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Why We Build Particle Colliders?

» Caveman can’t open a watch, but he can break many

» He can analyse the debris from each of the collisions
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Large Hadron Collider (LHC)

» World’s largest particle accelerator = 40 M collisions per
second

» 100 m underground 27-kilometre ring of superconducting
magnets

Overall view of the LHC experiments.
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ATLAS

» ATLAS is the largest detector of the LHC

» Capture the debris from 40 M bunch crossings per second
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Trigger

» Detector data =@ 100000 CDs per second [1]
» It corresponds to a pile of CDs to the moon in 3 months [1]

» Higgs Boson decay = only one every 3h [1]

» Data are selected in two stages:

» Level-1: Custom electronics (FPGA, ASIC) E v ]:‘: =) 1= 5

Y

100 kHz Regions of

» 40 million = 100 thousand per second | s
HLTSV

» Processing At =1.5 us = 66k faster than eye blinking

y - 40k

-

&[[ Processing Unit |

» HTL: Commercial computers

» 100 thousand — 1 thousand per second (At<1s) Y

~15kHz

[1] ATLAS Experiment, “ATLAS Fact Sheet.” 2011. Available here.


https://cds.cern.ch/record/1457044/files/ATLAS%20fact%20sheet.pdf
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Field-Programmable Gate Array (FPGA)

» Programming with CPUs

» One processor follows instructions one by one

» Synthesis with FPGAs

» Many dedicated blocks works in parallel, each of them
performing their part of the task

2 = Iil = .
]
HANDYMAN EXPERT MEN ¥ &



Low-Latency High-Bandwidth Circuit and System Design for Trigger Systems in High Energy Physics 8

MUCTPI

» Combines and processes the entire trigger data from the muon detector
» 18 VME 9U cards replaced to a single ATCA blade
» High bandwidth and density with high-speed serial links

» High integration enables enhancmg existing functionalities
Front view : Side view
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Data Transfer and Processing Requirements

» Both have to be reliable, and with low and fixed latency

RELIABLE LOW-LATENCY FIXED-LATENCY

1)

VERY
PUNCTUAL
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Data Transfer Reliability - MUCTPI Demonstrator

» Custom double-width FMC for prototyping
MUCTPI high-speed connectivity

» Data reliability measured with BER tests
and eye-diagrams

PAPAARAAALAPPPAPALAPIAALLLL ‘

» BER of less than one bit error per day with 95% confidence level
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Data Transfer Reliability - Testing Automation

» MUCTPI requires complex test configuration due to many high-speed

Nominal rate Stress test
6.4 Gb/s 12.8 Gb/s

connections
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Data Transfer Low and Fixed Latency

» Transceiver configuration optimised and designed IP to synchronise data
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Total latency = 110 ns

(1 million times faster than eye blinking)
(200 ns budget)
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Data Processing

» 40 millions of bunch crossings per second
» In average, there are 25 proton-proton collisions per crossing
» Not all will generate muons, also not with same energy

» The trigger processing requires a sorted list of the muons

>  Array index
3 4

51| 4 5931)

After 1st iteration 51| 5 9 31J

X, —> ﬁ 3 max(xy,Xp) : : : :
—» min{xy Xo) : MUCTPI

needs
352-to-16
sorting

After 2nd iteration ‘
u 511 9 | 31
. y.

EXPERT MEN
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352 inputs

352 inputs

352 inputs
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Divide-and-Conquer Method

(176.176)
merger

(16,16)
merger

(16,16)
merger

(16,16)
merger

Big groups of robots are slow !!!!

Given that only the 16 highest

outputs are needed, Is it better
sorting small groups first?

HANDYMAN

EXPERT MEN

R Sorting part
I Cs d, | Cs | I,
1 | 352 | 4446 45 | 4446 0
2 176 | 1792 1 36 | 3584 | 1 | 1
3 | 118 | 1014 | 28 | 3042 | 2 | 2
4 | 88 | 726 282904 2 | 3
5 | 71 | 534 [ 26 |2670 | 3 | 4
6 | 59 | 407 (21 |2442 | 3 | 5
7 | 51 | 348 [ 212436 | 3 | 6
8 | 44 | 288 21 | 2304 3 | 7
"9 | 40 | 250 |20 2250 | 4 | 8
10| 36 | 216 19 | 2160 4 | 9
11|32 174 |15 1914 | 4 [ 10
12| 30 164 15 1968 4 | 11
13| 28 | 150 | 15 | 1950 | 4 | 12
14| 26 | 138 15| 1932 4 | 13
15 | 122 115 1820 | a4 | 14
{ 1776 | 4 | 15
L8 | 5 | 16 |
1728 | 5 | 17
1710 | 5 |18
1640 5 | 19
) L1554 | = [ 20
O 1386 | 5 | 21 |
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15

quer Method - Can We Improve Further?

® ®
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Two

» What about using the
fastest known networks ?

» 22-key Baddar sorting
network (3 stages faster)

» 32 instead of 45 stages

(30 % faster, if compared
to 352-key Batcher
sorting network)

» 2528 instead of 4446
comparison-exchanges
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RTL vs HLS

» The task requires 2528 comparisons (expert men)

» A factory with 2528 robots can be optimised in many ways

» Senior engineers can teach handyman to help junior engineers building

factories?
| FPGA SYNTHESIS USING RTL -

I FPGA SYNTHESIS USING HLS

Engineer expert
in sorting but
beginning with
FPGAs

Senior engineer
expert in sorting
and in FPGA
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RTL vs HLS

H TNS WHS | Power LUT FF | LUTR Ars Am Options HLS ' | HLS-driven RTL
. 557477 | 0.09 | 7.01 100855 | 6034 0 00:21:01 | 00:58:31 M| II R I WNS | LUT FF TNS WHS ' Power | LUT FF | LUTR Ars Am
-6547.35 0.05 7.91 . 60378 6034 0 00:21:19 | 00:46:00 | 0 1 | -23.12 | 134521 402 -21.12 7909.24 0.08 8.11 73329 @ 6036 0 00:23:59 | 00:50:44
‘ ; ; . ; ; ; . ; 0 1 | 1 | -2312 134521 | 402 -22.51 |R847254 | 013 | 828 | 73599 | 6038 0 | 00:25:40 | 00:46:12
< . . . . . ) . ) , |0 2[-2312 134532 | 402f' -20.23 [[7522.05 | 0.05 | 801 | 73575 | 6052 0 | 00:24:21 | 00:53:34
. 7396.16 | 0.09 5.49 60652 | 6034 0 00:15:32 | 02:02:30 1 2 | -23.12 | 134532 | 402 -21.02 7913.68 | 0.06 8.07 | 72861 6042 0 00:26:43 | 00:48:25
. ~81156 1 005 T 622 53060 | 603a 0 | 00:16:42 | 02-22-25 011 | -2453[138457 | 402§ -28.25 1035758 | 0.23 | 6.24 | 65504 | 6046 0 | 00:19:30 | 08:15:06
962924 | 005 | 649 | 60455 | 603a o 1 00:28:38 | 23:09-38 , 02 138468 12005.19 | 0.06 | 6.67 | 67691 0 | 00:21:30 | 08:09:28
16178.55 | 0.09 | 6.96 98301 | 9146 | 0 | 00:20:46 | 00:33:17 1] 2 138468 925309 | 0.06 | G676 | 69415 0 | 00:22:19 | 00x49:54
1895093 | 01 | 766 | 61231 | 9146 01 00:1952 | 00:45:47 ;L0 134521 11507 .s::a 0.06 | 7.46 73013 0 | 00:27:02 | 00:35:02
15961.54 | 0.06 | 693 98462 | 9157 | 0 | 72:48:29 | 00:34:46 0 (1) ; i:jfg; :?‘;(il:’ g‘gg (’532 2222; 3 ggfiif‘;ﬁ ggfjgfgg
1822533 | 0.05 | 744 @ 72399 | 9157 O | 72:35:57 | 00:53:00 4 T3 27 134538 | 1139001 | 0.05 | 617 | 67907 0 | 002326 | 00:48:05
049641 | 0.04 | 5.05 | 63030 | 10656 ] 0 | 00:15:55 | 00:59:04 0 1 138457 19462.54 | 0.05 | 6.23 | 53674 0 | 00:16:36 | 08:39:20
Sae L RS | SO0 ) SoO JRRST ] 0 100t | i LT 138457 11718.08 | 0.04 | 6.06 | 57962 0 | 00:20:17 | 00:48:48
: _ : - : : ! , 03 138474 1647729 | 0.06 | 5.57 | 55487 0 | 00:23:30 | 09:02:42
- 2189 & . 2 . .
s s s v ootz oo SENERCIE T o oo | s s [sse |0 foozr oosow
e LA L U L R L L A R SN 134521 192401 | 0.04 | 654 | 57263 0 | 00:21:42 | 00:45:01
UEISOL | 0.0 | Gl | 7000 ) 400G | & | AGi6A8 | 000w ! 0 4 134544 237844 | 0.05 | 4.48 | 56203 0 | 00:17:06 | 00:40:50
11337.58 | 0.05 [ 7.37 | 74694 ) 13616 | 1 | 40:50:12 | 00:55:34 Y1 134544 | 279273 | 0.04 | 458 | 57212 | 0 | 00:18:19 | 00:40:41
6689.91 | 0.04 | 502 @ 62277 | 16331 ] 0 ] 00:17:55 | 00:46:57 01 138457 | 5595.34 | 0.02 | 566 | 50444 0 | 00:17:20 | 08:26:37
10548.47 | 0.04 | 578 @ 50063 | 16649 I 00:17:17 | 00:46:49 LT 559 [ 138457 | 1a07@ 703 |M5103.16 | 0.04 | 557 | 50895 | 19568 | 0 | 00:18:25 | 08:00:30
9 F043.31 1 0,04 | 508 62585 | 16332 | 0 | v242:47 | 00:48:28 : 4 0 4] -559 | 138480 | 5620 738 |J489543 | 0.04 | 471 | 53736 | 11123 | 0 | 00:26:20 | 03:59:41
10217.15 | 0.04 | 5.7 56460 | 16652 00:47:43 1 | 4 | -559 | 138480 | 5628 -5.85 |[R4292.17 | 0.04 | 479 | 52378 | 11127 | 00:20:48 | 01:19:19
, 0.01 0 0.05 | 6.39 69663 | 16740 00:39:58 0 [ 1| -286 | 134521 | 1537 -1.04 [§-41006 | 0.04 | 641 | 54430 | 20911 SR 00:19:20 | 00:30:54
U0z |I009.48 | 006 | 721 59526 | 16757 00:44:29 0 1| 1 | -286 | 134521 | 15378 -0.25 -11.52 0.04 | 652 7197 | 2091140 10:25:41 Agi¥
. 0.02 0 0.04 | 6.42 67995 | 1677 | " 00:45:42 g |0 4 [ -286 [134566 | 1115% -0.46 6250 | 0.04 | 510 | 55110 | 16696 o ;
047 [M-975.85 | 005 | 7.34 67138 | 16724 | 25 g 217:57¢% 00:50:41 1 | 4 | -286 | 134566 11159 052 |[Q-133.72 | 0.05 | 511 | 55804 | 166949 @)
. -1.38 |J2661.11 | 0.04 | 502 59492 | 14136 | 4224 2-17:26 | 00:45:20 O 1| 286 | 160985 | 55898 3.54 [R1807.18 | 0.05 | 556 | 51798 1.
164 |W-45587 | 004 | 571 58139 | 14397 | A7 f 8:21 | 00:47:41 | 1| 1| -286 | 160985 55898 -3.41 1545.52 | 0.05 | 566 | 52788 @ 16381
5 093 |J1954.83 | 0.04 | 503 59553 | 14149 | 4zzo 00:49:50 ; 0 4| 286 [ 138502 | 6597f -5.35 [W1573.54 | 0.05 | 4.88 | 49026 | 12149
-1.98 -5498.06 0.05 5.8 61097 14418 | 4237 R 00:43:535 1 4 -2.86 | 138502 @ 6597 -2.79 1210.14 0.04 4.84 49950 12146 16: J‘

NDYMAN
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RTL vs HLS

TNS Ars Ay

0 00:21:12  00:35:18
0 00:22:55 00:35:22
0 . 15:18:26  00:36:54
0 005 | 722 | 61425 | 20186 | 49 | 16:33:34  00:41:42
0 004 | 502 |56818 | 15591 | 4224 | 00:17:53 00:37:28
220.17 | 0.04 | 5.61 | 53696 | 15889 | 4225 | 00:17:50 00:42:44
0 0.04 | 496 | 57958 | 15583 | 4225 | 23:31:01  00:38:21
0 0.04 | 5.68 | 59333 | 15896 | 4237 | 23:32:48 00:42:50
0 005 | 613 | 56395 | 24147 | 0 00:22:31  00:34:22
0 004 | 6.84 | 53216 | 24142 | 00:21:22 | 00:33:57
0 005 | 6.16 | 56567 | 24223 1 13:22:25  00:36:19
0 005 | 693 | 59281 | 23950 | 97 | 13:07:54  00:35:52
0 0.04 | 4.93 | 50741 | 17251 | 4224 | 00:18:59 00:32:54
0 005 | 558 | 54394 | 17581 | 4225 | 00:18:22 00:37:28
0 004 | 487 | 50597 | 17316 | 4225 | 15:46:06  00:33:54
0 0.04 | 559 | 54490 | 17550 | 4250 | 16:23:50 00:38:51
0 005 | 6.17 | 56342 | 28644 0 00:22:35 00:33:51
0 005 | 697 | 56359 | 28638 I | 00:22:42  00:33:16
0 0.04 | 6.07 | 56336 | 28704 1 13:12:33 | 00:36:24
0 005 | 676 | 65765 | 28192 | 191 | 13:28:43 00-40:00
0 0.04 | 486 | 48350 | 18964 | 4224 | 00:18:55 00:32:09
0 0.04 | 5.35 | 19684 | 19262 | 4225 | 00:18:50 00:10:22
0 004 | 487 | 48303 | 19022 | 4225 | 13:26:41  00-38:50
0 0.04 | 5.35 | 52831 | 19202 | 4274 | 13:43:12  00:37:51
56335 | 31984 1 00:23:59  00:33:45

57272 | 31979 1 00:23:37  00:32:31

56336 | 32103 1 11:26:42  00:39:59

64134 | 31590 | 191 | 10:14:37 00:37:38

48283 | 20999 | 4224 | 00:20:08  00-32:33

50649 | 21262 | 4225 | 00:20:06 00:32:09

48309 | 21021 | 4225 | 13:29:24  00:39:47

53886 | 21187 | 4274 | 12:22:54  00:39:40

i A

¥ a0

Options HLS HLS-driven RTL
M| II | R II' WNS | LUT FF WNS TNS WHS | Power Ars Amp
1 D] 1 -085 | 134521 I’/.‘)HH [).40 0.0 .04 6.47 00:17:26 | 00:24:5()
0 1 1 -085 | 134521 | 17568¢ 0.5_, 0.00 0.04 6.33 00:17:22 | 00:24:32
4 0 14 -0.85 | 131568 | 10073 : 0.00 0.041 1.014 00:19:28 | 00:26:11
I | 4 -045 | 134568 | 10073 | D24 0.0 .04 396 | 54017 | 15675 0 00: 16:25 | 00:26:07
1 0 1 -0.84 | 160985 | 57012 | -2.26 | -651.56 0.04 5.66 51354 7504 4224 | 00:17:02 | 02:20:03
] 1 1 0.84 | 160985 | 57012 | 235 | 675.54 0.4 5.67 52423 | 17498 4224 | 00:20:55 | 07:42:51
1 0D | 4 -084 | 138504 | 11692 | -062 | -107.41 0.05 4.45 43141 | 17236 0 00:16:22 | 00:49:01
1 4 -0.84 | 138504 | 11692 | -1.00 | -1382.66 0.04 4.45 48648 | 17235 0 00:16:33 | 01:13:16
! D01 083 | 134521 | 18392 | DA0D 0.00 0.4 6.27 | 52301 | 23968 0 00:19:24 | (0:24:22
1 1 0.83 | 134521 @ 18352 | 051 0.00 0.04 6.33 52815 | 23568 0 00:19:55 | 00:24:41
0 4 0 4 0381 | 134568 | 11020 | 0.35 0.00  0.05 4.47 51219 | 16621 0 00:19:10 | 00:25:30
1|4 081 | 134568 | 11020 | D33 0.00 0.4 4.44 | 51457 | 16R2] 0 00: 16:58 | 00:26:11
0 1 0.79 | 160985 | 57604 | -0.53 | -44.03 0.04 5.61 51194 | 18124 4224 | 00:14:53 | 00:54:10
I L 1 1 0.79 | 160985 | 57604 | 0.04 0.00  0D.04 5.503 51223 | 18124 4224 | 00:14:57 | 00:35:35
1 D | 4 0.79 | 138504 | 12164 | -0.27 -2.88 0.05 4.40 46335 7745 0 00:15:29 | 00:55:11
1 4 0.79 | 138504 @ 12164 | 0.04 0.00 0.05 4.41 45864 7745 0 00:15:46 | 00:26:13
1 U | 0.83 | 134521 @ 18706 | U.64 0.00 U.04 6.32 03134 | 24374 0 00:22:25 | 0D0:25:46
0 1 1 0.83 | 134521 | 18796 | 0.54 0.00 0.04 6.29 53069 | 24374 0 00:19:27 | 00:26:14
4 0| 4 0.81 | 134559 @ 11000 | 051 0.00 0.05 4.64 52489 | 16603 0 00:16:13 | 00:27:01
1 4 081 | 134559 @ 11000 | 029 0.00 0.05 4 64 52811 | 16603 0 00:16:31 | 00:26:33
1 0 1 0.83 | 160985 | 537797 | 0.11 0.00 0.04 5.50 50419 | 18330 1221 | 00:16:51 | 01:50:51
I 1 1 0.83 | 160985 @ 57797 | 0.20 0.00 0.04 5.503 50947 | 18330 4224 | 00:17:10 | 00:33:30
1 D | 4 0.83 | 138495 | 12245 | 0.12 0.00 0.04 4 41 46432 | 17839 0 00:17:17 | 02:12:08
1 1 0.83 | 138495 | 12215 | 0.52 0.00 0.01 1.39 16818 | 17865 0 00:16:31 | 00:31:57
1 Dl 1 oss | ssuss | 20020 | 04l 0.00 D05 6.42 | 52944 | 247 2 00: 13:00 | 00:26:34
0 1 1 0.83 | 135033 | 20120 | 0.72 0.00 0.03 6.30 52683 ‘ &
1 0| 4 0.81 | 134566 | 11487 | 031 0.00 0.05 4.68 54463 :
1 4 081 | 134566 @ 11437 | 0.38 0.00 0.04 4 68 53873
0 1 0.83 | 161049 | 38315 | 046 0.00 0.04 5.59 50499+
) L 11 083 | 1610449 | 38315 | D37 0.0 .04 5.5l1 500585
1 D | 4 0.83 | 138502 | 12636 | 062 0.00 0.04 436 45869
1 1 0.83 | 138502 | 12636 | 0.62 0.00 0.041 3.88 15896

HANDY

MAN
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Comparative Study %ﬁ l]

Option WNS | TNS | WHS | Power | LUT FF LUTR

RIL{L=5M=0,H=3,R=0; | 0.37 0 0.08

HLS{L=5M=0,I=1,R=1} 0 0.04

RS- 328 a3 et o : R
7 Y
B o ‘
K/
= N

L=5 — Latency = 31.25 ns

HLS — 50% T WNS

» RTL and HLS have equiparable performance for this example

HLS = 15% 4 LUTs [P -

» HLS has 50% better timing slack and 15% better LUT utilisation
» HLS requires a little more registers but overall utilisation is < 1%
» RTL requires more knowledge and development time

» HLS requires less knowledge and development time
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Comparative Study

» RTL requires more knowledge and development time
» Engineer must define clocking and hardware resources explicitly
» Design exploration is performed manually (long)

» HLS requires less knowledge and development time

» HLS tool defines clocking and hardware resources (scheduling and

binding)

» HLS facilitates design exploration by automatising code generation and
synthesis
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Summary

» Part |
» Development of MUCTPI demonstrator
» Testing automation of hundreds of high-speed serial links
» BER of less than one bit per day with 95% confidence level

» Synchronizer IP, 208 SL inputs with low and fixed latency.
Total data transfer latency 110 ns (200 ns total latency budget)
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Summary

» Part |l
» Using divide-and-conquer method and Baddar 22-key sorting network
» MUCTPI sorting network, 13 fewer steps than the 45-step 352-key Batcher

» FPGA implementation MUCTPI sorting network, 31.25 ns, RTL and HLS

» Part| & Il already integrated to MUCTPI firmware and tested
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Thank You Very Much !




