigurable

Computers (NORCs)

¢ Expensive reconfigurable workstations can be at
times underutilized

¢ Large problems may need to be spread over a
number of workstations

4 Many problems may need a high throughput
environment

¢ So, need S/W system to remotely schedule and
monitor reconfigurable tasks, send data and bit-
streams, and collect results

ICFPTO07 12/11/07
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Example : GWU/GMU Extended JMS

http://www.gwu.edu/~hpc/lIsf/
http://ece.gmu.edu/lucite/

¢ Team from GWU and GMU with DoD support

¢ Considered extending job management systems
(JMS’s) to recognize reconfigurable computing
resources and support the needed functionalities

¢ Evaluated many implementations of JMS’s and
selected LSF (Load Sharing Facility) for
implementation

ICFPT07 12/11/07
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Networked Reconfigurable Resources

Management System

ICFPTO07

) Tasks 1, 2,3

Submission Host _ Execution Q"
= " Master Host 1
ﬂ—l ey Task 1 \_._-3

Execution
Host 2

Task 2

Execution | | 3
Host 3 1}:- 5SS

(: boards

12/11/07
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Architecture of a typical Job Management

ICFPT07

T | Job |
‘]Ob.S& . Resource Allocation | Dispatcher | |
their requirements | |

System
Scheduling
Policies
Resource Manager
Resource ‘ Available§
Requirements Resource$ Resource
Job Scheduler | .
e Monitor
Server

and Job Execution

12/11/07
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LSF

¢ LSF (Load Sharing Facility) is the product of Platform
Computing

& LSF is a layer of software services on top of UNIX
and Windows NT operating systems

¢ The LSF Suite is a set of software modules that
manage distributed computing resources and
workloads

¢ LSF creates a single system view on a network of
heterogeneous computers so that the whole network
of computing resources can be utilized effectively
and managed easily

ICFPTO07 12/11/07
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General Architecture of LSF

Submission host Ether M aster ho“/g;%; Execution host

N
MLIM [ Coad LIM

D

S

1
I information
SB
Batch API %7» MBD

+ Child SBD
queue

eub app

LIM - Load Information Manager
MLIM - Master LIM

MBD - Master Batch Daemon

SBD — Slave Batch Daemon

RES — Remote Execution Server

ICFPT07 12/11/07
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Extension of LSF to Reconfigurable Hardware

ﬁtg:\ Master hoﬂ?ﬂ
03t iosts

Execution host

Universal ELIM
Remote MLIM = Load | LIM board independen*
L fformation [gpp] I ][]
MBD , 2
bsub Child SBD. board
a L4l B::;‘]d dependent
queue RES plug-in
Status
7 of the
Local LUser job RUser job board
user Board 2 API Board 2 API

FPGA ¥
board “ ’

ICFPTO07

Board 2 driver

12/11/07
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GWU/GMU NORGC:s Testbed Used in Experiments

Submission & Master Host

L

Linux RH7.0 — P11
450 MHz, 512 MB RAM

Workloads included crypto
analysis and image
processing (edge detection)

ICFPT07

Execution Host 1
l—————
HPCL 2

Execution Host 2
l———
HPCL 3
Execution Host 3
l———
HPCL 5
Windows 2000 — P11

Execution Host 4
l———
HPCL 6

HEl

-

SLAAC-1V

Windows XP - PIV 1.3 GHz, 256 MB RAM

WILDFORCE

LINUX 2.2.5-PIl 450 MHz, 256 MB RAM

SLAAC-1V

400 MHz, 128 MB RAM

Windows XP - PIV 1.3 GHz, 256 MB RAM

12/11/07

FIREBIRD V1000

FIREBIRD V2000

32
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Parallel DES Breaker

Ciphertext=0X 8CA64DE9C1B123A7 Plaintext=0X 0000000000000000
Search Space from 0X 1010100C5663702 to 10101013C9BCB00

ELIM

Jobs executed on :HPCLZ(FIREBIRD)
1 5 9 M 19 24 30 36 40 43 45 47

ELIM

-Jobs executed on (HPCLS(SLAACTV)
2 6 1215 16 20 22 27 28 32 24 37 41 49 52 54

- Estimated speed-up

ELIM

Jobs executed on :HPCLE(FIREBIRD) over Pentium 4 > 500

4 8 10 17 23 26 31 39 42 44 46 50 55

ELIM

Jobs executed on (HPCLB(SLAACTIV)
3 7 13 14 18 21 25 29 33 35 38 48 51 53

Job Submissions

Reconfigurable Computing
Clusters

ICFPT07
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Reconfigurable Beowulf Clusters

¢ “Do-lt-Yourself Supercomputers” - Science 1996

¢ Built around:
- Pile of PCs (POP)
- Dedicated Commodity Network

¢ LAN
+ Myrinet, Infiniband, .....
— Free Unix: Linux
- Free and COTS Parallel Programming and
performance Tools

& COTS Hardware permits rapid development and
technology tracking

& COTS reconfigurable boards as accelerators at each
node

ICFPTO07 12/11/07
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Example 1: HPTi Solution

Delivered and Benchmarked
http://www.hpti.com/

Source: [HPTi, MAPLD04]

ICFPT07 12/11/07
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Delivered and Benchmarked

v 48 nodes

M 2u, back-to-back (net
1u/node)

v 96 FPGA’s

@ Annapolis Micro

& Xilinx Virtex I

v 34 Tera-Ops

™ In use today

m All Commodity Parts

Tower of Power

http:/iccm.ece.vt.edu/
¢ 16-node cluster of PCs

¢ WILDFORCE board on each PC

4 Myrinet network connecting all PCs

4 Runs ACS API (platform independent
API for the configuration and control
of multi-board systems)

Source: [ACS01]

ICFPT07 12/11/07
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SLAAC RRP (Research Reference Platform)

128 Gbps Dell GXI
WILDFORCE

128 Gbps Dell GXI

WILDFORCE

Myrinet 128 Gbps Dell GXI Ethernet
LAN/SAN Intelligent

Switch WILDSTAR Hub
100 Mbps
128 Gbps Dell GXI

SLAAC1

[HI

http://www.east.isi.edu/

Scalable Reconfigurable
Systems

ICFPT07
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Reconfigurable Supercomputers at GWU

sgi

Altix-4700

“ ]
1
%sgi'Altix-sso

HC-36
starbridge
|Crr' 1vrIs

e o Ve STr= =

12/11/07
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Scalable Reconfigurable Systems

& Large numbers of reconfigurable processors and
microprocessors

¢ Everything can be configured
— Functional units

— Interconnects
— Interfaces

& High-level of scalability

2

Suitable for a wide range of applications

& Everything can be reconfigured over and over at run time
(Run-Time Reconfiguration) to suite underlying applications

& Can be easily programmed by application scientists, at least in
the same way of programming conventional parallel
computers

ICFPT07 12/11/07
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An Architectural
Classification for High-
Performance
Reconfigurable Computers

ICFPTO7 12/11/07 43
A Classification for High-Performance
Reconfigurable Computers (HPRCs)
HPRCs
Non-Uniform Node Uniform Node
Uniform Systems (NNUS) Non-Uniform Systems (UNNS)
Cray XD1, Cray XT4, /\
Linux Networx $S1200 Scalable Systefs
SRC 6, SRC 7 Attached Processors
and SGIRASC SRC 6E and
SBS HCs
Tarek El-Ghazawi, Esam El-Araby, Miaoqing Huang, Kris Gaj, Volodymyr Kindratenko, Duncan Buell,
"The Promise of High-Performance i Computing”, IEEE Comp (In Press).
ICFPTO7 12/11/07 44
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1. Uniform Node Non-Uniform Systems

HP 1

“|MP N

MP Subsystem

(UNNS)

RP 1

“|RPN

RP Subsystem

a. Non-Scalable (or Attached

ICFPTO07

Processor) Architecture

Examples: SRC 6E and SBS HC

12/11/07

45

1. Uniform Node Non-Uniform Systems

(UNNS)

b. Scalable System

Lo a]-fenl

HP Node

s 1] e

RP 1|--|RP N

RP 1|--{RP N

HP Node

RP Node

RP Node

ﬁ cee

g

]

IN and/or GSM

Examples: SRC 6, SGI Altix/RASC

ICFPT07

12/11/07
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2. Non-Uniform Node Uniform Systems

(NNUS)

pP RP| uP RP|

Example: Cray XD1, XT4

IN and/or GSM

uP || RP MP RP
RP uP

3 Node Architecture Options

ICFPTO07 12/11/07 47

Example1: SRC Systems

http://www.srccomp.com/

Source: [SRC, MAPLD04]

ICFPT07 12/11/07 48
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Examplel: SRC 6 System

http://www.srccomp.com/

Source: [SRC, MAPLD04]

49 ‘k

Copyright® 2004 SRC Computers, Inc. ALL RIGHTS D www. com =

SRC MAP™ Reconfigurable Processor

1400 MBIs 1400 MBIs
sustained sustained
payload paylocad

Microcode
ROM

m Config

4800 MBJs PG
(6 x 64b)

Six Banks
Dual-ported
0On-Board Memory
24 MB)

4800 MBIs 4800 MBls
{6 X 64b) (6 X 64b)

User Logic 1 User Logic 2
XC2V6000 XC2VE000

2400
Ports MBis
each

Source: [SRC, MAPLD04]

50 A

Copyright® 2004 SRC Computers, Inc. ALL RIGHTS D Www. com e




SRC Hardware Architecture

A

P4 P4 Gartal 15 MAP
2.8GHz 2.8GHz ontro
( ) ) »  FPGA Board
22400 XC2Vv6000
MB/s
4800MB/s
(6x64 bits)
4256 MB/s
MIOC
2128|MB/s
1064 MB/s $ 4256MB/s | T~ 4800 MB/s 4800 MB/s
(6x 64 bits) (6x 64 bits)
<——» PCI-X v —
1064 MB/s -
FPGA 1 192bits) | FPGA 2
DDR XC2V6000 > XC2V6000
ubP Interface (108 bits)
Board A A i A
bl - 7(108 Dits)
Chain v
Ports 2400MB/s  Source: [SRC, MAPLDO04]
51
Copyright® 2004 SRC Computers, Inc. ALL RIGHTS D WWW. com

SRC MAPstation™

SRC-6 uses standard external network connections

Single MAP Workstation MAPstation Configurations

GPI!

Horts

SNAPH

Memory

Copyright® 2004 SRC Computers, Inc. ALL RIGHTS D Www. com

ree: [SRC, MAPLDO4]

A

26



SRC Hi-Bar™ Based Systems

Hi-Bar sustains 1.4 GB/s per port

Up to 256 input and 256 output ports

Common Memory (CM) has controller with DMA capability
Up to 8 GB DDR SDRAM supported per CM node

SRC Hi-Bar Switch

SNAPI X Common Common
‘ MAP® WMAPS Memory Memory
Memory:

Source: [SRC, MAPLD04]

1ict, arc’ Evicti N o ft lr o
Customers’ Existing N¢ ¢ A
Copyright® 2004 SRC Computers, Inc. ALL RIGHTS D WWW. com =

SRC MAPstation™ with Hi-Bar™

MAPstation towers hold up to 3 MAP or memory nodes

MAPstation with 2 MAPs and Common Memory MAPstation Tower

GPIO GPIO
Ports Ports

1Y) MEMORY MAP®!

SRC Hi-Bar™ Switch ‘

SNAP ™

Memory

Source: [SRC, MAPLD04]

A

Copyright® 2004 SRC Computers, Inc. ALL RIGHTS e
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SRC Compilation Process

Application sources Macro sources
HDL

.vhd or .v files
sources
l l Logic synthesis

[uP Compiler 1 LMAP Compileﬂ 3
Netlists

Object l .
files Place & Route
Linker

Configuration
Application bitstreams
executable

55

Copyright® 2004 SRC Computers, Inc. ALL RIGHTS D www. com

ICFPT07 12/11/07
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Series H MAP
5.25” Drive Bay Enclosure

SRC-7 Hi-Bar Switch

30



ICFPT07

Example 2: Cray XD1
(OctigaBay 12K)

http://www.cray.com

Source: [Cray, MAPLD04 |

12/11/07 62
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AMD Opteron
HyperTransport

3.2GBI/s

3.2 GB/s

3.2 GBIs

3.2 GB/s E 3
QDR SRAM
Application Acceleration FPGA
Xilinx Virtex Il Pro

Cray RapidArray Interconnect

Source: [Cray, MAPLD04]

64




Department

OctigaBay 12K
1 Shelf
12 Processors
58 GFLOPS
Up to 96 GB Memory
8 GB/s, 1 microsecond latency
1 Th/s switch fabric
Active management

CRANY

Capability
‘ ‘ i
| : %ﬁﬁ I
Rack Supercomputer
12 Shelves 1,000 Shelves
144 Processors 12,000 Processors
691 GFLOPS 58 TFLOPS
Up to 1.2 TB memory Upto 96 TB
8 GB/s, 1 microsecond latency 8 GB/s, 1 microsecond latency
12 This switch fabric 1 Pb/s switch fabric
Active management Active management

Modular computing power
with high availability

Source: [Cray, MLI:I ;;

65

Direct Connect

Fat Tree

Multiple Chassis Connected to RapidArray Fabric I

Source: [Cray, MAPLD04]

66
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RapidArray
Transport
Core

-

e

o l QEs0—.+ QDR
- SRAM
RAP St il W o
S| S | g ousoi—
S
i
RapidAl
aplanrray leacaliog oallcact alas:0— s

\RTEX—H
XC2VP30 running at 200 MHz.

* 4 QDR Il RAM with over 400 HSTL-I I/O at 200 MHz DDR (400 MTransfers/s).
« 16 bit RapidArray I/F at 400 MHz DDR (800 MTransfers/s.)
* QDR and RapidArray I/F take up <20 % of XC2VP30. The rest is available for user applications.

Source: [Cray, MAPLD04]

67
CRANY

= Admininstration Commands

= fpga_open - allocates and opens fpga

= fpga_close - closes allocated fpga

= fpga_load - loads binary into fpga

= fpga_is_loaded - queries the programming state of the FPGA

= fpga_uload - clears the configuration in FPGA (hard-reset)
m Operation/Control Commands

= fpga_start - start fpga (release from reset)

= fpga_reset - soft-resets the FPGA
= Mapping Commands

= fpga_set_ftrmem - maps application virtual address to allow access by FPGA

= fpga_memmap - maps FPGA ram into application virtual space

= fpga_mem_sync - forces completion of outstanding transactions to mapped FPGA memory
= Data Commands

= fpga_wrt_appif_val - writes data into application interface (register space)

= fpga_rd_appif_val - reads data from application interface (register space)
= Status Commands

= fpga_status - gets status of fpga

Source: [Cray, MAPLD04]
68
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>tand

VHDL,
Verilog,
Cc

—froemie ol

ez

— s

RAI/F,
QDR SRAM I/F

Synplicity,
Leonardo,
Precision,
Xilinx ISE

Xilinx ISE

lard FPGA Development lools

Metadata

0100010101
1010101011

0110101010

Binary File

0100101011
0101011010
1001110101

CRANY

Frm Command line
or Application

Xilinx
ChipScope
Modelsim Source: [Cray, MAPLD04]
69
Additional High Level Tools S

lat—|

AR

Source: [Cray, MAPLD04]

4 )
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Software Development Flow

0100010101
1010101011
0100101011
0101011010

bit stream

or(i=0;i<n;i++):
or(k=1;k<m; k++){
if(nat(k)<s(i))

0100010101
a i
}S( D=s(@i)-pv(k);

1010101011
0100101011
0101011010

=

a.out

Source: [Cray, SC07]

(el — P o
XT4 Scalable Interconnect

C = Compute Nodes A

A = Accelerator Nodes

Source: [Cray, SC07]

36



Cray XT4 Node

6.4 GB/sec direct connect
HyperTransport

= 4-way SMP

= >35 Gflops per node

= Up to 8 GB per
node

= OpenMP Support
within socket

Cray
SeaStar2+

(DDR 800)
Interconnect

12.8 GB/sec direct
connect memory

Source: [Cray, SC07]

Cray XR1 Reconfigurable Blade

DRC Reconfigurable
Processing Unit

1-4 GB local
RPU memory

Cray
SeaStar2+
Interconnect

6.4 GB/sec
HyperTransport

Source: [Cray, SC07]

37



Cascade System Architecture

Globally Addressable Memory
Support for partitioned or flat address space

...-""bp(eron
+ Service IO

< Granite MVP )
i Network Node

AMD L Sn:najo
Processor g Co-processor

".. Compute

*,_ Node
e R

Compute
Node

Globally addressable memory with unified addressing architecture
Configurable network, memory, processing and |/O

Heterogeneous processing across node types, and within MVP nodes
Can adapt at configuration time, compile time, run time

75

Example 3: SGI Altix

http://www.sgi.com/servers/altix/

Source: [SGI, MAPLD04]

ICFPT07 12/11/07 76
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SGI Systems

http://www.sgi.com

sgi

System Architecture

{3}- NUMAIlink system interconnect

@ e General-purpose compute nodes

* Peer-attached general purpose I/O
V. Integrated graphics/visualization

* Reconfigurable Application Specific

Computing

sgi

39



NUMALink Topology

S Proceacr Alfts 5000 400MEV secp Disal-Plane Bmsacton Bandwndih

BREGHAABEEEE

574 Vol Cabbes.
Cable Dokor (o (hart

Coke [ Length | Quiey NUMAIlink interconnect at
M=l Mo} 52 the lowest hierarchy level

FIT T ]
Hw | Thaes]
R [4Metens| 52

NUMAL.ink topology of a 512-processor dual “Fat-Tree”

sgi

RASC Architecture

SHUB

Addr & Cul

PULGGMEz
Select Map
Programmng Tnterface

SRAM 2

40



Current Product — SGI® RASC™ Technology (Athena)

NUMALIlink Connectors

SSP

PCl 66MHz

- Algorithm FPGA Virtex2 6000 -6

sgi

FPGA Architecture Overview

Reads @ 1.6GB/s

3.2GBls i gl Writes @ 1.6GB/s

port 0 portd
Core
Servi i "
3sp rvices Algorithm Block
Block
-
3.2GBls

sgi
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Design Flow

(HDLs)
Design iterations
Design Verification
v, .vhd
Machine
Altix
sgi
Design Flow
(HLLs)
Design Verification
Linux
Machine
Altix

sgi
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SGI® RASC™ RC100 Blade
Computation Blade

NL4

NL4 Note: both QDR SRAM

and DDR2 SDRAM
supported

NL4

.
Product plans and information are preliminary and subject to change without notice S gl

SGI® RASC™ Specifications

FPGA Xilinx Virtex 11-6000 Xilinx Virtex-4 LX200
No. of FPGAs | One per brick Two per blade

SGI® Altix® 4000
SGI® Altix® 3700 Bx2 or 350 *
Silicon Graphics Prism™*+

80MB QDR SRAM OR

SGI® Altix® 3700 Bx2 or 350

RN c Silicon Graphics Prism™

Memory 16MB QDR SRAM 20GE DDR2 SDRAM
110 Dual NUMAIink™ 4 ports Dual NUMAIink™ 4 ports
Max Config Up to 2 units per system Lln o [RGB bltzsio el syt

More available with custom configuration

Blade Form Factor

Rack-Mountable Form Factor TR @ i L

Dimensions =EIA slide-mountable ;{L;zlstoljrﬁ;gI% l::lggrislz‘;ecrt;t{u
=2U (3.5" H x 19"W x 26"D)

=2 blade slot chassis
=3U (5.25" H x 19"W x 26"D)

o/s Linux® OS (on host server) Linux® OS (on host server)

* with available 2 blade slot upgrade chassis
* rack mounted version only

.
Product plans and information are preliminary and subject to change without notice S gl
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SGI® Altix™ 4700 Server
Independent Scaling in Any Direction

* 12 RC100
Blades in
* 161/0 Single
Blades in a Rack
ingll
g:gke * 12 RC100
Blades/SSI
+ 16 1/0 2 Compute
Blades/SSI . *
Altix® 4700: ?é%des/RC
5D Independent
Scalability
+ 16
Graphics * 1.8TFLOP/
Pipes/Rack Rack (4GB
DIMMs)
* 1 Compute
Socket Per ¢ Minimum of
Graphics 16 Sockets
Pipe * 64 Sockets / Rack in Any
* Minimum of 16 Sockets /System System
* Scales in 4 Socket Increments

sgi

Example 4: The Starbridge Hybrid
Computer 62m
http://www.starbridgesystems.com/

Source: [SGI, MAPLD04]

ICFPT07 12/11/07 88
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Hypercomputers:
High-Performance FPGA Accelerators

Source: [SBS, MAPLD04]

ICFPTO07 12/11/07 89

Structure of an FPGA Processing Element

.5 GBytes
DDR RAM

tm it Memary Bt

FPGA
VirtexIl 6000

.5 GBytes
DDR RAM

3
2
g
.5 GBytes
DDR RAM

tumm—, Bax

.5 GBytes
DDR RAM

Source: [SBS, MAPLD04]
FPGA PE Structure

ICFPT07 12/11/07 90

45



Structure of a Processing Element Quad

Onad Structure

RAM /
RAM ’

b el
SEx o III:’I

PE(X1) ) R v PE(X3)
VertexIT 6000 < N VertexIT 6000
50 Bits 10 =
50 Bits IO 50 Bits IOy
RAM ’ r ’ RAM ’ ’
RAM RAM
| RAM ’ | RAM
I I RAM I I RAM
PE(X2) > > PE(X4)
VertexIT 6000 - n VertexIT 6000 Source: [SBS, MAPLD04]
. 30 Bits 1'0) =
ICFPTO7 12/11/07 91

Hypercomputer Architecture

i

ypere
ton v Bus Controller |
Bus Controller
o From Xpoint FIGA Virtexll 4000

PCIX Interface

NXpoint FIPGA
VirtexIl a000

—l——-—-— - PE Structure
e =1 Wi AN
- ‘m' - ith RAM —
Router FPGA T
= 32 Bits 1O each PE 1o/ from Xpoint FPG.

FER g ——
-
—————————

Source: [SBS, MAPLD04]

ICFPTO7 92
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Star Bridge Hardware Architecture

PUBR SO0 TR & Fone PR BREOD ey @7

pu |DEAZ - Modulo Multiplier

Single Quad
Xeon Xeon kot
(1GHz) (1GHz) 32 F,EL(Js1s/r5) -
Bus 1 x1/x: 1
= Controler o4 | XC2V6000 ™ T°°
T =
XC2Vv4000 o -
+ -l sot
64 64 32 User |
T 1 PE(x2/x6) L
MIOC ‘ XC2V6000 ] 69
32 g
XPOINT - : 50
XC2V6000 Ty e
PCI et User .
PCIX[B Loa| ™ PE(x3/x7) 50 4
St o + os | XC2V6000 &
15 o T -
P 50
Board - e
Router Ser
XC2V4000 L _» PE(x4/x8)
& XC2V6000 o
HC'36m 69}
FPGA Board
Connector J1-J10
(560 PIN 1/0)
Source: [SBS, MAPLD04]
ICFPT07 12/11/07 93
=1o]xj
Eroject Egeodoble Jwet [dt Yew System Took el

T 10E A _couey_b10)_rew_BaF.
[y WEAZ - TestShoed - Aoursd
[Py WEAZ - TeslShoed - A onrds

EawalZine. [ 0647 - TrstShoned - Towes Fiumee
SO . —=ﬁ_+—=' g | ) IO6A2 - TostShoset - Cortant Koy - lound
2 B WOEAZ - TestSheet - Corntant Ky - Treo Rounds
Dalay v [ I0EAZ - TestSheet - Corntant Ky - A0 Rounds
- [ 10EAZ - TestShmet - Corntant Ky - Thoee Rourc
DATA g L s ot [B) W0EAZ - TaatSheet - Conatant Kty - Fou Founds
= i [B 10EAZ - TestShaet - Conttant Ky - Fivs Fiounds
[ Coel b10_01
. Boaens  Oheets
= [ BREAKER - TesShest - Courner -
Co | ;l_l
v i3 Shiting
o | ¥ w (G et =
G, Eator [ Dt St lter | et [Systom [ o |

| C St Ot Moo £EA2 - Mo

47



Star Bridge Software Environment

User input

|
/ Graphical User \
1

Netlists
Interface :
.ngo files .
I Xilinx
VIVA ‘ Place & Route
.bin files
K / Configuration
bitstreams
Application
executable

95

ICFPT07

Emerging Directions

12/11/07
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AMD Torrenza

(http://enterprise.amd.com/us-en/AMD-Business/Technology-Home/Torrenza.aspx)

& Fit into existing AMD Opteron

Socket

& Leverages HyperTransport Link

Source: [In Stat, 5/07]

ity
Open standard
system salutions
Manageability
- Security
Wirtualizatio

10.00%
p BOO%
E aHT
mPcle
E B.00%
8 A— WX
3 L Coprocessor
&
3
= 200%
PCI-E
Chi
0.0 H peat
2008 2007 2008 2008 2010 011
PCI-E

Source: [In Stat, 5/07]

Projected Growth of HT and PCle Coprocessing

in x86-based Servers (Excluding GPUs)

ICFPTO07

Coprocessor
(1207 Socket)

Source: [AMD, 5/07]

12/11/07 97

AMD Torrenza

(http://lenterprise.amd.com/us-en/AMD-Business/Technology-Home/Torrenza.aspx)

X80 CUSTO|
X86-only Proprietary Proprietary Torrenza
Low High Nedium-High Low-Medium
Lo High Medium High
High Low Medium High
High Medium Medium High
Low-Medium High Medium-High Medium-High

Public Torrenza Participants
Loherent

Markst Segmant Licsnss 1z} In
Syslens Yes VIrtuel ') Server
Software
Softears
Silicon
Silicon Ho  [Hetwork processors
Cadence Design No IF for HT interiace & design toois for S0nm, &5nm, and 45nm
Celoxica Software [ [Sofware compiler, HTS, & FPGA programming tools
Commex Technologies Salicon 0 |Core-logic chipsels
Syslerms es _|Coprocessors & HPC syslerns
Sillcon Mo |Coprocessors
Desig tnng Mo |Design & manufactunng Senices
Syslenms o | Servers with HTX slots
SySIems 1)
Sillcon Mo
Systems 0
Syslems No
Silicon )
Silicon No
SySlenTs o
Software Ko
Silicon Mo
Softeare Mo [Development suie
Silicon Yes  |MIPS-based processors
Silicon Mo |FPGAs
Systems o Isc.innle Systems
Silicon NG [Conlent iGpechon & media proCessars
Sicon Yes HT X referénce designs, HT & CHT Open Source Cones
Silicun Ho FPGAS
ICFPT07 Sancon L] FPGAS

Source: [In Stat, 5/07]

Source: [AMD, 5/07]
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Intel® QuickAssist Technology

(http://www.intel.com/technology/platforms/quickassist/index.htm)

& A comprehensive initiative
— A family of interrelated Intel and industry standard technologies

¢ Enables optimized use and deployment of accelerators on Intel® platforms
— Accelerated performance for demanding applications with Front Side Bus (FSB)
attached Field Programmable Gate Arrays (FSB-FPGA) hardware modules

- Fits into existing Xeon Socket
- Leverages FSB link

Software

Architectures

TPV Front Side Intel® Silicon with
Bus FPGA QuickAssist

Accelerators Integrated
Accelerators

TPV Accelerators .
with Intel” QuickPath Wl

Interconnect

FSB = Front Side Bus
Accelerators TPV = Third-Party Vendor

ICFPTO07 12/11/07 99

Intel® QuickAssist Technology

(http://www.intel.com/technology/platforms/quickassist/index.htm)

Intel™
i@ L2 @ @ @ P | Application | Xeon®
: - . ‘
. ] Domain Specific Library E g
Intel® Xeon® Intel® Xeon®
111 7300 platf
5300 platform platform T|
Driver 'g:"é"
Ce -
FPGA AHM
Intel® Xeon®
7200 platform
| AFU, | | AFU, l | AFL, | LEGEND
| AFL Divirlapuee |
FSB = Front Side Bus
FAP = FSB-FPGA Accelerator Platform

AHM = Accelerator Hardware Module FAP System Architecture
AFU = Accelerator Function Unit

AAL = Accelerator Abstraction Layer

TPV = Third-Party Vendor

ICFPT07 12/11/07 100

50



DRC System

(http://www.drccomputer.com/)

DRC RPU110-L200

HyperTransport

DRAM

* RLDRAM
Controller
- ® = DDR12
Mem Ctl
DDR2 hNe*G - 2 GB
DRC
4 Computer

ICFPTO07

K HT
CpLy (—
H l.r.:’saz ¢ Halr‘:lsera ]
ardwar war
DMA Object Object
Rash Controller 1 2
- 11 RLDRAM = Hilntace] * | -1 User User
- l * Bus Hardware | Hardware
Arbiter Object Object
DDRRAM D -4GB DDR RAM 3 a

12/11/07

101

DRC Module Details

DDR2 DRAM
(not present on XT/FPGA)

PLD

Flash Memory

ICFPT07

RLDRAM

Xilinx Virtex4 LX200

12/11/07
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XtremeData
(http://www.xtremedatainc.com/)

m FPGA uses all motherboard resources meant for CPU:
— Intel Processors: Front Side Bus links, memory interface, power supply, heat-sink
— AMD Processors: HyperTransport Links, Memory interface, power supply, heat-sink '
p

m Usable with any compatible validated Intel®
Xeon® or AMD Opteron server

= Mix and match modules and CPUs on quad-socket systems

A N,

XD1000 BLOCK
DIAGRAM L e

DUAL OPTERON

o=
MOTHERBOARD i [
ir_ sz

A

A0

PATENT PENE.

a0

Cpderon
2482 20H:

XDI000.5E5 ;¢ sz
iyt g DAL OPTERCN MOTHERBOARD
South Bridge : m: Lincx PG TOVER inchadesd with development systen
ICFPT07 12/11/07 103

Current and Future of XtremeData....

4 Only Company that supports AMD and Intel accelerators

4 Chosen by Intel to receive FSB license

Processor Socket Module Features Availability

Socket E 25180 Now

AMD
25130 and 25180

32MB QDRII Q42007
20MB/S Mem B/W

Socket F

Scalable Footprint
3S80E — 35340
Dual Processor Any combo of two + Q42007
Bridge
17MB/S Mem B/W

Intel
te Scalable Footprint

. G | 418 3S80E - 35340
Multi-processor Any combo of two + Q12008
Bridge
17MB/S Mem B/W

ICFPT07 12/11/07 104




Outline

¢ Architectures and Systems

¢ Tools and Programming

& Applications
¢ Performance

¢ Wrap-up

ICFPTO07

12/11/07
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HLLs Classification

Imperative _ Data Flow |

Text-Based

Functional \

Examples

Streams-C 1
HDLs |

Impulse-C o
Handel-C Mitrion-C
SA-C

Carte-C

106

ICFPT07

Examples

Graphical-Based

Ptolemy Il
SysGen
DSPLogic
Corefire
Viva

12/11/07
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Programming Models: Expressing Parallelism
and Locality in Imperative Languages

O Process/Thread

D Address Space

GO0 000 000

Message Passing Shared Memory DSM/PGAS

12/11/07 107

ICFPTO07

» Available only for SRC machines
« MAP FORTRAN also exists
 MAP C differs from ANSI C
— Some ANSI C features are not available

* No global variables

* No external function calls
— Other than user-defined or SRC-defined macros, or inlined

functions
* No structures
* No switch statement, etc.

— Extensive use of concepts and macros not
present in C




SRC Compilation Process

Application sources Macro sources

.cor .f files .vhd or .v files

HDL
sources
l l v files Logic synthesis

(uP Compiler ’ [MAP Compile
J

Netlists
Object )
files Place & Rout%

..

Configuration
Application bitstreams
executable

MAP Routines

* Microprocessor side + MAP side

— .c File — .mc File
— Function prototype — Function implementation
* void subr(int64_t*, int); void subr(int64_t A[], int mn)
{

— Allocation of MAP
« int map_allocate(int nm); /I code goes here
+ int map_free(int nm);

— Calling MAP function
* subr(array, mapnum);
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Parallel Sections

» Sequential code » Parallel code sections
— By default, only one — Multiple code sections
code block is active at can be active at the

any time same time

to execute

¢ ) Y
block #1| [block #2] [block #3]
x I I

total time

i

total time to execute

Parallel Sections

#pragma src parallel sections

{

#pragma src section

{

suml=a+b;

}

#pragma src section

{

sum2=a-b;

}

#pragma src section

{

}
}

res = sum1 + sum2 + prod1;

prod1=a*b;
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e o e
Streams

* Streams mechanics * Code example

Stream_64 SO0;
#pragma src parallel sections

{
#pragma src section

{

producer loop

for (i=0;i<10;i++) {
res1 = A[i] << 2;
put_stream(&S0, res1, 1);
}
}

#pragma src section

for (j=0;j<10;j++) {
get_stream(&S0, &val);
B[j] = val + 100;

get_stream

consumer loop

e
Data storage

» Scalar values can be stored in the “registers” —
memory created on-chip from LUTs

— float val1, val2;
« Arrays can be stored in OBM
— OBM_BANK_A (AL, long long, 128)
— OBM_BANK B 2 arrays (Bi, int64_t, 128,
double Bd, 2048)
+ accessible as AL]i], Bi[j], Bd[k]
« or BRAM
—int Ci[128];
— float Cd[2048];
+ accessible as Ci[i], Cd[j]
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Data movement

» Scalar values via MAP function arguments
— void subr(int64_t A[], int n, int64_t *time, int
mapnum)
» Arrays via DMA transfer to OBM
— DMA_CPU (CM20BM, AL,
MAP_OBM_stripe(1,"A"), A, 1,
n*sizeof(int64 _t), 0);
» Arrays via streams
—stream_dma_cpu(&S0, PORT_TO_STREAM,
AL, DMA_A, A, 1, n*sizeof(int64 _t));
— get_stream(&S0, &val);

Data movement: DMA transfer

void subr(int64_t A[], int64_t C[], int n, int64_t *time, int mapnum)
{

OBM_BANK_A (AL, int64_t, MAX_OBM_SIZE)
OBM_BANK_C (CL, int64_t, MAX_OBM_SIZE)

DMA_CPU (CM20BM, AL, MAP_OBM_stripe(1,"A"), A, 1, n*sizeof(int64_t), 0);
wait_DMA (0);

/I do something useful
*time = *time + (t1 - t0);

DMA_CPU (OBM2CM, CL, MAP_OBM_stripe(1,"C"), C, 1, n*sizeof(int64_t), 0);
wait_DMA (0);

}
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Data movement: streaming
void subr(int64_t A[], inté4_t C[], int n, int64_t *time, int mapnum) {

OBM_BANK_A (AL, int64_t, MAX_OBM_SIZE)
int64_t a[SIZE]; // SIZE >=n
Stream_64 S0;

#pragma src parallel sections

{

#pragma src section

{
stream_dma_cpu(&S0, PORT_TO_STREAM, AL, DMA_A, A, 1, n*sizeof(int64_t));

}
#pragma src section
for (i=0; i <n;i++)

get_stream(&S0, &a[i]);
.. Operate on Data ..
}
}
}

e
Data packing/unpacking

« Data access element size for OBM and streams
is 64-bit wide

« Various split/combine macros allow splitting
and combining scalar values, for example:

int64_tv;
inti;
float f;
comb_32to64 _int_flt(1234, 0.1234f, &v);
split_64t032_int_flt(v, &i, &f);
result:
i=1234
f=0.1234
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Loops
for (i=0;i<n;i++) { do {
Ali] = BI[i] * CIiJ; Ali] = B[i] * CIi];
} i++;

} while (i<n);
while (i < n) {
Ali] = B[i] * CIi];
ARE for (i=0; i< n; i++) {
} for (1= 0; j < m; j++) {
Ali] += B[i] * C[j];
break }
continue }

Introduction to Impulse-C
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‘ What is Impulse C?

»= Not a new language

= A Subset of ISO C + a library, just like MPI

= Alibrary of functions compatible with standard C
= Functions for application partitioning
= Functions for creating and configuring the application architecture
= Functions for creating processes and streams
= Functions for connecting streams
= Functions for mapping into the vendor platform
= Functions for desktop simulation and instrumentation

» A software-to-hardware compiler

‘ Impulse-C Programming Model

» Communicating Sequential Processes
(CSP) Programming Model, also like MPI
= Supports parallelism at the process level

» As much parallelism as possible is exploited
within the processes via automated
scheduling/pipelining by the compiler

= Streams for interprocess (inter-functional
units) communications
= Buffered communication channels (FIFOs)

* |n a sense similar to MPl messages, but may be
more like Unix pipes
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‘ Programming Model

S/W process

S/W process
H/W process

H/W process

\ Programming with Impulse C

C language
applications

Use Impulse C functions

to partition the application

into hardware and software

processes

*  Create the processes

*  Create input and output
Streams

e Connect the streams

Use Impulse C to compile
hardware processes to HDL
and generate hardware stream
and memory interfaces.

oftware
files files libraries

==




Elements of an Impulse-C Application

= main()
= Entry point for the software side of the application
= Configuration function
» e.g. config()
» Defines the parallel Impulse C processes
= Creates streams
= Connects stream
= co_initialize()
= Creates the entire application H/W architecture targeting
a specific platform
= co_execute()
= Starts the parallel Impulse C processes
= One or more Impulse C processes
» Define the behavior of the application, including test
producer and consumer functions as required

\ Impulse C Process Coding Style

= Written as a C function

» Accepts pointers to streams, signals,
memories, etc.

= Accepts optional compile-time parameters
= No return value

void des_ic(co_stream filter_in, co_stream filter_out) {

int32 data;

co_stream_open(filter_in, O_RDONLY, INT_TYPE(32));

co_stream_open(filter_out, O_WRONLY, INT_TYPE(32));

while (co_stream_read(filter_in, &data, sizeof(int32))) {
. // Process the data here
co_stream_write(filter_out, &data, sizeof(int32));

3

co_stream_close(filter_in);

co_stream_close(filter_out);
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| Example: FIR Filter

= Data and coefficients passed into filter via data
stream

= Could also use shared memory

= Algorithm written using untimed, hardware-
independent C code
= Using coding styles familiar to C programmers

= Software test bench written in C to test functionality
= In software simulation
= |n actual hardware

‘ FIR Filter Functional Test

sSW ——— HW —— S/W

Test FIR Test
producer filter consumer

This test can be performed in desktop simulation
(using Visual Studio or some other C environment)
or can be performed using an embedded processor
for the producer/consumer modules.
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— - - " out) {
int32 coef[TAPS]; int32 firbuffer[ TAPS];

int32 nSample, nFiltered, accum, tap; \ Declare stream interfaces

co_stream_open(filter_in, O_RDONLY, INT_TYPE(32));

co_stream_open(filter_out, O_WRONLY, INT_TYPE(32));

/I First fill the coef array with the coefficients...

for (tap = O; tap < TAPS; tap++) {
co_stream_read(filter_in, &nSample, sizeof(int32));

coef[tap] = nSample;
T Read in the coefficients

/I Now fill the firbuffer array with the first n values...
for (tap = 1; tap < TAPS; tap++) {
go_stream_refd(flIter_ln,- &nSample, sizeof(int32)); \ Read in the first n values
firbuffer[tap-1] = nSample;
}
/I Now we have an almost full buffer and can start processing waveform samples...
while ( co_stream_read(filter_in, &nSample, sizeof(int32)) == co_err_none ) {
firbuffer[TAPS-1] = nSample;
for (accum = 0; tap = 0; tap < TAPS; tap++) {
accum += firbuffer[tap] * coeftap];

—— Open the streams

}
nFiltered = accum >> 2; i Process the incoming stream
co_stream_write(filter_out, &nFiltered, sizeof(int32)); / and perform the filter operation

for (tap = 1; tap < TAPS; tap++) {
firbuffer[tap-1] = firbuffer[tap]; to generate outputs

}
}
co_stream_close(filter_in); ___— When done, close the streams
co_stream_close(filter_out);

}

‘ Impulse C Configuration Function

void config_fir(void *arg)

{ stream declarations
co_stream waveform_raw; —

co_stream waveform_filtered;

process declarations
co_process producer_process; /

co_process fir_process; stream creation
CO_process consumer_process;

waveform_raw = co_stream_create("waveform_raw", INT_TYPE(32), BUFSIZE);
waveform_filtered = co_stream_create("waveform_filtered", INT_TYPE(32), BUFSIZE);

producer_process = co_process_create("producer_process", (co_function)test_producer,

1, waveform_raw);
T~ process creation and

fir_process = co_process_create("filter_process", (co_function)fir, .
2, waveform_raw, waveform_filtered); /S tream connection

consumer_process = co_process_create("consumer_process",(co_function)test_consumer,
1, waveform_filtered);

/I Assign processes to hardware elements rocess configuration (hardware
co_process_config(fir_process, co_loc, "PEQ");, — P 9 ( )
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‘ Desktop Simulation

Impulse C is standard C with the addition of the Impulse C libraries, which
means that any standard C development environment can be used for
functional verification and debugging.

___— Visual Studio
Impulse

APt e e e v S{F riod Miralevcl | ol . . .
Tt T T Tusdeics oz _—" Application Monitor
G AN L DR Gy [meko_emd =]l B .

[ | Iinpil e el cath or Momtor o il 3959)) = IB]x]

2l
T apce P57 1 o)
= [P P en

while ( oo
fprsgma O FI
BESIRS T8 SIH{saag
[4Tbul fex[TA

cun = 0:
for (tap * 0 tap ¢
€0 UNRELL

e a_vrite(filter

IF_SIH{sanplesvrittents.
for ttap * 1. tap ¢ TAPS|

Fpragua 0O UN

firbut ter(tap-1] = 13

fiter_pioceis

3
IE_SIN{eoain_|
‘ S veselom_tw masimum size: 2 cunent coure ) m

_'111»0 progran ' Iapulse Coleveloper-Exanples-FirS[-Visual 5t

Shoram verethorm Mrsed s sioe 2 eunent et )

TR e ), owtug [ Fram s 1 % Franrime] o | | [ > il | >

Fieady

filter process, samples read: 321, samples writcenm: 271

Optimization Exploration

EEx)

a e — (]

BLOCK -

Bluck type: pipcline / {

Lats & ] -

nlli"[::*d'nn'q' ] i B it fote ol = [B]x|

Mas, Lnit Delny: 153
A Mfective Fate: 06

G N
ALLATS, 13342 el Taed.
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| Cycle-Accurate Debugging

fi

15 rUZtiaar - [ukid_grod]

[ Fie Window Help

pixel_stream - pixel_stream

O 0000000002
-~

[ 3 =

Process State doi

State:  bd g = g2.tedl;

Status: ready 2_teal =l 2_real " 2_real o+  BIBBBOR > 24 ) 0
Pipeline: 2_teal = 2_teal -y 2_imag ) "y 2_imag  +  B38BE08 > () 24
lo: 210al =y 2_teal +q c_teal;

config_stream - config_stream 2imag = o mp g * g 2_imag  + ) 8388608 >> 241 1 ;

O« 0000000002

2 imag =4 [ 33554432 % 2_imag  + 4 B3BBE08>> 4 24
2imag = z_imag + 4 c_imag:

mp = ¢ (z_tealy *q 2_iealq + 1 G3B9608>> ¢ 2414

resul = 5mp + 5 (2magy * 32 imagq + 5 8308600 > 5 24

‘Watch suif_tmpd = 5 result < 5 67106868
¢_real: -6652425 if lsuif_tmpd] {
2_imag: 6974675 suif_tmp00 = 5 suif_tmpd ;
2z_real: -12329792, [0]=56773t Yeke !
result: 0 suit_trap00 = 5 k < 5 2000 ;
i
while: suif_tmp00);
R g0
G=p0;
B = 0 o,
suif_tmp2 = k1= 2000 ;
i fsuit_tmp2) {
=) i I B Il |

ICFPT07
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Mitrion-C Overview

¢ Looks like C, very similar syntax

¢ Behaves differently,

- Mitrion C is a single assignment language, uses
a functional programming model, it is data
driven and not program counter driven

- Data driven computations are inherently parallel

- C is an imperative language, algorithm is
described in terms of sequential statements and
execution has states

- C is inherently sequential and expressing
parallelism requires extensions to the language

ICFPTO07 12/11/07
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Mitrion-C and C Are

Syntactically Similar
¢ Mitrion-C is a C-family language but not ISO-C

¢ Basic syntax is similar to other C-family
languages
- Blocks are surrounded by { }

- Assignments are made by =
- Statements end with ;

— Common Selection and lteration Statements
are available (if, for, while), but the
semantics are different

- Common C operators are supported
- C-style comments (but nesting is allowed)

ICFPT07 12/11/07
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Differences Between Mitrion-C
and C

¢ Single assignment for variables
¢ Order is data driven not dependency driven

& main() is the only point of input and output to
the program

4 No pointers, pointers do not lend themselves to
FPGAs

4 No dynamic allocation

4 Recursion only with statically known depth, need
to know the resources ahead of time

¢ Flexible bit width supported for scalar types

ICFPTO07 12/11/07
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Single Assignment

¢ A variable may only be assigned once
- Operations occur concurrently

- Multiple assignments of variables can cause
inconsistency

X = 125;
X*4;
b+6; // Error!
// 1s x b+6 or 1257?

ICFPT07 12/11/07
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Data Driven Model

(int:33, int:32) sgradd(int:32 s, int:16 a)
{

sum = s + sQr;

sqr = a*a;

} (sum, sqr);

uint:22<30> main() //returns a list of 30 22-bit items

{
uint:22 prev = 1;
uint:22 fib =1;
uint:22<30> fibonacci = for(i in <1..30>)
{
fib = fib+prev;
prev = fib;
} ><Fib;

} fibonacci;

ICFPT07 12/11/07 139
Scoping and Blocks
& Blocks are used as body for if, while, for, ...
uint:4@= 0; Parent Scope
int:16 x = if(i > 5) Child Scope
{
@z f(a, i); // Shadows parent q
}q // Return q and place it in X
else { ... };
// g has the value 0 here
& Each block defines a scope
4 Only returned values and nothing else can exit
the block
¢ Reassignments shadow outer variables (create local
variables of the same name)
— Can not modify outer variable
ICFPT07 1211107 140
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Loops and Collections

ICFPTO07

List Vector
foreach Pipelined Wide parallel
for Sequential Unrolled

12/11/07 141

Introduction to DSPlogic
RC Toolbox

71



Programming Flow

Maximize Acceleration

Minimize Costs

Matlab/Simulink

Host Application B : Accelerator Applicatis - - -
Partition Application Ll LE Ly Simple Application

messaging

! IP Libraries
Implement DSTIOQEC RC L P”°'|3”?m Graphical program flow
Algori Blockset Accelerator constructs
Textual

Optimized core libraries

Languages
Call RCIO APT Debugging = Effi-.t'len.t resource
utilization

Functions
Familiar, industry || Text-based debugging,
standard modeling DSPlagic RCIO verification, analysis
environment FPGA Builder

|

Portable one-click
compiler

Fully Integrated, Verified,
Seamless Application

RCIO APT

e Floating-point capability

0 DSPlogic RC Toolbox Overview

(\(‘ Sequential Programming

Example main() program

temps
inputs inputs inputs outputs

start start done start done ¥ done

functionl function2

main()

// Bquivalent pseudo code

outputs main (inputs) {
temps = functionl (inputs) ;
outputs = function2 (temps) ;
b

Note hierarchical variable scope
Globals are also easily defined

QDSPIogic RC Toolbox Overview
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(\{‘ Parallel Programming (with synchronization)

parallel function()

inputs inputs
start start done start
done —g—* done
functionl start
syne
inputs
start done
function2

cutputsl =
cutputs2 =
}

// Equivalent pseudo code

parallel function(inputs, cutputsl, outputs2){
#pragma parallel

functionl (inputs) ;
function2 (inputs) ;

When possible, utilize
parallelism and
pipelining for maximum
speed

0 DSPlogic

RC Toolbox Overview

) Conditional Branch (if-then-else)

Requires ‘combine’

= otherwise, initiate an alternate task

block to complete

If condition is true, initiate a task

D& i

S e | Bepes wEE L

// Ecuivalent pseudo code

if (a xx b) |

statement do_this();
else {
Fila Edit ‘iew Smulstion Formak Tools  Help do_that():

:

istart
at

Falza ctan

dons

Bianon

Parawesers

D Plgier Candiianal Sranch fmac) link)
Thiz tleck. mplement: 2 condtional branch by campznng o inouls.
Bk aupuls of this blck may be ured as sler inpus lo athe blocks

IF the leguested comparizan = e, the e fop] outeul vl be ssvetisd.
Dkfersise. the Fake ol oo wil b cssaited

Companisan Type Greater than o enid b

do_that

combine

Ready I3 Function Block Parameters: hranch

done

=4 s‘am
[ee Jop @ e *« )
Corstant
O L _-_’:‘ﬂ2

0 DSPlogic

Lz than or zqual 1o

RC Toolbox Overview
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/\{ Switch statement

. I ivalent do code
Performs one of several actions based Fauivalent pseudo o

upon the value of an input variable switch (message_type)
A switch statement requires the use of two case 1:
RC blocks main();
= Switch break;
N . case 2:
o Esed to generate a ‘start’ for each function WriteVectorTotemoryl () ;
= Combine break;
o Generates required 'done’ indicator for the case_3=
following function WriteVectorToMemory? () ;
break;
default:
Quiz: Can you find a potential bug in the do nothing;
function below? }

Case 1

o
message_ype ’ cam2 N rream—— L i N
I | 2
‘ ‘ wirievectoTomemary! done

‘ b ] |
> et \wmlyz
combine
sart nmemse._,,,li‘
— Tip: always connect all switch
outputs to a combine block
QDSPIngic RC Toolbox Overview

(\( Switch vs. Parallel operations
Case 1 P siart dane : sarti
(C——®|n Main
message_iype came 2 o ciart o P ne >
“ e % &
1
’ Cam 2 — dan >
s lear wiilevecior oMlemary2
= P @ combline
salich Switch
——pfstan dane: lsiart
I aone. lsta L N
s N N
san IT‘ Parallel
e Function
QDSPIogic RC Toolbox Overview
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Iterative Constructs (Loops)

] Function Block Parameters: Loop
D5Phgc: Loop Confroler (mack]
// Equivalent software operation Loop conlroler - Create a loop process, equivalent to the T statzment.

for [INDEX = inkialakez, INDEX <= limitalez ; INDE = INDEX + inciemert)}
The folawing relationdl aperalons maw be sed to determing the end of ke loap:

for (k=10;k>=0:;k=k-1){ R
loop function(index) Loop parameters may be fived or wariable
— ‘when Loop Paiameters = Fuad', al oop parameteis are enfered rio he block mask.
} ‘wihen Loop Paianicters = Usa |nputs’, T he Minirem and Madimum Loop Count shauld
be

231 graater than the lrgest 12ngs of epectad input vakiss. Uerg smaller values for
Minrur and Mzxmum Loop Count wil conseres haidware resouices.

oop_fixed_simple 8= MENT will be aszerted sach tine a new loop ileration stats. The vakie of HEXT s
File Edt Yew Snulastion Fomist Tools Help pezsiztent
ervd wil be vaid during the erfiie laop piocess.
D8 & & @d » These a1 cucle latency betwesn STAR T and the fiist HEST assettion.
These a1 cucle latency betwezn COMTINUE and NEAT.
Paramesters
Locn Parame erz | I
indesx [ dane
cantinue T Intial Value
|10 J
nex ek Limt Vaue
prdl 190p_procass o |
dene Ly n Incremert:
dana | 1 ‘
tart .
e susy
stat & Limt Value Comparson Type | Grester than o1 equal to v
Laop
Ready o0 VeriableStepliso cbz A [ 0k ][ Larcsl ][ Hekr | Apph
DSPlogic RC Toolbox Overview

Simple loop — variable index parameters
"
=) Function Block Parameters: ooy r)?
The loop may be executed a R
. ) D5Phge: Loop Conlroler [mazk]
different number of ti mes, based Loop cortroler - Create aloop process, equivdert tothe C stotement:

i i for INDE = intialakis; NDEX <= limitvakes ; INDE = [NDEX + noiemert(}
onanin pUt varia b Ie' The folowing relationd operators may be wsed to determing the end ol he loop:
Set Loop Parameters = Use Inputs e

Loop parametais may be fited of variahie
When Loap Paiameters = Fued, al ioop parameters are enlered pho the hlock mask.
wihen Loop Paiameters = Use Inputs’, T he Minivern ahd Madioon Loop Count should
(=]
2ot graaler than the largest 12ngo of expectad input walise, Uang smallar values for
Minirun and Manmum Loop Count wil consarve haidware resouces.
Tip: Set Min and Max loop index to smallest NEMT willbe asserted cach tine a new logp ileratian statts. The vakee of NEHT is
- - porsistent
expected range to optimize performance i i s et o s
and resources There a1 cocle latency betwesn START and the st NEXT asseiion.
I Thee ka1 cacle latency betvesn CONTINUE and NEXT
Paramsters
Loco Paramelers [E
Limt Value Comparean Tyos  Grester than o equal to v‘
|—>mwm= Ieciex) e anel Mirimum Loop Index velue
- [re3e |
=an . - M Locp Indes akis
e “mEe [1e3e ]
o e {7}
[ e A A ‘er
- - nermment oy () ok [ Cees | ek Apel
st =
==
DSPlogic RC Toolbox Overview
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) Pipelined Loop

Simple loop execution

= ‘Loop'initiates execution of "loop_function” in
accordance with leop equation

// Equivalent software operation

for (k=0;k<loop count;k++) { =  'K'is updated and valid on each 'loop_function/start”
loop function(datal) ; Pipelined
} = ‘Loop’ will start "loop_function’ on consecutive clock
cycles until loop is complete or a "break’ event
occurs,
Uses

=  When maximum loop execution speed is required
=  When loop_function() has no data dependencies.

=1 loop_pipaline
File Edit Wew Snulstion Formst Took  Help

D& &RB|< =) =k |

Automatic pipeline latency handling
= 'Pipeline Loop/done” is not asserted until
‘loop_function” pipeline is completed.

index done J Break

= ‘loop_function” can force a break from loop any time

T

b o2 nad braal Break with pipelining handled automatically
= Break may occur while previcus computations have
[ " dond Loop Frocess already be;n initiated by a ‘start’
-,,m = loop_function” should produce one 'done’ for each
‘start’ received
/ loop court- 11 b 4’. = ‘Pipeline Loop’ will be done only after break and
o Pipelina Loop S pipeline clears
Ready [100% [ | VeriablsStepCisoets )
DSPlogic RC Toolbox Overview

~Memory / Arrays

Declaration [ Block Parameters: Global Mem1 K
D5Plogic Global bernry Decerater sk k)
Slooal N Instantetes o bl memot: Use brs Global Mermoss it erc Global Mooy Feed

blacks to access the memory, Select eithe) singls of dual port modes.
Single poit mode sponits simtaneoys read and wiie
Tzl po meds sUppors the inlowing snitaneous operators:
Frt 11ead ¢ Forf 2read
Fot 1 waile J Port 2 wrke
Fart 1 waits / Port 2 1ad

) mem_narg Fext 11034 ¢ Port 2writa
indes: o In duaal e, the fellowing are ral suppertsd smultansously snd wil gererats o srer:
erte Access d| : Fork 1 enile ¢ Port. 1 le:dg et Y g
wurite Fort 2 vt / Port. 2 read
m Select Port
= Variable type automatically

InSirdle Poit Made. the 12ad nd wite latency iz 1 cucle,
Flobal bem Wite In DA Pot ek, he r=ad v e etencuis 2 cyks

. Paramater:
determined Memoy Nan:
= All ports must write same ‘
Humber of Flead / Wrte Pait:| 2 |
type Memary Cispth
|MaLEN J

IntialYalus Waoter
[zer02(1 MaxLEN] ]

Read Access indax_ggm_name
é [ o ][ Ceres| ][ Hsb \ Aoply

read done

Global Mem Read
DSPlogic RC Toolbox Overview
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HLLs Productivity Study

s Classic HDLs
o VHDL/Verilog

m Text-based HLLs

o Impulse-C Impuise

o Handel-C Celoxicay —, Imperative Languages

A

o Carte-C L= ="l
2 Mitrion-C bY mitrion —— Functional Languages

» Graphical tools

xxxx

o SysGen CENERATOR-
For DSP
—— Dataflow Languages

o DSPLogic @nsmogac

e UF FiGRibA ¢
-IHI]-I:':HR!EB Yo BYU "a

Evaluation Metrics and Parameters

m Ease-of-Use
o Acquisition time
o Development time

n Efficiency (Quality of performance)
o Synthesized frequency
a Area utilization

e UF FLORIDA &
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Using the Evaluation Framework
100 ¢+ HDLs
A ¢C
B Impulse-C
g A Handel-C
@ -
2 5 [ ] Ca‘art.e C
= ", ¢ Mitrion-C
w - RC Toolbox
SysGen
# HDLs
0 +C
0 50 100
Ease-of-Use
Outline

¢ Architectures and Systems
¢ Tools and Programming

¢ Applications
- Remote Sensing
+ Discrete Wavelet Transform (DWT)
¢ Wavelet-Based Hyperspectral Dimension Reduction
¢ Image Registration
+ Cloud Detection
- Bioinformatics

¢ Performance

¢ Wrap-up

ICFPT07 12/11/07 156
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Outline

4 On-Board Processing for Remote Sensing
- Discrete Wavelet Transform (DWT)

- Wavelet-Based Hyperspectral Dimension Reduction
— Cloud Detection
- Image Registration

¢ Bioinformatics

ICFPTO07 12/11/07 157

Multi-Resolution DWT Decomposition
(Mallat Algorithm)

& The input image is first convolved along the rows by the two filters L and H and
decimated along the columns by two resulting in two "column-decimated" images
Land H

& Each of the two images, L and H, is then convolved along the columns by the two
filters L and H and decimated along the rows by two

& This decomposition results into four images, LL, LH, HL and HH

& The LL image is taken as the new input to perform the next level of decomposition

ICFPT07 12/11/07 158
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DWT Decomposition
(One Engine - One FPGA)

350
310
300 Image Size = 512 X 512 pixels

M

b

@ 250

£

‘g_ 199

£ 200

=

=1

£

= 150 -

= 130

c

u

$ 100

k-]

c

w

50 -
11.72
0
Opteron (2.4GHz) SGI RASC SRC-6 Cray XD1
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DWT Decomposition (cnt’d)
(Cray-XD1)
DWT on XD1
(Image size = 2048x20438 pixels)
215
: ‘i\
o
g 25 i
@
o
: 2 V-—n /
E / =re=liLltiple FPGAS vs. Single Opteran
‘_3 15 Multiple Opterons vs. Single Opteron
Ll_ﬁ —=Multiple FPGAS vs. Single FPGA
C
05
0 T T T T T T T T T T T
0 2 4 5] g 10 12 14 18 18 20 22 24
Processors
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Outline

4 On-Board Processing for Remote Sensing
- Discrete Wavelet Transform (DWT)

— Wavelet-Based Hyperspectral Dimension Reduction
— Cloud Detection
- Image Registration

¢ Bioinformatics

ICFPTO07 12/11/07 161

Hyperspectral Dimension Reduction

& Multi-Spectral Imagery > 10’s
of bands (MODIS = 36 bands,
SeaWiFS = 8 bands, IKONOS =
5 bands)

& Hyperspectral Imagery - 100’s-
1000’s of bands (AVIRIS = 224
bands, AIRS = 2378 bands)

— Challenges (Curse of
Dimensionality)

— Solution

& On-Board Dimension Reduction Multispectral / Hyperspectral Imagery Comparison
— Needs

¢ Higher performance

¢ Lower form / wrap factors ﬁ HPRCs

« Higher flexibility

ICFPT07 12/11/07 162
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Hyperspectral Dimension Reduction
(Techniques)

& Principal Component
Analysis (PCA):
- Most Common Method
Dimension Reduction

- Complex and Global
computations: difficult for
parallel processing and
hardware implementations

— Does Not Preserve Spectral
Signatures

¢ Wavelet-Based Dimension
Reduction*:
- Simple and Local Operations

- High-Performance
Implementation

- Preserves Spectral

Multi-Resolution Wavelet Decomposition
of Each Pixel 1-D Spectral Signature
(Preservation of Spectral Locality)

* 8. Kaewpijit, J. Le Moigne, T. EI-Ghazawi, “Automatic
Reduction of Hyperspectral Imagery Using Wavelet

Signatures Spectral Analysis”, IEEE Transactions on Geoscience and
Remote Sensing, Vol. 41, No. 4, April, 2003, pp. 863-871.
ICFPTO07 12/11/07 163
e
i PIXEL LEVEL !
OVERALL ! !
| *
i Wavelet Coefficients !
| |
|
! l Decompose Spectral Pixel l i
Read Threshold (Th |
; (the Approximation) i
i Reconstruct !
Compute Level for Each Indivi Pixel ‘ i Individual Pixel to Original Stage i
|
(PIXEL LEVEL) :: ! l Reconstructed Approximation i
|
|
! Compute Correlation (Corr) i
i q
Remove Outlier Pixels i between Orig and Recon. i
|
|
i |
!
Get Lowest Level (L) ! i
from Global Histogram ! i
| Yes
|
l ! Get Current Level [a] of i
! Wavelet Coefficients
’ Decompose Each Pixel to Level L ‘ | !
|
|
i ’ Add Contribution of the Pixel to Global ‘ !
|
Lo
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Top Hierarchy Module

X L1:L5 Lievel
MUX
DWT_IDWT
- Y1:Y5
GTE_1: GTE_5 Level
TH Correlator Histogram
N
ICFPTO07 12/11/07
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Decomposition and Reconstruction Levels of Dimension Reduction
(DWT_IDWT)

L Hl2 pL3
L
v
J—; L Hl2 Pt
Lol
X i L
v
g
D
D D
Y# Y2+ Y3¥

ICFPT07

12/11/07
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Correlator Module

term g :[z NAB -> AY B,]=(16+2Iogz N) bits
— N N N
term,, 2 ’
N termAB pEOGY) = termtermterxryn : {%]
—_— x* w
X
N term,g
Yi
IR TE i,
icrement
N termAB istogram;)
—p
IH
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Histogram Module
GTE_1 cnt_1
GTE_2 cnt_2
GTE_3 H}deate cnt_3 Level Level
istogram Sel
GTE_4 Counters cnt_4
GTE_5 cnt_5
ICFPTO7 12/11/07 168
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Wavelet-Based Dimension Reduction
(Execution Profiles on SRC)

Total Execution Time = 20.21 sec  Tota] Execution Time = 1.67 sec (SRC-6E, P3)
(Pentium4, 1.8GHz)
Speedup = 12.08 x (without-streaming)

3% 5%

Speedup = 13.21 x (with-streaming)

33%

58%
9%
25%
92% so

\ 25%
&= 10 Read Total Execution Time = 0.84 sec (SRC-6)
; %’&P.'t Speedup = 24.06 x (without-streaming)

e Speedup = 32.04 x (with-streaming)
ICFPTO7 12/11/07 169

Outline

¢ On-Board Processing for Remote Sensing
- Discrete Wavelet Transform (DWT)

- Wavelet-Based Hyperspectral Dimension Reduction
- Cloud Detection
- Image Registration

¢ Bioinformatics

ICFPT07 12/11/07 170
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Motivations and Theory of Cloud Detection

& Why Cloud Detection?

— Can render data useless in land-use/land &
cover studies A

- Critical in weather and climate studies IR

4 Theory is based on the observation that
clouds are:
— Highly reflective (in the visible, near- and mid- IR
bands)

¢ Visible Bands (Green, Red bands)
» Vegetation and land surface discrimination

¢ Near-IR band
» Determines soil moisture level and distinguishes vegetation

types

¢ Mid-IR band

» Differentiation of snow from clouds

- Cold

¢ Thermal IR band
» Thermal mapping to Brightness Temperatures

ICFPTO07 12/11/07 171

Top Hierarchy Module

Band 2 (Green Band) Band 3 (Red Band)

band2 B2
band3 B3
band4 Normalize |B4 Pass One
band5 B5
bandé B6
Mask
Pass Two Mask,
ICFPTO07 12/11/07 172
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Normalization Module

B, 0z
band2 P, B,
MULT ADD
Bs 03
band3 P3 B,
MULT ADD
p. = xband +¢, , 1=23456
Ba Oy
band4 P4 B, B=p,1=2345
MULT ADD
— KZ
Bs Ol BG - K
1
band5 Ps B, Inl —2X+1
MULT ADD
Ps
Be & C, 1 C,
B,
bandé MULT o0 LA DIV @ @ DIV s
C,lps
ICFPTO07 12/11/07 173
Pass-One Module
-_
Classification Rule
@ Snow NsDi = B ’" 07| AND (8, = 01)*
B3 %
GO E e
B Desert :.' 083"
? Nol('lol.ld 0.08) OR I_:-: 300) OF (Snow)
BE _ Ambiguous {i1- B, B, =22%) OR i:‘. 2| ok 5 2| OR (Desert)| AND (- N
ColdCloud u ! !
snow
WarmC'loud =& L { N ud )
d Classification Rules for Pass One [2]
snow_test znow
o bt not_nat_t
| biancis
not_cloud_test
: desert
] rot_not_cloud
desert_test cesert
B niot_ambiguaus
;_bands
ambiguaus_test | not_nol_sloud
- rot_smbiguous mask
bands_t > _bands mask
> Cold_Cloud_Warm Cloud_test
[

ICFPT07
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Optimizing Hardware Resources Usage
(Linearization of the Normalization Function)

B, R
band2 B, p; = pi xband, +¢; , 1=2,3,45,6
B =p ,i=2345
Bs o3
1
band3 MULT ADD Bg K K K2 (1 - ?
B, = 2 = Z__+ Lxp
T 6 In(|<1+1j 1+In(K,) @+In(k,)} "°
band4 el a0 B, Ps
Bs a5
1 1
band5 N B; K K, [1_ KJ s K, (1 - Kj B
B, = 2__4 £ + £ xband
S *T11+In(K,)  (@+In(K,)y @+In(K,)y °
band6 MULT ADD Bs
B, = £ + 0 xband,
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Optimizing Hardware Resources Usage (cnt’d)
(Algebraic Re-Formulation of Pass-One Filters)

Classification Rule
Snow NSDI i - i 07| AvD (8, - 0a)
Diesert :‘ 0.83°
B2 No‘(‘loud -_-'_ 0.08) OR I.:-__ 300) OF (Snow)
Ambiguous | |10-5.)8, > 229 or ;' 2| o 3¢~ 2| oR (esern| AN (- NotcTow)
ColdCloud ((1-58,)8, =2 [
WarmCloud (l1= B, 18, < 210) AND (~ A AND |~ NotCloud
Bs Classification Rules for Pass One [2]
snow
Division Eliminated
= B. B
MO s T SHIE S0
B, +B.
{((B,~B;)>0.7x(B, + B, ))AND(B, > 0.1)}
0.1
Snow-Test Module
ICFPTO07 12111/07 176
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Detection Accuracy
(Software/Reference Mask, Hardware Masks)

Band 2 (Green Band)

Band 6 (Thermal IR Band) Software/Reference Mask  Hardware Floating-Point Mask Hardware Fixed-Point Mask
(Approximate Normalization) (Approximate Normalization)

ICFPTO07 12/11/07 177

Detection Accuracy (cnt’d)
(Approximate Normalization and Quantization Errors)

(rows-1) (columns—l)Q

)

_ _ Xij = Yij
error = =2 =0
rows x columns
where
X = output image ,
A imation E ing-Poi .
Ppr?él‘mgslzz) rror Hardware(l:)lgzg;gﬁl;omt Error y = reference |mage

Reported Error (1.02 %)
by Williams et al. [2]

Hardware Fixed-Point (12-bit) Hardware Fixed-Point (23-bit)
Error (0.2676 %) Error (0.1028 %)

ICFPT07
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SRC-6 vs. Intel Xeon 2.8 GHz

(Hardware-to-Software Performance)

Total Execution Time
60.00
50.00 43.02
e 40.00 -
@ 30.00 4
€ 2000 4 12,07 12.06 A
10.00 - - 246 152
000 S I I - T S
Xeon 2.8GHz  Floating Point 1X  Fixed Point 1X  Floating Point2X Floating Point2X  Fixed Point 8X
Comp./8XData
Speed Up
40
283
30
20 17.5
" 10 - > - |:|
0
Xeon 2.8GHz Floating Point 1X Fixed Point 1X Floating Point 2X Floating Point 2X Fixed Point 8X
Comp./8X Data
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Outline

¢ On-Board Processing for Remote Sensing
- Discrete Wavelet Transform (DWT)

- Wavelet-Based Hyperspectral Dimension Reduction
-~ Cloud Detection
- Image Registration

¢ Bioinformatics
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Introduction and Background

¢ Remote sensed data usually contain two types of
distortion:

¢ Radiometric distortion
¢ Sources of radiometric distortion are from
» Effects of atmosphere on radiation, & Reference Image
» Effects of atmosphere on remote sensing imagery, and i
instrumentation errors

¢ These errors can be corrected using the knowledge of the
sensor model

¢ Geometric distortion
¢ Sources of geometric distortion are

» Earth rotation,

» Panoramic effects,

» Earth curvature,

» Scan time skew,

» Variation in platform altitude, velocity, attitude, and i ¥
aspect ratio { ference Image

¢ To correct the various types of geometric distortion, ) Adr
without the knowledge of error sources, an image can be f
registered to a map coordinate system:

» The pixels are addressable in terms of map coordinates
(latitudes and longitudes or eastings and northings)

» The resulting output of image registration is a set of
transforms or a mappin(}; function that tells us how the
input image is different from the reference image

» Using these parameters the input image can be
transformed to match the reference image

ICFPTO07 12/11/07 181

Implementation Approach and Experimental Results
(SRC-6)

¢ Two Techniques =—
- Exhaustive search Execution Time
- Iterative refinement

T 2500 -
& Similarity Measures
- correlation
. . 2000 —

- Normalized cross-correlation

+ Expensive

+ One of the best similarity measures | , 1200 7] =
- Statistical correlation . 104 — |mEsrapoite|
- Match filters 1000 + |

- Phase-correlation -
- Sum of absolute differences 50.0 — 2

S 1847
- Root mean square |
— Masked correlation 0.0 -

WP(28GHzXesn) 1 FPGA(1Engine) 1 FPGA (2 Engines) 2 FPGAs (4 Engines)

& Two engines |
- 79% usage of the chip resources (slices)

Platform Speedup
4 High Accuracy
- Floating-point arithmetic (SRC single- ot hoo) !
precision FP macros) 1 FPGA (1 Engine) 1.87
¢ Extrapolated Higher Performance 1 FPGA (2 Engines) 3.74
- Larger data sizes 2 FPGASs (4 Engines) 4.59
- Many optimization techniques such as (7.48 extrapolated)

data streaming
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DNA Sequencing with

Smith-Waterman
4 Amino acids

+ The building blocks (monomers) of proteins. 20 different
amino acids are used to synthesize proteins. The shape
and other properties of each protein is dictated by the
precise sequence of amino acids in it.

& Deoxyribonucleic acid (DNA) is written using a code
of only 4 letters (bases)

¢ Two purines, called adenine (A) and guanine (G)
¢ Two pyrimidines, called thymine (T) and cytosine (C)
¢ DNA sequencing

¢ The determination of the precise sequence of
nucleotides in a sample of DNA

¢ Why — determine origin, ...

12/11/07

ICFPTO07 12/111/07 183
DNA Matching Basics
4 Example: A |c |e |7
— Find the best pairwise alignment A |10 |5 |o |5
of GAATC and CATAC c [-5 [10 [5 [0
G |o (5 |10 |5
GAATC  GAAT-C  -GAAT-C -5 |0 |5 [10
CATAC C-ATAC C-A-TAC A hypothetical
substitution matrix
GAATC- GAAT-C  GA-ATC
CA-TAC CA-TAC  CATA-C
¢ We need a way to measure the
uality of a candidate alignment
auatty g GAAT-C
* Allgnmen.t seores are. driven from : CA-TAC
- substitution matrix
- gap penalty 5+10+2+10+?2+10="7
ICFPTO07
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Computing the Scoring Matrix

0246810121416

G >-1>12>3>5>/(>9 51113 |
F(i-1j-1)+ s(x. y_) G 1727072747 6L810
it )]
F(i, J)= max: F i—lj +gap_ penalty T >3 >0 P2>-1>1 >3 597 |
F(i,j-1)+gap_penalty | T >52>2>0>-32-2>002 4 |
0 A |10 /(=24 >1>-1d-3-3b-1e 1|
T 1.2 > 63 >0>-2-35-49-2 ]
G 1I4 >11>8 552 >-10-35-45-4 |
C 1v6 »13>10> 7/ >4 > 1 -2 5-4.5 -5 |
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Hardware Implementation
(32x1 Sliding Window)
Multiple Databases and Multiple Queries
A [T |[A |B |A |S |E S |[E |Q
Q1
32 Residue
Window
Size
(Node 1)
Unlimited Database Size >
A [T |[A |B |A |S |E S |[E |Q
Qn
32 Residue
Window
Size
(Node n)
Unlimited Database Size .
ICFPTO07
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Data Transfer Scenarios

Clock Cycles 0-31 J_L'_I_ 32 symbols,1fvery clock
Clock Cycles 32 - 63

Data Sent From QDR1
to FPGA for

Sending Data to
QDR 1

Processing

S-W Scoring on FPGA
Microprocessor E; L FPGA Sets Done Flag
Memory Sending Max

Score From
QDR 2 to RAM

Maximum Score sent
to QDR 2

QDR 2
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Implementation for Hardware (cnt’d)
(MPI Implementation)
— - BBl .\ Done
Scatter [ -. —
Queries | Nodeo [
- - B
BroadCast — - —
— . .
DBs Processing |
g -
-. Gather
Soquonces Scores
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MPI Utilization on SRC-6

Hi-Bar swit¢h
4

L

P
>

L

k 4 N

L

3

| —

y ATV Pea

W

Regonfigurable Regonfigurable onfigur: onfigur:
o || ooy Rhagezetr Shagozetr

MPI

¢ Only two MPI processes were implemented

ICFPTO07

rrc | Fre | | Fre | Fre | \Fpe” | res | \ Fpe” | ks
° " ° ° "

- Network Interface Cards cannot be efficiently shared
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MPI Utilization on Cray-XD1

- All Nodes were exploited using MPI

+ However, only one of the two microprocessors on each node
sufficed

ICFPT07 12/11/07
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Sequences

Implementation for Hardware (cnt’d)
BroadCast e

(MPI Implementation)
é\ Done

—
Scatter
~ .
Queries
— DBs Processing -
/

— {.
Database
Sequences Node N-1 S co res

Gather
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Performance Results

Expected Measured
Throughput Throughput
(GCUPS) Speecup (GCUPS) Speadup
FASTA Opteron DNA NA NA 0.065 1
SSEARCH34 | 2:4GHz Protein NA NA 0.130 1
1 319> 12.2 49 > 188
Engine/Chip e 492 14 Chips 14 Chips
4 124> 42.7 191 > 656
SRC DNA | Enginesichip | 128 197 14 Chips 14 Chips
100 MHz (32x1) 8 25.6 394 241>74 371 > 1138
Engines/Chip : 1->4 Chips 1>4 Chips
i 312> 117 24> 90
Ftatein e PR 14 Chips 14 Chips
GWuU
1 6.4 98 59 32 91 > 492
Engine/Chip = MPI 1>6 nodes | MPI 136 nodes
4 23.3 > 120.7 359 > 1857
XD1 Oha Engines/Chip e S MPI 136 nodes | MPI 16 nodes
200 MHz (32x1) 8 51.2 788 45.2 > 181.6 695 > 2794
Engines/Chip 1 MPI 16 nodes | MPI 156 nodes
. 59> 34 45 > 262
Ftatein e - MPI 136 nodes | MPI 16 nodes
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Outline

¢ Architectures and Systems
¢ Tools and Programming
& Applications

¢ Performance

¢ Wrap-up
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Potential: Comparison with a cluster of

microprocessor boards

Assumptions:
* 100% cluster efficiency, i.e., each application

can be perfectly parallelized across N microprocessor boards
« Each reconfigurable processor is used

together with a single dual-pyP boards

ICFPTO07 12/11/07
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System Cost

Cluster of N pPs
cost = N/2 * cost(dual yP board)
+ cost (switch network)

Reconfigurable computer

cost = cost(dual pP board)
+ cost(reconfigurable processor)

ICFPT07 12/11/07
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System Cost Current Cost Ratio

Reconfigurable computer cost

=~ 50-1
Dual pP board cost >0-100
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Power Consumption —SRC-6E

Reconfigurable processor: 200w
MP board (with two pPs): 170 W
Cluster of N single pPs: N*170/2 W

ICFPT07 12/11/07 198
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Power Consumption Ratio

N - Cluster size (in the number of microprocessors)
necessary to obtain equivalent performance

Power consumption advantage

N Typical reconfigurable computer vs.
a cluster of dual pP boards
containing N pPs
I/0 intensive 10 4.25
applications 100 42.50
Computationally 7 1000 425.00
intensive
applications
ICFPTO07 12/11/07 199

Power Consumption Cost

Assumptions:

Both systems used non-stop over a 5 year

period

Average commercial cost of power
in LA, NYC, SF, and DC: $0.12 per kW-hour

ICFPT07 12/11/07 200
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Total cost of power over a five year period

without cooling

ICFPTO07

Cluster with Tyfpical bl
N N pPs reconfigurable Savings
computer
10 $4,468 $1,051 $3,417
100 $44,680 $1,051 $43,629
1000 $446,800 $1,051 $445,749

12/11/07 201

Total cost of power over a five year period

including cooling

Typical
N |Cluster of N pPs reccc;r:]:igﬁgfle Savings
10 $11,170 $2,628 $8,542
100 $111,700 $2,628 $109,072
1000 | $1,117,000 $2,628 $1,114,372

ICFPT07
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System Size

Cluster of 100 yPs = four 19-inch racks

footprint = 6 square feet

Reconfigurable computer (SRC MAPstation™)

footprint = 1 square foot

Space savings 6 times assuming rack-mounted clusters,
and many times more for standard PC-based clusters

12/11/07 203

ICFPTO7
Platform Configuration
Saving Factor (uP : RP
Number | ppGa | Maximum o (r )
Platform of Type Hciun:
FPGA Cost Power Size
SRC-6 8 XC2V6000 | 100MHz | 1:200 | 1:3.64 | 1:33.3
Cray XD1 6 XC2VP50 | 200MHz | 1:100 1:20 | 1:958
SGI RC-100 6 XC4LX200 | 200MHz | 1:400 | 1:11.2 | 1:34.5
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Savings of HPRC
(Based on SRC-6)

SAVINGS
Application Speedup
Cost Savings | Power Savings | Size Reduction

Smith-Waterman
(DNA Sequencing) 1138 6x 313x 34x
DES Breaker 6757 34x 1856x 203x
IDEA Breaker 641 3x 176x 19x
RC5(32/12/16) Breaker 1140 6x 313x 34x

¢ Assumptions

— 100% cluster efficiency
— Cost Factor uP : RP > 1: 200
- Power Factor yP : RP > 1: 3.64
¢ Reconfigurable processor (based on SRC-6): 200 W
« PP board (with two pPs): 220 W
— Size Factor uP : RP 2> 1: 33.3
¢ Cluster of 100 pyPs = four 19-inch racks
» footprint = 6 square feet
+ Reconfigurable computer (SRC MAPstation™)
» footprint = 1 square feet 12/11/07
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Savings of HPRC
(Based on one Cray-XD1 chassis)
SAVINGS
Application Speedup
Cost Savings | Power Savings | Size Reduction
g)’l‘:&hsve‘;fgg‘:; 2794 28x 140x 29x
DES Breaker 12162 122x 608x 127x
IDEA Breaker 2402 24x 120x 25x
RC5(32/8/8) Breaker 2321 23x 116x 24x
¢ Assumptions
— 100% cluster efficiency
- Cost Factor uyP : RP > 1: 100
- Power Factor uP : RP > 1: 20
¢ Reconfigurable processor (based on one XD1 Chassis): 2200 W
& PP board (with two pPs): 220 W
— Size Factor pP : RP > 1:95.8
¢ Cluster of 100 yPs = four 19-inch racks
» footprint = 6 square feet
¢ Reconfigurable computer (one XD1 Chassis)
\CEPTO7 » footprint = 5.75 square feet 12111007 206
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Savings of HPRC
(Based on one Altix 4700 10U rack)

SAVINGS
Application Speedup
Cost Savings Power Savings | Size Reduction
Smith-Waterman
(DNA Sequencing) 8723 22x 779x 253x
DES Breaker 38514 96x 3439x 1116x
IDEA Breaker 961 2x 86x 28x
RC5(32/12/16) Breaker 6838 17x 610x 198x
& Assumptions
— 100% cluster efficiency
— Cost Factor uP : RP = 1 : 400
— Power Factor yP : RP > 1:11.2
+ 110U Rack: 1230 W
& PP board (with two pPs): 220 W
— Size Factor yP : RP > 1:34.5
¢ Cluster of 100 uPs = four 19-inch racks
» footprint = 6 square feet
¢ Reconfigurable computer (10U)
» footprint = 2.07 square feet
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Outline
¢ Architectures and Systems
4 Tools and Programming
¢ Applications
¢ Performance
¢ Wrap-up
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Lessons Learned

¢ Porting an existing code to an RC platform is difficult

- Requires an in-depth understanding of the code structure and
data flow

- Code optimization techniques used in the microprocessor-based
implementation are not applicable for RC implementation

- Data flow schemes used in the microprocessor-based
implementation in most cases are not suitable for RC
implementation

& Only few scientific codes can be ported to an RC platform with
relatively minor modifications
— 90% of time is spent while executing 10% of the code

& Vast majority of the codes require significant restructuring in order
to be ‘portable’, general problems are:
- No well-defined compute kernel
— Compute kernel is too large to fit on an FPGA
- Compute kernel operates on a large dataset or is not called too

many times
+ function call overhead becomes an issue
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Lessons Learned

& Effective use of high-level programming languages/tools, such as
MAP C/Carte (SRC-6) and Mitrion-SDK/Mitrion-C (RC100), to develop
code for RC platform requires some limited hardware knowledge

— Memory organization and limitations
¢ Explicit data transfer and efficient data access

- On-chip resources and limitations

- RC architecture-specific programming techniques
+ Pipelining, streams, ...

& Most significant code acceleration can be achieved when
developing the code from scratch; the code developer then has the
freedom to

- structure the algorithm to take advantage of the RC platform
organization and resources,
- select most effective SW/HW code partitioning scheme, and
- setup data formats and data flow graph that maps well into RC
platform resources
ICFPTO7 12/11/07 210
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Conclusions

¢ Making HPRCs relatively easy for scientists is
challenging
— More work on Programming Models needed
— More work on OS needed

— More work on Tools

¢ The proven (demonstrated) promise (only in some
cases for now) is too great to give up

- > 38000+ X of speed up

- > 3000+ X saving in power
- >90+ X saving in $$

- > 1000+ X saving in size
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