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Motivation

 Hardware sorter is important.

* Parallel sorters have size limit.
— Sorting N numbers need a network sized N log®(N)

e Sequential sorters have throughput limit.

— Sorting throughput is limited to 1 number per
cycle.

* |sthere a way to sort N (N>1M) numbers with
a throughput larger than 1 number per cycle?
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Content

* Review of existing sorters
— Parallel sorters
— Sequential sorters

* Parallel merge-tree sorter
— Key ideas

— Hardware structure
— Performance
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Parallel Sorters
(Bitonic Sorting Network)
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Bitonic Network (BN)
Bitonic Merger (BM)

Data Set Size:

Throughput:

P
P

Size(Compare):

Delay: |Og 2 (P)
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D. Koch and J. Torresen, “FPGASort: a high performance sorting architecture exploiting run-
time reconfiguration on FPGAs for large problem sorting,” in Proc. of FPGA, February 2011,

pp. 45-54.
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Summarise Existing Sorters

 Parallel Sorters
— High throughput

— Area increases significantly with the quantity of
data

— Sorting a small quantity of numbers
e Sequential Sorters
— Linear area overhead

— Feasible for large data sets
— Low throughput

Advanced Processor Technologies Group
School of Computer Science 03/ 04/ 2014
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Can we dynamically merge multiple
sequential sorters?

Advanced Processor Technologies Group
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Parallel Mergi

Merge multiple sequential sorters using a Bitonic network? YES
Sequential sorter » 3 | 5 [15]2228(34 () () () » 1|5 (10|17 (2429
Sequential sorter > 1|9 |10]20|24|30 () () () > 3| 6 ]13]20|26]30
Sequential sorter » 4 | 7 |15]17]26]29 C) () C) » 4|7 |15]22]28]|34
Sequential sorter » 5 | 6 [13]24]|28(37 () () () » 519 [15]24|28|37
Advanced Processor Technologies Group 03 /O 4 /201 4 10
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Parallel Mergi
Merge multiple sequential sorters using a Bitonic network? YES
Sequential sorter » 3 | 5|15 (22]28]|34 () () () » 1|5 (10|17 (2429
Sequential sorter > 1|9 |10]20|24|30 () () () > 3| 6 ]13]20|26]30
Sequential sorter » 4 | 7 |15]17]26]29 C) () C) » 4|7 |15]22]28]|34
i > MDD

Sequential sorter 5|6 |13[24(28]37 OO O » 519 |15|24 (28|37
Sequential sorter » 519 |10 |22 (30|34 () C) () » 113 |7 [13]24]28 NO
Sequential sorter > 1| 3|15 |20 24|28 C) () () » 4 | 6 |10 |20 2628
Sequential sorter » 56| 7 [13]26]28 () () () » 5|9 |15]22]29]34
Sequential sorter » 4 |15 |17 [ 24| 29 | 37 () () C) » 5 | 15|17 |24 (30|37
Numbers may not be distributed evenly among sequences.

Advanced Processor Technologies Group 03 /O 4 /201 4 11
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Parallel Merging
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3% Increase the comparing window.
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Sequential sorter —» 5 [ 9 |10 22: 30(34 |
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Sequential sorter |—>» 1 | 3 |15 zo: 24 28:
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Parallel Merging

Increase the comparing window.
Return unselected numbers.

Sequential sorter

Sequential sorter
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Increase the comparing window. {

Return unselected numbers. , v mm L |

LT ! TP T24 |

Sequential sorter —>» 5| 9 |10 225 30|34 :ﬁ bOP-D l\»28 /:
Sequential sorter —» 1 | 3 |15 20: 24 28i PP 30
A LoD 34

Requirement:
To merge S pre-sorted sequence and at a speed of S numbers per cycle,

Increase the comparing window to S x S;

Using an § x S -input Bitonic sorting network;  [Area overhead]
Return the S x (S - 1) unselected numbers; [Control overhead]
Unselected numbers should be returned in one cycle. [Slow clock]
Maximal shifting rate of S numbers per cycle. [Speed mismatch]

Lk wh e
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Opt

Sequential sorter
Sequential sorter
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soring networks.
3. Reduce the numbers

being returned.

window.
2. Reduce the size of

1. Reduce the comparing
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* A. Farmahini-Farahani, H. J. Duwe, lll, M. J. Schulte, and K. Compton,
“Modular design of high-throughput, low-latency sorting units,” /EEE
Transactions on Computers, vol. 62, no. 7, pp. 1389-1402, July 2013.
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Optimising the Parallel Merging
control
; control
(— ———D AR RR Single clock
Sequential sorter » 5 | 9 [10 zit 30 34:, | 1 C) data return.
' UV
| N
| T V22 s34 30 L N /
Sequential sorter > 113 [1520] | AN : [ A
i Ll N AN N
7 N7 AN > g e EL A
\/
MM M
control oo 29
—___ Ui P iR
(| | CB U [ 30
i > I
Sequential sorter 516 |7 13 26 |28 | A A Al
i Li— ] N U Q7 7| 34
|
JAAY NN
_ e S 562 D DD 57
Sequential sorter > 4 |19 (17 24| | ,
! L1l ™ AN
\__ o\ w28
Advanced Processor Technologies Group 03 /O 4 /201 4 19
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Optimising the Parallel Merging
control
2 N/cyc
1 N/Cyc ‘ y control
(— ———D AR RR Single clock
Sequential sorter » 5 | 9 [10 zit 30 34:, | 1 C) data return.
! N
| N
| T V22 s34 30 L N /
Sequential sorter > 113 [1520] | AN : [ A
! L N2 N
\__ o w28 > A 4 N/cyc
\/
N control () () () » 29
CyC ‘
/ey _ ,L an N Fan W N
: I{ ' I\ (NP NN
Sequential sorter » 5| 6|7 13I 26 |28 | A A Al
| Li— ] N U U 7| 34
|
[ A N (D> 37
Sequential sorter > 4 |19 (17 24| | NVANV g 26, 29 N bt &l
! Ll ™ ™
\__ o\ w183

The last issue: Speed mismatch between inputs and outputs.

Advanced Processor Technologies Group
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Speed Mismatch:

control
(5 control
Sequential sorter > > NN YD
1N KK
\/ $ N
D/ N
. Y NVANV2Rg ),
Sequential sorter > >
AN /7N > N
\J U \/
control / T\
\/
/L MM NN
N \U\L UV
Sequential sorter > Rt N
N N /AR WA
\/ \/ U\ P
v AN T ) an Van Sl 1o
\L\J/ \/ T "\
Sequential sorter > = N
M N N N AN
\J LU \L/ L/ UV
Advanced Processor Technologies Group 03 /O 4 /2 014 21
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How Stalls Occur
control
4 N
Sequential sorter > > N
o .
Even distribution has O stall.
\ 4 NN o
- \U\\J ™
Sequential sorter > Ea
AN AN
\ L/ ™
Sequences |11 3|9 |5 [13] 1 |19|7|17]15
v
214168110112 114|16]118]20
Pre-sorted
1131571191111 |13115|17]|19
Ostall R=0% a=0
Advanced Processor Technologies Group 03 /O 4 /201 4 22
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How Stalls Occur
control
Yy D
sequentialsorter |—>{ ||| ¥ | Uneven distribution may
Y reduce the speed to the
\ 4 AR W4 > ..
Sequential sorter > > SN minimum Of 1 N/CyC
/AN 7N o
\J U ™
Original 18|12|20|13|15]|16|19|11|17]|14
Sequences g | 3|9 |27 |110|l4]5]s8
12113|14115|16|17|18|19]|20
Pre-sorted
213141561 7]|8]|9]10
10stalls R=50% a=1.0

Advanced Processor Technologies Group
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How Stalls Occur
control
I P
Sequential sorter [—{| | || | | Random distribution has
T average stall rates which can
 Z AN .
sequential sorter —][ [T [~ 1 be reduced using long FIFO.
AN AN
U U~
Sequences 18| 3 (20| 2 [15|16]|10[11] 5 | 8

v

114|6|7]9(12|a3]14|17]19
213|5|8]|10|11|a5]|16|18](20
2stalls R=17% 0=0.2

0 stall if using an FIFO with its depth > 2.

Advanced Processor Technologies Group
School of Computer Science 03/ 04/ 2014 24
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Stall Rates

Reducing Stalls using Long FIFOs
ial sorter _63 -
it 5 N
] Sequential sorter SEAN ‘—|y D
0.45 4 = ol o
0.40 —a— S=2 Ontmla Ezr\ Jany
0.35- e S <> ﬂ_
391 —a— S=8 | DD ,T" O—D—P
0'30'_ - - o—DD
0.25 -
0.20 A
0.15 -
0.10 -
0.05
OOO I ' I ' I ' I ' I ' I ' 1
2 3 4 5 6 7 8
FIFO Depth
Advanced Processor Technologies Group 03 /0 4 /201 4 25
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o )
2 /N control
N SN SN
Sequential sorter >
JanY /A
Random sequence F \V N\ \V
generator v C) C) ; \ 4 ()
»| Sequential sorter > K
AN 7N /A
/ NVARNY g Y,
‘ control / N\
_\ D Y
Jan MM N
shufﬂer_\ \ \ 4 N \U\L  \U
Sequential sorter >
N\ /A M NN
N \J U\
4 AN T M ML M
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Sequential sorter > R
AN 7N [ /A4 AN
NVARNY g N NN,
Advanced Processor Technologies Group 03 /O 4 /2 014

School of Computer Science



Yy
er

The Universit
of Manchest

MANCHESTER

1324

Handle Uneven Distribution
Original 18|12|20(13|15|16|19(11|17 |14
Sequences | g | 3|9 |2|7|1l10]l4]5]S8

v
RandomSeq. >1 © 1 © 1 1 © 1 © o
Randomly | 6 [12| 9|13 7|1 (19| 4 |17|14
Shuffled 18| 3 (20| 2 [15|16|10|11| 5 | 8
v
114|167 |9112(113114|17]19
Pre-sorted
2131518110111 |115]16|18]20
2stalls R=17% «a=0.2
Advanced Processor Technologies Group 03 /O 4 /201 4
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PMT(4)[Virtex 7]

PMT(8) [Virtex 7]

PMT(16) No seq.
[Virtex 7]
Seq. (Dirk Koch*)
[Virtex 5]

PCle 2.1 x8
[Vietex 7]

PCle 3.0 x8
[Virtex 7]

Some results

Frequency No. of Throughput
Records

226MHz 70% 100% 459K 51.5 Gb/s
206MHz 96% 26% 115K 91.4 Gb/s
202MHz 96% 0% 193.6 Gb/s
252MHz 74% 98% 43K 16 Gb/s
250Mhz 32 Gb/s
250MHz 64 Gb/s

* D. Koch and J. Torresen, “FPGASort: a high performance sorting architecture exploiting
run-time reconfiguration on FPGAs for large problem sorting,” in Proc. of International
Symposium on Field Programmable Gate Arrays, February 2011, pp. 45-54.

Advanced Processor Technologies Group 03 /O 4 / 2014 28
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Summary

* The results of two sequential sorters can be
dynamically merged using a Bitonic partial
mergetr.

* Multiple sequential sorters can be merged using a
tree of Bitonic partial mergers.

* Allowing stalls, the speed mismatch issue can be
alleviated using long FIFOs and random shufflers.

* The throughput limit of 1 Number / cycle is
scrapped.

Advanced Processor Technologies Group
School of Computer Science 03/ 04/ 2014 29
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THANKS!
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