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CDC (Cylindrical Drift Chamber)

Conversion

. 9*?% ~1.7 m. WT% ~1 m. %é electron track
~1.5m B 105 MeV/c
. NTFDEEN= % HIE
. 4986 sense wires "

- 20 stereo layers x ~250 cells

+ PIHA=RRRJ—=T
CTH (Cylindrical Trigger
Hodoscope)
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R5E D EFELMLP(QMLP) Z 1B 2L BT HETIVE T F—LT T
A|é7(_ _ =
1 TensorFlow ZHLPIHETE 1 — R (RTL)ICE R

[ Keras . his 4 ml

QKeras*
https://doi.org/10.48550/arXiv.2006.10159 © Copyright 2021, Fast Machine Learning Lab.
*KerasDILiR 71 7 5 ) AT ORKREFERENeural network hMERK A BE https://dx.doi.org/10.1088/1748-0221/13/07/P07027

his4mllZ BIZFPGAICK UEEIChERlatencyE VY —X{FAXREZ L R—M LTINS
FPGA : AMD Xilinx Kintex-7 xck3b55t-ffg901-1

Usage (%)

Latency

BRAM DSP FF LUT
@200 MHz
130 ns &k -0 & ~0 &g | 5 325

hisdmI<ERL U 7=QMLP module%Zsimulation CigsRk. EETHREBEZTHo I


https://doi.org/10.48550/arXiv.2006.10159
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QMLP module simulation — gneuteren

Xilinx vivado simulationic & D QMLP module®latency & H /1% €S2

EFANY NEHRZ AU TZEFDwaveform
QMLP start QMLP done

|l].l][ll] ns |5l].l]l]l] ns |Il][l.l]l]l] ns |15l] D00 ns |2[lll.l]l]l] ns |25l].l]l]l] ns |3l]l].l]l]l] ns 0.000 ns l4l]l].l]l]l] ns |4“15!].l]l]l] ns |SIlll.l]ll[l ns

« COTTRI_VALID
+ CLK200MSYS
« AP_START

§ AP_RESET
> W SCORE[239:0] 0000490440c200108100108100108100908214314314410304010304

8 MLP_DONE
8 MLP_IDLE

8 MLP_READY

8 CONST_SIZE_IN_1_VALID

8 CONST_SIZE_OUT_1_VALID
8 SIGNAL_OUT_VALID

Y/ AT LA I

|
XXXXXXXXXXEXXXXX l]l]l]l]{]l]l 111001010
> N ARRXARRARARARRAL 0000000001010100

> N
. W CONST_SIZE_OUT_1[15:0]

!
BG score < Signal score

g e
latency, score i 1 FEED & 008 0.95




QMLP module#sERIc M 7=firmware® COTTRIFE

DEIELEVWARY K
Mscore|g#k = SITCP
T7 RLRICEZAHM

—

FE-MBRID 7 — % Rk (&
10MHz,

960 bit Mscorez 10
MHz CERIZXTER LD
T. 6 bit x 40 (CE#E

g

Score receiver FPGA
1 bit x 960 ch®scorefsig|(Kintex-7)

Score sum

1 bitdDscorel&#Rk %z 24E & L T6 bit

his 4 mil

Aurora 8B/10B
Commu. protocol
|
'

COTTRI MB

Aurora 8B/10B
Commu. protocol
}

QMLP

6 bit x 40 input

16 bit x 2 output

FPGA
(Kintex-7)
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|:|I n I— Inut info.

COTTRI FE
o \ | . \]'

COTTRI FE,MBX# = W THBRZ 1T > Togy

ANEHRIFFEICUDPREIE CEZAATL, B

£ 731 Vivado ILA debug core THER U 1=, (8
Input event

Score sum

| (data compressmn)
: ',\’ Al A

ILA : COTTRI FE

» % dp_rx_mbdata[31:0]
IS S | S S O S S
| | | | | | | | | |

¢ dp_mb_channel_up

» % mb_sbe_counter[7:0] : 00

> % mb_dbe_counter[7:0] | | | | | | | 00 | | l

> W trigger_number[31:0] : | | | | | | [l[]l[ll][][l[l[l | ]

> W trigger_mode[3:0] : | | | | | | | 0 | ] '
¢ cottri_sys_rst ’
é SCORE_VALID LLL et e e e e ey

. InpUt event infO 960 blt Il]ﬂB[][ll]M[lI000400000206004000ci0600[][]!]0[][][1!]00[]01[]011[15000[10[]002[]!]][]0[1[1020[][10[][][188080[](][]0[][][1l]l][l[]Bl]l][][][ll]ﬂa[][ll]ﬂl][l[ll]l]l][l[l[l[]i
8 SCORE_SUM_VALID |

> Compressed data 240 b|t | 0000420440c2001081001081001081009082143143144103040103044043



Input event

ILA : COTTRI MB

> W NUM_OF_VALID_FE[7:0]
I
8 COTTRI_VALID ‘ ‘ ‘ |
s % DoRxDataOut239:01 /880000004 1) 040042041 o} 0440c2001 01 001081001 E]% nmumuusuI nmusman% 1149118;,\14413I 14314314(1|:|I 14410304413I

T
Compressed data 240 bit 0000420440c200108100108100108100908a1431431441030

from COTTRI FE

s MLP_IDLE

8 MLP_READY

8 MLP_DONE

8 SIGNAL_OUT_VALID |

8 BG_OUT_VALID ‘
|
|
|

§ CONST_SIZE_IN_1_VALID

FANANNET O AT 4 LAl ID

|
0ooooo111 I[]l]l[]ll]

0000000001010100

. . -
> LUND I _Dize_in_1]19:0] 40

(1T
> W CONST_SIZE_OUT_1[15:0] 0002

\ BG score < Signal score
A8
Score IFEED 0 08 .




QMLPDFPGASEH#EH 11 % Signal event & BG event®50 eventD DHESR

195 Score_distribution(INPUT=Signal_event) 100 ILA_output - his4ml_output
wizz FPGA_signal_score
10.0 wa  FPGA _bg_score c 80
@ hls4ml_signal _score 2
2 7.5 mm his4ml_bg_score 5 60
> 3
50 o 40
=
-
2.5 =

20
] | I
| 8 1.0 0

‘I i . . | |
0.2 0.4 I 0.6 0 -0.4 -0.2 0.0 0.2 0.4
score score difference

0.0 0

his4ml (software)&. FPGAEHE(hardware)®D
predictionhTTEEIC—3K
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Online trigger system

Accelerator clock

Emmmmdl X-ray monitor system

(_
FC7 <
—
G

COTTRI sylstem

DAQ

it

-

*Yu Nakazawa PhD Thesis Fig2.12
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Online trigger system

Fast control & timing (FCT) N
Signal distributor for clock and trigger Hit info.

Final trigger de% FCT = RECBE
Interface

FC7

2 bit dE/dx
of each CDC wire

rCOTTRI CDC system

sl COTTRI CDC

<4
TﬁgD gir MB GBDT ™.
— S
. 1 core 1 OJ

« RECBEs generate the 2 bit dE/dx information and send it @10 MHz
« COTTRI CDC system
* FE : hit classification based on local/neighboring features.
« Convert 2 bit data to GBDT scores in 400 ns integration time window
 MB : event classification with the global feature.

e Sums up the GBDT scores and makes the CDC trigger decision @10 MHz



22

Trigger algorithm

Hit classification Event classification
GBDT gives each wire hit a score CTg?DC Trigger TISi:g-[cIJ_-Ier
: ased on its local hit pattern
'. . Circle size 2 e’) e
s signal . = score - .
\§\ . backgrourtd _?: ; ',.' Scoring . S
by LUTs | (', E <> F
Yu nakazawa PhD thesis Fig3.5 /\ : | High-level trigger

The current CDC trigger algorithm
1. Set the CDC active section for each segment of CTH
2. Within each active section, count hits that exceed the score threshold

3. CDC trigger is issued when the count exceeds the threshold.

New CDC trigger algorithm under development
1. Set the CDC active section for each segment of CTH
2'. Execute Neural Network inference w/ score information of each active

section as Inputs
3. CDC Trigger is issued based on Neural Network classification.




Signal and BG hits

Signal-hit characteristics

. Contained helical tracks
. Single hit in the same wire
- MIP-level energy loss

Background-hit characteristics

- Low energy electrons

- Interaction of gamma rays at the CDC walls
- Helical trajectory contained in the same cell
« Multi hits in the same wire

- Protons (from muon nuclear capture)
- Momentum higher than 100MeV/c

- Large energy loss
- ~40 protons/beam-pulse
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Hit map of

sighal event

& /2 @ 105-MeV e-
N ‘o \

e ° e+
R, eV - proton
. \‘.2'.:“.,‘ I\\\ e Mu-

~e < N\\\, * others

‘‘‘‘‘

><Yu 'Nakazéwa PhD_Tk_lesis Fig3.2
Energy deposition

;0.16—

O

=

S 0.14— :

o — signal
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Q.

< 0.08

Energy cut
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-Machine learning algorithm (GBDT™) to score hit information for
each wire based on energy loss and local patterns

-

GBDT

input features

Interest wire 2bit Edep
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714V —kv bk _
CDC config  |BG hit &= |~ 1 V= 7 | active section
scorel&#R
IR SE 20 layer x ~250 cell ~20 % o bit ~1500 ch
AXAY T« | 18 layer x 180 cell 5% 1 bit 960 ch
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MLP 26
Q (BItlgUANDHPF 2 —=> 7%, <X.Y> : XiZ£Dbittg. YiIintsio

ap_int<6> 1" TensorFlow
Input QDense QActivation QDense QActivation
(40) (64) RelLU (20) RelU Keras
w:i<6,1> <166> w:i<4l1> <166> <4,0> w:i<41> <166 > <4,0>
b:<6,1> b:<4,1> b:<4,1> QKeras
> QDense QActivation QDense QActivation N QDense Activation
(44) RelLU (8) RelLU (2) Softmax
w:i<41> <166 > <4,0> w:i<41> <166 > <4,0> w:i<41> <166> <16,6 >
b:<4,1> b:<4,1> b:<4,1 >

hls 4 mi EFINE/N—RU Iz PRREREBICELSDTAV IV IRULIC
7 7—L7 x 7EEAIEER J— K (RTL) ICE

© Copyright 2021, Fast Machine Learning Lab. .
https://dx.doi.org/10.1088/1748-0221/13/07/P07027

FPGA : AMD Xilinx Kintex-7 xck355t-ffg90

—
o
n

Usage (%)

o
@

Latency
QKeras accuracy 0.9934 @200MHz
~Hls4ml accuracy 0.9085

—&— hilsdm|,AUC=96.66 ]30 ns ~O ~O 5 32

—#— gkeras,AUC=98.64

DSP

=
|9
Q
o
(4]
whed
©
o
4]
2
=
%]
o)
a
(4]
E 0.2

o
o
L

e st e (9100 IS AmIAVERL L =G+ 7 7 )L Vivado_hls TERIER U ik,
vivadoTZ DQMLP®ip%E AR L. COTTRI MBOFWICHEMAA 72




High level synthesis for machine learning *

Keras
TensorFlow

PyTorch

Co-processing kernel

compressed
model HLS . B
conversion

Usual machine learning ”
software workflow
tune configuration
precision
reuse/pipeline

Fast inference of deep neural networks in FPGAs for particle physics Fig1.

Custom firmware
design

https://dx.doi.org/10.1088/1748-0221/13/07/P07027



FPGA programing Flow
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l Compile from C/C++ to HDL




IN— R 7HIE

CDC 48 ch EEBEFHIEHMERI DI

CDC®D#1 /3573

N 170 mm .
R ~ ~ 10RECBEs § 0
e L 1 B 11 1 E e s - 2~ e >

" ‘DisplayPortx10  © © °

rrrrrrrrrrrrrrrr 40
20
= : Kintex-7 o R - g 0 _
ﬁ ;,: i s signal
‘ -20

' |+ background =~

DisplayPort [ e L 65 [ - TDP! | -60
for trigger system | Jliiie s I - o [

IIIIIlIIIIIIIIIII]IIIIIIIlIIIIIII[I

RJ-45'x2

IllllllIlllllllll|l|l|l|l|l|l||l||l

-80 60 40 -20 O 20 40 60 80

MB X [cm]

RECBE Configuration COTTRI FE Configuration Active section®

Each color'
section :
1 COTTRI FE

108 -

Each color
section :

RECBE ~30# /I

1 RECBE
104#

CDC ~1500ch
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Firmware

COTTRI Front-EndP

Active section

(CDC wire 960 ch)
M 1bit scorefgF® %=
SITCPTZ RLXRICE
= A

FE-MBRE D7 — % Brik (&
10MHz,

960 bit Dscore’
1OMHZz CERX TE R WL\D

Score receiver
1bit x 960ch®Dscorel&iR

Score sum
1 bitdscorelgik %= 24{E & L TObit

240 MHz;

FPGA 2.00 MHz
(Kintex-7)

Oscillator
200 MHz

Sib326
Clock Jitter Cleaner
40 I\/IHz_to 120 MHz

A
i 40 MHz

Aurora 8B/10B |... » Clock Mbdule

: Through DP

Commu. protocol

Xilinx LogicCORE IP| 120 MHz

COTTRI Merger-Board

T. 6bit x 40 |[C[E#HE

© Copyright 2021, Fast Machine Learning Lab. I—

his 4 ml L

Aurora 8B/10B !:PGA Si5326
Commu. protocol |, KINEX=7) || 5001 jitter Cleaner
Xilinx LogicCORE IP 120 MHz 40 MHz to 120 MHz
vy 120 MHz X
l Clock Module
v 240 MHz :
Oscillator
40 MHz
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LUTRAM 4 au (Post-Implementation)
I FF- 13 % :
BRAM - 10% LUT, FF, DSPICR#@D D S
DSIIZ)- 1% & D EELNeural NetworkzEETZ B TEEED H D
GT | 92%
BUFG ok
MMCM .
PLL| BRI i e
0 25 50 75

Utilization (%)



COTTRI FE to COTTRI MB data format

. Maximum data transfer = 2.4 Gbps/lane x 2lane x 0.8 = 3.84 Gbps
. Data format : 1 header & 10 data packets

1 frame @ 10 MHz

Bit 313029282726252423222120191817161514131211109 8 7 6 5 4 3 2 1 O

plezles10|O| Parity bits |1 Sent number Board ID
O| Parity bits |0 RECBE 9
O| Parity bits |0 RECBE 8
O| Parity bits |0 RECBE 7
O| Parity bits |0 RECBE 6
O| Parity bits |0 RECBE 5

Score , ,
O| Parity bits |0 RECBE 4
O| Parity bits |0 RECBE 3
O| Parity bits |0 RECBE 2
O| Parity bits |0 RECBE 1
O| Parity bits |0 RECBE O

32



COTTRI FE to COTTRI MB data format

For the preliminary study

1 frame @ 10 MHz

Bit 313029282726252423222120191817161514131211109 8 7 6 5 4 3 2 1 O

Header [O1BzElainAdi= Sent number Board ID
O| Parity bits |0 [nput39 Input38 Input37 Input36
O| Parity bits |0 Input35 Input34 Input33 Input32
O| Parity bits |0 Input31 Input30 Input29 Input28
O| Parity bits |0 Input27 Input26 Input25 Input24
O| Parity bits |0 Input23 Input2?2 Input?2 1 Input20

SCOre O| Parity bits |0 Inputl9 Inputl8 Inputl 7/ Input16
O| Parity bits [0 Inputlb Input14 Input13 Inputl?2
O| Parity bits |0 Inputl] Input10 Input9 Input8
O| Parity bits |0 Input/ Input6 Inputb Input4
O| Parity bits |0 Input3 Input?2 Input Input O

33



10 1

0.8 4

0.6 4

0.4

0.2 4

. I'P TP
precision = recall =
TP + FP TP+ FN
[5 % F8 OD 1E =R IEULL D REULIEEREDEIS

- 1ABHEDE BG eventZsignal event T 5 &L e
{ARRMEDEL  Signal eventZBG event TH % & 0B L 8

his4ml_precision
his4dml_recall
ila_precision

ila_recall

EiZMHEDE  Signal event%Zsignal eventTd % & 58 U 3
 FTRRMEDE BG eventZBG event T % &0 FEL =

02

0.4

06
Threshold

08

10 { —0—00—0—0-0-0-q ——
—o——00—00-¢ b
L
c 08 R
2 g
0 v
o ¥
& 07 .;.
0.6 1 E«
—— his4ml
o5~ la U
0.0 0.2 04 0.6 ol 10
Recall
¥Eas N Signal event TH D EFRILIcEE. ZDFRINIELWLDIE98%

£ T DSignal eventD80% % t& H



10 4

0.8 1

0.6 1

0.4

0.2 1

0.0 1

T'PR =

I'P+ FN

EULL R LIEBEDEIES

FPR =

I'N+ FP

25 T SES NI REORS

TP : EfGMED#E  Signal eventZsignal eventTd % & 58 U 23K
TN : FTBEED# BG eventZBG event TH D E 5B L

ABIEDE BG eventZsignal event TH 5 & 0B L 23K

FN : BE%EDE  Signal eventZ=BG event TH % & 048 L 128K
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