
Sorting Using the Xilinx Virtex-4
Field Programmable Gate Arrays

on the Cray XD1

Stephen Bique1, Wendell Anderson1, Marco Lanzagorta2, and

Robert Rosenberg1

1
Center for Computational ScienceCenter for Computational Science

      Naval Research Laboratory
      Washington, D.C.

                                   USA

2
ITT Industries

        Alexandria, Virginia

                                    USA

This work was performed entirely on the Cray XD1 system at NRL-DC under the auspices of the U. S. Department of

Defense (DoD) High Performance Computer Modernization Program (HPCMP).



4:15 PM Monday 5 May 2008 Sorting using Virtex-4 FPGAs 2

Outline

 Problem Statement

 Architecture

 Mitrion-C

 Parallel Implementations

 Pallel Bubblesort

 Counting Sort

 Mergesort

 Novel Combinations of Algorithms

 Summary of Speedups Observed



4:15 PM Monday 5 May 2008 Sorting using Virtex-4 FPGAs 3

Why Sorting?

 HPC Applications

 Listed as Target Application [Cray]

 Users: Do there exist examples in Mitrion-C?
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Problem Statement

 Sort a large number of lists on FPGA

 Carry out a stable sort on a list of keys

 Return a list that contains the locations of the

keys after sorting

 Compare the performance using different

 Types of parallelism

 Algorithms, and

 Implementations in Mitrion-C
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Example

Given

return

7,1,6,3,4,5,3,8

1,3,6,4,5,0,7
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How do we measure performance?

 Generate as many pseudorandom

permutations as fit into memory on SMP

using a good linear congruential

generator

 Calculate

speedup =
time running qsort() on SMP

time running FPGA
.
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Exploit the Architecture
Read and write to external memory

There are a large number of lists, and

Speed of I/O operations is vastly asymmetrical

Fast (GB/s)Fast (GB/s)Host RAMHost

Fast

(3.2 GB/s)

Slow

(10 KB/s)

FPGA QDRHost

Slow

(0.7 GB/s)

UnavailableHost RAMFPGA

Fast

(3.2 GB/s)

Fast

(3.2 GB/s)

FPGA QDRFPGA

WriteReadDestinationSource
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Hypothesis

 Sorting is already fast on AMD Opteron

 Reading/Writing external QDR memory

one word at a time

 Reasonably expect speedup is limited

n logn( )

n( )

O logn( )
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Virtex-4 FPGA

 Four Quad Data Rate (QDR) II SRAM cores
 4  524288  64-bit words  (2M 64-bit)

 Dual ported (simultaneous reads and writes)
 Read one word at a time

 Write one word at a time

 288 Block RAMs
 Different configurations (1,2,4,9,18,36-bit)

 Up to 144K 36-bit, or 288K 18-bit, or 576K 9-bit,…

 Dual ported
Two reads simultaneously

A read and a write simultaneously

 FIFO support
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Overview of Mitrion-C
 Execute all statements in parallel!

 No “PAR” and “SEQ” constructs

 Exception: data dependency

 Tuples

 Sequence of different types

 Good fit for parallel computations
Multiple inputs

Multiple outputs

 Function “templates”

 No function calls

 Pass-by-value
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Data and Loop Structures

Sequential

O(n)

Sequential

O(n)

Sequential

O(n)

stream

Sequential

O(n)

Sequential

O(n)

Sequential

O(n)

list

Sequential

O(n)

Parallel

   O(1)

Pipelined

O(n)

vector

whileforeachforCollection
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Simulator

 Not clock accurate

 More steps in simulation might yield faster

implementation in hardware!

 Different number of steps reported in GUI

and batch modes

 Not an accurate hardware simulation

 Reset does not reopen files

 Throughput Analysis Window
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Simulator

Color scheme for nodes

 Green - running

 Grey - waiting

 Red - halted

 Color scheme for edges

 Yellow - reversed dependency

 Blue - connect instance tokens
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Definition for Parallel Bubblesort Algorithm

5227651831} } } }
Even

Pair

Even

Pair

Even

Pair

Even

Pair
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Definition for Parallel Bubblesort Algorithm

5227651831 } } }
Odd

Pair

Odd

Pair

Odd

Pair
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Parallel Bubblesort Algorithm
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Parallel Bubblesort Example

5227651831
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Parallel Bubblesort Example

5227651831

Even Pass 5227685131
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Parallel Bubblesort Example

5227651831

Even Pass 5227685131

5272865131Odd Pass
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Parallel Bubblesort Example

5227651831

Even Pass

5227685131

5272865131

7528265131
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Parallel Bubblesort Example

5227651831

Even Pass

5227685131

5272865131

7528265131

7852625131Odd Pass
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Parallel Bubblesort Example

5227651831

Even Pass

5227685131

5272865131

7528265131

7852625131

8765251231
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Parallel Bubblesort Example

5227651831

Even Pass

5227685131

5272865131

7528265131

7852625131

8765251231

8765251321Odd Pass
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Parallel Bubblesort in Mitrion-C
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Simulation of Parallel Bubblesort
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Performance of Parallel Bubblesort

24.613107216

24.913980815

24.214979614

23.916131613

22.817476012

22.619064811

21.220971210

21.52330169

19.82621448

18.92995927

17.13495246

16.44194285

13.25242884

12.06990483

Speedup vs. qsort()Number of ListsLength of List
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Performance of Parallel Bubblesort

30.05242840

30.35377239

30.35518838

30.25825236

29.86168034

29.16553632

28.48065626

27.38738024

25.910485620

26.211650818

25.412336017

24.613107216

24.913980815

24.214979614

Speedup vs. qsort()Number of ListsLength of List
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Counting Sort Algorithm
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Example: Counting Sort

1

3

8

1

1

1

3

1

8 5

1

6

1

7

1

2

1

1

5

1

0

2

7

5

6

7

2

1

1

1

1

1

1

1

1

1 1

1

1

1

1

1

3

5

6

1

5 1 1 1 1 4
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Counting Sort in Mitrion-C
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Simulation of Counting Sort
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Simulation of Counting Sort
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Simulation of Counting Sort
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Performance of Counting Sort

26.010485620

24.813107216

12.614979614

12.416131613

22.917476012

22.619064811

21.320971210

21.52330169

19.92621448

18.82995927

17.03495246

16.34194285

13.25242884

12.06990483

Speedup vs. qsort()Number of ListsLength of List
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Performance of Counting Sort

32.04194050

31.74279649

31.34368848

31.44462047

30.74558846

30.05242840

30.35825236

29.16553632

27.28738024

26.010485620

24.813107216

12.614979614

Speedup vs. qsort()Number of ListsLength of List
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Alternating Mergesort Algorithm
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Alternating Mergesort Example

31 851 76 522
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Alternating Mergesort Example

31 851 76 522

31 518 76 252
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Alternating Mergesort Example

31 851 76 522

31 518 76 252

85131 252 67
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Alternating Mergesort Example

31 851 76 522

31 518 76 252

85131 252 67

8765251321
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Body of Loop for Mergesort in Mitrion-C



4:15 PM Monday 5 May 2008 Sorting using Virtex-4 FPGAs 42

Body of Loop for Mergesort Using Counters
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Simulation of Mergesort
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Simulation of Mergesort
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Simulation of Mergesort
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Simulation of Mergesort
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Performance of Mergesort
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Parallel Bubblesort + Mergesort

Parallel

Bubblesort

…

Mergesort

Parallel

Bubblesort

Parallel

Bubblesort

Parallel

Bubblesort

Parallel

Bubblesort
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Parallel Bubblesort + Mergesort = Good Fit?

 Try Throughput Analysis Window in

Graphical Simulator

 Look at information on iteration

structure, especially bottleneck values
 relative speed of loops

 low value               speed up
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Simulation - Throughput Analysis
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Simulation - Throughput Analysis
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Simulation of Parallel Bubblesort and Mergesort
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Simulation of Parallel Bubblesort and Mergesort
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Simulation of Parallel Bubblesort and Mergesort
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Simulation of Parallel Bubblesort and Mergesort
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Performance of Parallel Bubblesort + Mergesort
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Counting Sort + Mergesort = Good Fit?

Counting

Sort
…

Mergesort

Counting

Sort

Counting

Sort

Counting

Sort

Counting

Sort
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Simulation - Throughput Analysis
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Simulation of Counting Sort and Mergesort
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Simulation of Counting Sort and Mergesort
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Simulation of Counting Sort and Mergesort
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Simulation of Counting Sort and Mergesort
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Performance of Counting Sort + Mergesort
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Summary of Speedups Observed

26.0Counting Sort20

24.8Counting Sort16

24.4Pipelined Counting Sort14

24.0Pipelined Counting Sort13

22.9Counting Sort12

22.6Counting Sort11

21.3Counting Sort10

21.5Counting Sort9

19.9Counting Sort8

18.9Counting Sort7

17.1Parallel Bubblesort6

16.4Counting Sort5

13.82-Way Selection Sort4

12.1Counting Sort3

Speedup vs. qsort()AlgorithmLength of List
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Summary of Speedups Observed

20.0Mergesort256

18.5Mergesort128

16.2Mergesort64

32.0Counting Sort50

31.7Counting Sort49

31.3Counting Sort48

31.4Counting Sort47

30.7Counting Sort46

30.1Counting Sort40

30.3Counting Sort39

30.3Counting Sort36

29.1Counting Sort32

27.3Pipelined Counting Sort24

26.8Counting Sort21

Speedup vs. qsort()AlgorithmLength of List


