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Introduction to Reconfigurable Computing

A Topics to be covered
A Introduction to the field of reconfigurable computing

A A survey of basic concepts such as fiptdgrammable
gate arrays, dataflow, pipelining, etc.

A Examples of modern reconfigurable computing systems
A An overview of application development tools
A Application development methodology

A Examples of applications implemented on various
reconfigurable computing platforms

A Presenters
A Volodymyr Kindratenko and Craig SteffedCSA



Reconfigurable Computing (RC)

A GeraldEstrin'si dea of fAfy |

vari abl e structur

A reconfigurable hardware is tailored to

perform a specific tasks quickly as a
dedicated piece of hardware "ReP2EN

A once the task is done, the hardware is configur
adjusted to do other tasks

A the main processor controls the
behavior of the reconfigurable
hardware

A Field Programmable Gate Array
(FPGA) is theenabling teahnalogy
A FPGA vs. microprocessor

A Microprocessor
A fixed data path; software must be customized to

A |EEE Computer, March 2007

High-Performance Reconfigurable Computers are parallel

make use of available busses and memory of the computing systems that contain multiple microprocessors
processor and multiple FPGAs. In current settings, the design uses
A FPGAs as coprocessors that are deployed to execute the
FPGA small portion of the application that takes most of the
A flexible data path; oghip connectivity can be timed under the 1090 rule, the 10 percent of code that
customized to fit the application takes 90 percent of the execution time.



FPGAs in HPC: Key Benefits

A By customizing hardware to match application computing and data
needs, we can Obuil dd computers a
oOowrapb6 applications around comput

A Higher sustained performance can be attained

A exploring inherent parallelism in algorithms
A spatial parallelism, instruction level parallelism

A matching computation with data flow

A Larger systems can be built with lower power budget

A Example: 4Altera Stratix|ll EP3SE260 chips consume an equivalent of Intel 3
GHz quadcore Xeon X5365 chip, thus giving a 5x performance advantage for
the same WATTSs of power

A FPGAs still have a significant room to grow, offering a potential for
performance improvements over the microprocessors



Trends In FPGA Peak Performance
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Source: K. Underwood, FPGAs vs. CPUs: Trends in Peak Floating-Point Performance, Procs 2004
ACM/SIGDA 12t International Symposium on Field Programmable Gate Arrays
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FPGAS vs. Multicore Processors

Device Theoretical OPr act Power GFLOPS/ MFLOPS/$

Peak Peak (WATT) WATT @
(GFLOPS)® | (GFLOPS)

AMD 2.8 GHz dual-core

Snieron 5250 11.2 10.1 950) 0.1 1,268) 8.0
')?éz'n?’xcégé;“ad'core 24 21.6" 120 0.2 1,288) 16.8
Xilinx Virtex4 LX200 ( @:}Lfég '\:JZ; L9 252) 0.4 10,589) 0.9
Xilinx Virtex5 LX330 (@2257 /:/. >H i )1 Y 1™ 302 0.5 12.346) 1.3
Altera Stratix || EP2S180 (@%gog I\;I-)Iz)( 2 4.4 252) 0.6 10,688" 1.4

*) Add/multiply, double-precision floating-point (DP FP)
**)  90% of theoretical peak
***)  33% maximum frequency decrease and 15% logic remaining unused; (see ref 2 for details)
A) | mpl ementing DP FP multipliers using both hard and soft multiplier cores
y) | mpl ementing DP FP multipliers with hard multiplier cores only
1) Dave Strenski, FPGA Floating Point Performance - a pencil and paper evaluation, HPCwire, January 12, 2007
2) Martin Langhammer, Double Precision Floating Point on FPGAs, RSSI, July 17-20, 2007
") http://lwww.pricewatch.com/cpu/ (as of 09/07/2007)
") http://www.em.avnet.com/ (as of 09/07/2007)
") http://lwww.altera.com/buy/buy-index.html (as of 09/07/2007)



FPGAs in HPC: Key Challenges

A The programming model Software:

A Hardware design vs. software
Implementation
methodologies

A More than just a tool or
language issue: hardware
design requires a different
way of thinking

A Even with the best @&-HDL a b
compilers, software y y
devel opers must be *_,Zys *_/m
awareo to extract ahny
satisfactory performance v 3

Nt/

y4

floatz = a*x + b*y;

Hardware:




FPGAs in HPC: Key Challenges

A The programming model
A Parallel programming is hard (binsA, a3, b3) = for(j in <0 .. NPOINTS>)

A Parallel programming {
with fine-grained (Xj, Vi, zj, a2, b2) =readpoint(al,bl, j);
parallelism is even harder
A Loose coupling between float:53.11 dot = xi*xj + yi*yj + zi*Zj;
microprocessor and FPGA
A Applications are constrained int:8 indx = findbin (dot, binb);

by the 1/O bandwidth and
control transfer overhead

AoDet achedd ex:¢
IS not suitable for many
applications

binsB = foreach (bin in binsB by ind)
if (ind ==indx) bin + 1 else bin;

} (binsB, a2, b2);




FPGAs in HPC: Key Challenges

A The programming model

A Using FPGAs to accelerate
common libraries

A Difficult to find libraries that are
widely used in many
applications

A Typical library subroutines are
too -gifaneedo to
from FPGA acceleration

A A more productive approach is to
port small, but computationally
intensive application kernels

A 10% of the code responsible for
90% of the compute time

A The call frequency of the
function is key here

Configure
FPGA

Transfer
be Data in

S——

Transfer
Data out

Must have
enough work
to justify the
configuration,
data transfer,
and control
transfer

overheads




FPGAS in HPC: Central Tradeoff

t he nwhat can | fit Il n t he FI
critical tradeoff

The kernel must be LARGE enough that execution
time is dominated by computation time, not control
transfer overhead

HOWEVER

The code/loop must be SMALL enough that the
control logic (loop control, variable propagation and so
on) is SMALL enough that there is still room left over
for execution logic. (In other words, no implementing
a full network stack on the FPGA).
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FPGAs in HPC: Key Challenges

A Tools

A Need for highlevel languages capable of implementing both software
and hardware

A Existing tools, such as SRC Carte, are restricted to particular hardware
platforms
A Hardware synthesis and placing & routing compared to software
compilation is timeconsuming

A Manual platform mapping is still required

A SW/HW partitioning, SW/HW interface, data transfer, synchronization
among FPGAs, use of memories, sequence ofrunme r econf i ¢

A Code and data flow profiling tools maturity

A Portability

A Application portability at the source code level is difficult to maintain
among HPRC products from the same hardware vendor-@R@roduct
line might be the only exception) and it is virtually rexistent between
HPRC platforms from different vendors
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FPGAs in HPC: Key Challenges

A Lack of standards
A CPUFPGA hardware interface varies from vendor to vendor
A PCI, HyperTransportDIMM, FrontSideBu s , é
A On-board memory type and layout vary from product to product

A Memory type, number of memory banks, memory bus width, memory bandwidth,
access patterns, e

A FPGA programming interface
A Each vendor provides its own API to interface with the FPGroaessor
A High Level Languages that target FPGAs
A ImpulseG DimeC, Mitrion-C, HandelC, MAP-C, AccelChip StreamGC Vi v a ,
A Technology maturity and cost
A FPGAs are viewed as qocessors

Systems without a CPU are not even considered (exception: Stanford BEE system, whi
IS designed for simulating mulfirocessor systems)

A

A Systems with large number of FPGAs and small number of CPUs are not considered
either (exception: Maxwell machine, but good luck using it!)

A

FPGAS are expensive
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Generic FPGA Structure

function block switch block A FPGAS are

Asmall clubteeers$c
logic, e.g.
A flip-flops
A lookup tables (LUTS)
A and connection grids

A that can be reconfigured to
| mpl emeniktevial gt
operations

A fBitstreamd i s a co
configuration for the chip

I/0O block interconnect
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Example: Xilinx Virtex 2 FPGAs

A Virtex -1l XC2V6000

Lttt

EEBENNENEENNEERENRE

A 33,792 slices
A 67,584 4input LUTs
A 67,584 flip flops

A 144 18x18 integer multipliers
A 144 Block RAMS £,592 Kbits total)
A 1,104 User I/O

[ LD Ll L1 LZLIITT

iad | latad | had B

8  ssaE| &= | )
I Leead: | bhd: B
Aiwal wwaw] ww ] QL oo
FEERY reREd Y e

SEE 30 (SE S 2 2 3 (SRS

23 EE 22 (eSS i

L d(NE & = 3 VINE = 3 2

B
-
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A Virtex 2 Pro 2VP100

A 44,096 slices

A 88,192 4input LUTs

A 88,192 flip flops

A 444 18x18 integer multipliers
A 444 Block RAMSs {,992 Kbits total)

A 1,164 User I/O

A 20 RocketlO Transceivers

A 2 PPC405s

I/O Block User
Logic
m I---II%-I-II---J
[ HuE

Block RAM

Interface Core




Max Frequency (MHz)

Block RAM (Kbytes)

FPGA Technology Trends

Al
Max Frequency (MHZz
700
Virtex-5 LX
600 Virtex-4
500 Virtex-ll Virtex-5 SX
400
300 Virtex Virtex-1l Pro
200 Spartan3
100 Spartanll
SpartanXL
0
1996 1998 2000 2002 2004 2006 2008
Appr Year of Introduction
\
Block RAM (Kbytes’
1,600 Virtex-5 LX
1,400 ¢
1,200 Virtex-4 ¢
1,000 4 Virtex-5 SX
800 'S
600 Virtexll Virtex-Il Pro
400
200 Virtex ¢ Spartan3
0 Spartanll
1996 1998 2000 2002 2004 2006 2008

Appr Year of Introduction

Configurable Logic Blocks

Dedicated multipliers

Source: Xilinx product datasheets http://www.xilinx.com/support/library.htm

Configurable Logic Blocks (CLE

30000 Virtex-5 LX
25000 Virtex-4
20000
15000 Virtex-ll
10000 Virtex Virtex-5 SX
Virtex-1l Pro
5000 S Spartanl| Spartan3
0
1996 1998 2000 2002 2004 2006 2008
Appr Year of Introduction
Dedicated multipliers
700 .
600 Virtex-5 SX
500 .
400 Virtexl
300 :
200 Virtexdll Virtex-5 LX
® Virtex-4 14

100

0 Spartan3

1996 1998 2000 2002 2004 2006 2008

Appr Year of Introduction



Configurable Logic Blocks (CLB) slice

CouT
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A Main elements are
A lookup tables &
A flip-flops

A Configurablerefers to
the ability to load
lookup tables with
user-specified logic



Lookup tables (LUT)

A Lookup tables are
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Implementing Operations on FPGA

A Example: adder

A Described by a HDL (VHDL
or Verilog)

AASynthesizedo t
| evel O resour CE€
the chip




Dataflow Concept

A Basic idea

A express computation with
interconnected function units

A Data flow graph (DFG)

A Can be implemented in
FPGA logic

A Each function unit has a
latency

4c A If we provide inputs to the
DFG, the results will be
output n clock cycles later

A Thus, new inputs can be taken
v every n clock cycles

A=B+C*D-E

N
>
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Pipelining Concept

A Basic idea

A Non-pipelined functional
unit can take new inputs
only after it is done
processing previous
Inputs

A The fully pipelined
functional unit can take a
new input and produce a
new output on every
clock cycle

A DFG can be pipelined
by adding delays

A=B+C*D-E

4c

20



Examples of Pipelined DFGs

9c

for (I=0; i<n; i++)

a[i]=b[iJ*cfi]

&a &b &c
- |
I
1c 1c
delay| 3c 3c
|de|ay 2¢ # 2C

1c

3c

21

3c

if (a>b) ¢ = a+b;
else c = a*b;




Tradi ti onal FPGA ncCod

Algorithm
HDL Model > Functional simulation
! | synthesis
netlist > Post-synthesis simulation

| | implementation (map, place & route)

bitstream > Timing simulation

downloading and testing
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Mapping

LUT 1 LUT 2

al —= - LCELL
bl — - _D P}D — T

o

cay_ind &

LUT 4
CARRY

LUT 3 D——| P CAmYnZ
netlist __:__>—

-




Placing

LUT 1=

al —= »
bl * D

_—

LUT 2/

LZELL

T o—

cary _inl

A

A s

L — carry_in2

netlist

FPGA
0oo
0oo
0oo

CLB slices




Routin

g

LUT 1=

al —= »
bl * D

_—

LUT 2/

LZELL

T o—

cary _inl

A

A s

L — carry_in2

netlist

FPGA
0oo
0oo
[ 00O
CLB slices




P&R Report Example

A Device Utilization Summary

Number of BUFGMUXSs 1 out of 16 6%
Number of External IOBs 815 out of 1104 73%
Number of LOCed IOBs 815 out of 815 100%
Number of MULT18X18s 10 outof 144 6%
Number of SLICEsS 3286 out of 33792 9%

A Clock report

Constraint | Requested | Actual | Logic

Levels

TS_CLOCK = PERIOD TIMEGRP "CLOCK" 10 ns H | 10.000ns | 9.786ns |0
IGH 50% | | |
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High-Level Language based FPGA Code Design

Algorithm

s
HLL Model >

HLL to HDL
! | compiler

Synthesis and

software developer

implementation
transparent to the

27

Conventional software
execution and
debugging

bitstream

downloading
and testing




RC System Basic Concept

A Microprocessor A Reconfigurable
processor

~N_
m MEMoT, L memorny.

Ew

COrror)

frsrnory

EwE

communication channel (PCIl, DIM, HyperTransport, etc.)
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HPRC Systems Taxonomy

A uniform node nonuniform systems (UNNSS)

HP node UP node RP node RP node

! ! : !

IN and/or GSM

A nonuniform node uniform systems (NNUSSs)

— t — — 1 —

IN and/or GSM

Source: T. EI-Ghazawi, E. El-Araby, M. Huang, K. Gaj, V. Kindratenko, D. Buell, The Promise of
High-Performance Reconfigurable Computing, IEEE Computer, February 2008
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SRC-7 (UNNS)

SRC-7 Hi-Bar Switch

7.2 7.2 7.2
GB/s GB/s GB/s

SNAPE
MAP® MAP
Memory
GPIOX GPIOX
P | I ...
Gig Ethernet Chaining
GPIO

: Storage Area Local Area Wide Area
Disk Network Network Network

Existing Networks

PCl Express «— etc. «—PCI Express

Courtesy of SCR Computers



SRC-7 (MAP H) Reconfigurable Processor

14.4 GB/s
sustained payload
(7.2 GB/s per pair)

Controller
EP2S130

4.2
GB/s
14.4 GB/s

User Logic 1 . User Logic 2
55 Mgates 55 Mgates
EP2S180 EP2S180

t 192GBis(24x8) |

Eight Banks On-Board Memory

(64 MB SRAM)

l

GPIO

12 GB/s
Courtesy of SCR Computers
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Cray

A XD1 (NNUS) A XT5h (NNNS)

Courtesy of Cray
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