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Introduction to Reconfigurable Computing

ÅTopics to be covered

ÅIntroduction to the field of reconfigurable computing

ÅA survey of basic concepts such as field-programmable 

gate arrays, dataflow, pipelining, etc.

ÅExamples of modern reconfigurable computing systems

ÅAn overview of application development tools

ÅApplication development methodology

ÅExamples of applications implemented on various 

reconfigurable computing platforms

ÅPresenters

ÅVolodymyr Kindratenko and Craig Steffen, NCSA
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Reconfigurable Computing (RC)

Å Gerald Estrin's idea of ñfixed plus 

variable structure computerò

Å reconfigurable hardware is tailored to 

perform a specific task as quickly as a 

dedicated piece of hardware

Å once the task is done, the hardware is 

adjusted to do other tasks

Å the main processor controls the 

behavior of the reconfigurable 

hardware

Å Field Programmable Gate Array 

(FPGA) is the enabling technology

Å FPGA vs. microprocessor

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

make use of available busses and memory of the 

processor

Å FPGA
Å flexible data path; on-chip connectivity can be 

customized to fit the application

Å IEEE Computer, March 2007

High-Performance Reconfigurable Computers are parallel 

computing systems that contain multiple microprocessors 

and multiple FPGAs. In current settings, the design uses 

FPGAs as coprocessors that are deployed to execute the 

small portion of the application that takes most of the 

timeðunder the 10-90 rule, the 10 percent of code that 

takes 90 percent of the execution time.
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FPGAs in HPC: Key Benefits

Å By customizing hardware to match application computing and data 

needs, we can óbuildô computers around applications rather than 

ówrapô applications around computers

Å Higher sustained performance can be attained

Å exploring inherent parallelism in algorithms

Åspatial parallelism, instruction level parallelism

Åmatching computation with data flow 

Å Larger systems can be built with lower power budget

Å Example: 4 AlteraStratixIII EP3SE260 chips consume an equivalent of Intel 3 

GHz quad-core Xeon X5365 chip, thus giving a 5x performance advantage for 

the same WATTs of power

Å FPGAs still have a significant room to grow, offering a potential for 

performance improvements over the microprocessors
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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 12th International Symposium on Field Programmable Gate Arrays 

FPGA: performance is 

increasing by 4x every two 

years

CPU: Mooreôs Law - doubling in 

performance every 18 months



FPGAs vs. Multicore Processors

Device Theoretical 

Peak 

(GFLOPS) (*)

óPracticalô  

Peak 

(GFLOPS)

Power 

(WATT)

GFLOPS/

WATT (2)

Cost

($)

MFLOPS/$

AMD 2.8 GHz dual-core 

Opteron 8220
11.2 10.1(**) 95(') 0.1 1,266(') 8.0

Intel 3 GHz quad-core 

Xeon X5365 
24 21.6(**) 120(') 0.2 1,285(') 16.8

Xilinx Virtex4 LX200 15.9(À)(1)

(@185 MHz)
9.1(***) 25(2) 0.4 10,589('') 0.9

Xilinx Virtex5 LX330 28(À)(1)

(@237 MHz)
16(***) 30(2) 0.5 12,346('') 1.3

Altera Stratix II EP2S180 25.2(ÿ)(2)

(@303 MHz)
14.4(***) 25(2) 0.6 10,688(''') 1.4

Altera Stratix III 

EP3SE260
50.7(ÿ)(2)

(@363 MHz)
28.9(***) 30(2) 0.9

*)   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)

À)   Implementing DP FP multipliers using both hard and soft multiplier cores

ÿ)   Implementing 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://www.pricewatch.com/cpu/ (as of 09/07/2007)

'')   http://www.em.avnet.com/ (as of 09/07/2007)

''')   http://www.altera.com/buy/buy-index.html (as of 09/07/2007)
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FPGAs in HPC: Key Challenges

ÅThe programming model

ÅHardware design vs. software 

implementation 

methodologies

ÅMore than just a tool or 

language issue: hardware 

design requires a different 

way of thinking

ÅEven with the best C-to-HDL 

compilers, software 

developers must be ñsystem-

awareò to extract any 

satisfactory performance

Software:

float z = a*x + b*y;

a

*

x

+

z

b

*

y

Hardware:
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FPGAs in HPC: Key Challenges

ÅThe programming model

ÅParallel programming is hard

ÅParallel programming 

with fine-grained 

parallelism is even harder

ÅLoose coupling between 

microprocessor and FPGA

ÅApplications are constrained 

by the I/O bandwidth and 

control transfer overhead

ÅóDetachedô execution model 

is not suitable for many 

applications

(binsA, a3, b3) = for(j in <0 .. NPOINTS>)

{

(xj , yj , zj, a2, b2) = readpoint(a1,b1, j);

float:53.11 dot = xi*xj + yi*yj + zi*zj;

int:8 indx = findbin (dot, binb);

binsB = foreach (bin in binsB by ind) 

if ( ind == indx) bin + 1 else bin; 

} (binsB, a2, b2);

RSSI 2008 Reconfigurable Computing Tutorial 8



FPGAs in HPC: Key Challenges

Å The programming model

ÅUsing FPGAs to accelerate 

common libraries

ÅDifficult to find libraries that are 

widely used in many 

applications

ÅTypical library subroutines are 

too ñfine-grainedò to benefit 

from FPGA acceleration

Å A more productive approach is to 

port small, but computationally 

intensive application kernels

Å10% of the code responsible for 

90% of the compute time

ÅThe call frequency of the 

function is key here

9

Configure

FPGA

Transfer

Data in

compute

Transfer

Data out

Must have 

enough work 

to justify the 

configuration, 

data transfer, 

and control 

transfer 

overheads
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FPGAs in HPC: Central Tradeoff

the ñwhat can I fit in the FPGAò question involves a 

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

ÅTools

ÅNeed for high-level languages capable of implementing both software 

and hardware

ÅExisting tools, such as SRC Carte, are restricted to particular hardware 

platforms

ÅHardware synthesis and placing & routing compared to software 

compilation is time-consuming

ÅManual platform mapping is still required

ÅSW/HW partitioning, SW/HW interface, data transfer, synchronization 

among FPGAs, use of memories, sequence of run-time reconfigurations,é

ÅCode and data flow profiling tools maturity

ÅPortability

ÅApplication portability at the source code level is difficult to maintain 

among HPRC products from the same hardware vendor (SRC-6/7 product 

line might be the only exception) and it is virtually non-existent between 

HPRC platforms from different vendors
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FPGAs in HPC: Key Challenges

Å Lack of standards

Å CPU-FPGA hardware interface varies from vendor to vendor

ÅPCI, HyperTransport, DIMM, FrontSideBus, é

Å On-board memory type and layout vary from product to product

ÅMemory type, number of memory banks, memory bus width, memory bandwidth, 

access patterns, é

Å FPGA programming interface

ÅEach vendor provides its own API to interface with the FPGA co-processor

Å High Level Languages that target FPGAs

ÅImpulseC, DimeC, Mitrion-C, Handel-C, MAP-C, AccelChip, StreamC, Viva, é

Å Technology maturity and cost

Å FPGAs are viewed as co-processors

Å Systems without a CPU are not even considered (exception: Stanford BEE system, which 

is designed for simulating multi-processor systems)

Å Systems with large number of FPGAs and small number of CPUs are not considered 

either (exception: Maxwell machine, but good luck using it!)

Å FPGAs are expensive
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Generic FPGA Structure

ÅFPGAs are

Åsmall clusters of ñlow-levelò 

logic, e.g.

Åflip-flops

Ålookup tables (LUTs)

Åand connection grids 

Åthat can be reconfigured to 

implement ñhigher-levelò 

operations

ÅñBitstreamò is a complete 

configuration for the chip

switch blockfunction block

I/O block interconnect
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Example: Xilinx Virtex 2 FPGAs

Å Virtex -II XC2V6000

Å 33,792 slices

Å 67,584 4-input LUTs

Å 67,584 flip flops

Å 144 18x18 integer multipliers

Å 144 Block RAMs (2,592 Kbits total)

Å 1,104 User I/O

Å Virtex 2 Pro 2VP100

Å 44,096 slices

Å 88,192 4-input LUTs

Å 88,192 flip flops

Å 444 18x18 integer multipliers

Å 444 Block RAMs (7,992 Kbits total)

Å 1,164 User I/O

Å 20 RocketIO Transceivers

Å 2 PPC405s
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FPGA Technology Trends
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Configurable Logic Blocks (CLB) slice

ÅMain elements are

Ålookup tables &

Åflip-flops

ÅConfigurablerefers to 

the ability to load 

lookup tables with 

user-specified logic
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Lookup tables (LUT) 

ÅLookup tables are 

primary elements 

for logic 

implementation

ÅEach LUT can 

implement any 

function of 4 

inputs
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Implementing Operations on FPGA

ÅExample: adder

ÅDescribed by a HDL (VHDL 

or Verilog)

ÅñSynthesizedò to the ñlow-

levelò resources available on 

the chip

+ clock

16b 16b

16b

RSSI 2008 Reconfigurable Computing Tutorial 18



Dataflow Concept

ÅBasic idea

Åexpress computation with 

interconnected function units

ÅData flow graph (DFG)

ÅCan be implemented in 

FPGA logic

ÅEach function unit has a 

latency

ÅIf we provide inputs to the 

DFG, the results will be 

output n clock cycles later

ÅThus, new inputs can be taken 

every n clock cycles

A=B+C*D-E

C DB

+

x

E

-

A

2c

1c

1c

4c
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Pipelining Concept

ÅBasic idea

ÅNon-pipelined functional 
unit can take new inputs 
only after it is done 
processing previous 
inputs

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

ÅDFG can be pipelined 
by adding delays 

A=B+C*D-E

C DB

+

x

E

-

A

2c

1c

1c

4c

2c

3c
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Examples of Pipelined DFGs

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

a[i]=b[i]*c[i]

&a &b &c

i

+++

load load

store

x

delay

delay

1c 1c 1c

3c 3c 3c

2c2c

3c

9c

if (a>b) c = a+b;

else c = a*b;

a b

x+>

delay

selector

2c1c1c

1cdelay 1c

3c

1c
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Traditional FPGA ñCodeò Design Cycle

Algorithm

HDL Model

netlist

bitstream

synthesis

implementation (map, place & route)

Functional simulation

Post-synthesis simulation

Timing simulation

downloading and testing

RSSI 2008 Reconfigurable Computing Tutorial 22



Mapping

LUT 1 LUT 2

LUT 3

LUT 4

netlist
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FPGA

CLB slices

Placing

LUT 1 LUT 2

LUT 3

LUT 4

netlist
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Routing

FPGA

CLB slices

LUT 1 LUT 2

LUT 3

LUT 4

netlist
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P&R Report Example

Å Device Utilization Summary

Number of BUFGMUXs                  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 out of 144     6%

Number of SLICEs                 3286 out of 33792   9%

Å 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

HLL Model

HLL to HDL

compiler

Conventional software

execution and 

debugging

Synthesis and

implementation

transparent to the

software developer b
it
s
tr

e
a
m

downloading 

and testing
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RC System Basic Concept

ÅMicroprocessor ÅReconfigurable 

processor

microprocessor FPGA

memorymemory

common

memory

communication channel (PCI, DIM, HyperTransport, etc.)

disk
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HPRC Systems Taxonomy

Åuniform node nonuniform systems (UNNSs)

Ånonuniform node uniform systems (NNUSs)

IN and/or GSM

éµP1 µPN

é

µP node

µP1 µPN

é

µP node

RP1 RPM

é

RP node

RP1 RPM

é

RP node

é

IN and/or GSM

µP1 RP1 µPN RPNé

Source: T. El-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)

Storage Area 
Network 

Local Area 
Network 

Wide Area 
Network Disk

Existing Networks

PCI ExpressPCI Express SRC-7

mP

Memory

SNAPÊ

mP

Memory

SNAP

Gig Ethernet
etc.

Common 

Memory

SRC-7 Hi-Bar Switch

3.6

GB/s

7.2

GB/s

Chaining

GPIO
4.8

GB/s

GPIOX GPIOX

MAP

7.2

GB/s

MAP® HB

Disk

3.6

GB/s

7.2

GB/s

7.2

GB/s

Courtesy of  SCR Computers
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SRC-7 (MAP H) Reconfigurable Processor

Eight Banks On-Board Memory
(64 MB SRAM)

4.2 
GB/s

GPIO
12 GB/s

Controller

EP2S130

User Logic 1

55 Mgates

EP2S180

User Logic 2

55 Mgates

EP2S180

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

MAP
SDRAM

1 GB

SDRAM

1 GB4.2 
GB/s

19.2 GB/s (2.4 x8)

14.4 GB/s

4.8 
GB/s

Courtesy of  SCR Computers
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Cray 

ÅXD1 (NNUS) ÅXT5h (NNNS)

FPGA

VP50

Opteron

Opteron

Rapid

Array

Rapid

Array

SRAM

 

Opteron 
FPGA 

LX200 
SRAM 

SRAM 

PLD 

PLD 

SeaStar2 

FPGA 

LX200 

Courtesy of  Cray
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