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(P. Ai et al 2019 JINST 14 P03002)
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Detailed Simulation Flow

Simulation [ Detector Signal Algorithm
Configuration Specification Generation Application

Shared r Result
Comparisor

Model Fisher Matrix Lower Bound
Abstraction Determination Computation

Bound Analysis Flow

EME TR HTXILLIARAE FRER L

BT
Inpro(R, ©) = Inp,p(RI®)+In pe(O)

Fisher {52554 :

SSEIE (w(t) RESHNIRE):
H(t) = s(t) + w(t), w(t) ~N(0,0)
S(t) £ S(t; @) £ S(t; einty €")ext)

Jr2 J
T \y Fisher (SBUERIE:
Jo=~E[Ve ({Venpe(RIO)}")] )
e a“R . 2—1 6“‘R
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(P. Ai et al 2021 JINST 16 P09019)
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He:
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ERERRESHITRIRE:
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single model ensemble of models
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(P. Ai et al 2022 JINST 17 P02032)
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ERMETE (REHACTRINE) :

yi = fxn (s0(0ts — (t + At)]0, nig), -y sk—1 (K — 1)ts — (ti 4+ At))|07, nik—1)) — Aty
~ f(ti+ Ati+ AT;) — Aty = fto + aite + Ati + AT;) — At; (1)

HRECEREL:
Alto t]" =Y  (EMYIBLR)
v =||(1- AaTa)1a7) YHE = Y'M"MY = Y MY )

iR 1
Assume to, tc are random variables. Ato, ..., Aty_1 ~ N(0,0%) and
ATy, ...;,ATy_1 ~ N(0,03), both of which are i.i.d random variables, and N > 3.
I(Y) is from equation (2) and y; in Y is from equation (1), where ag is fixed at 0, and
ai, az,...,ay—1 are not all zeros. For f: R — R, if'
f(x) = kx+ b where: k=

the following functional:

L(f) = fJRZNxQ(tO ) I(Y)p(At)p(AT)p(to)p(te)dAtd A Tdtodte
is minimized and takes the minimum value o202tr(M)/(0? + o2).

w, b = const,
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ETYIRLRITIREHEREZER (3)

Algorithm 1 FTSir&IEEE

Require: wyp: initial weights; fyy(-; w): NN model; n: learning rate; T: steps for train-
ing; P(At): probability distribution for regularizers; D: size of calibration dataset;
G: steps for linear shift.

Model training:
w<— wp > Initialize weights for the NN model
for i+ 1,2,..., T do > Main loop for training
N, ag, a1, ..., an_1 < ACQUIRE_GEOMETRY ()
S0, S1s ...y SN_1 < ACQUIRE_SIGNAL()
Sample Atg, Aty, ..., Aty_1 ~ P(At)
for j«<0,1,...,N—1 do

§j <— SHIFT_WAVEFORM(s;, At;) > Shift as regularizers
yj (S wio1) — At > Apply the NN model
end for
wi < Wi—1 — NV uwl(Y0, Y1, -, YN—1; 30, 31, -+, aN—1) > From equation (2)
end for

return w* < wr
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Coincidence of two channels (Ch_0 - Ch_1)

LS ERT (4)

120 slope: :0.996:£0.003 entres: 1381, mean = -0.001 ns, std. = 0.012 ns
35
30
fo = =
g a0 2%
22 \ 3
g €10
s 0 0
-20 2
o 10 20 30 40 50 Zo0oa -002 0.00 002 004 006 008
num of shift intervals time (ns)
Coincidence of two channels (Ogouble)
note: Giingie = Ogoutie/ 2
Generator  Atienuator Expander
- 0.300- »
= -e- CFD Vil
< 0.250- e
° (]
£ 0.200- o
g 0.150 - /,-’ Photomuliplier
© 0.100 - = —_ Distribution of time residuals
£ _-e 16-
50,050 ®*=———@-———@-———0" A CFD
3 i " . 14- i:‘ CNN
@ === 212- i
20020~ -e= CNN et 2 &
< 7 § 0/69p(¢}0.037,0.053)+031p(x0.075,0.053)
= 0.018 - e 2 8- ‘} 0.69p(x]-0.031,0.018)+0.31p(|0.068.0.018)
2 e 2 |
3 0.016- g g {
2 " 5 4
20.014- -
=1 ..__—.-___',_—"""' 2
None 2.00 1.00 050 025 014 0.09 0.06 0.04 0% 02 03
critical frequency (GHz) time (ns)
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BETYIRLRITIREHERZER (5)

Distribution of R value Distrbution of R value NN test on irst 100 examples - LSTM test on first 100 examples
- - LsTH

slope: -0.16540.024

slope: 0.146+0.015

' '
| | 10

400- WLike w00 ot T8k

! 1

l 1

1

LL00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00
Pe. Coeficient

060 035 050 015 160
coeticent
Timing performance vs. threshold of R value

0.600-

0.500-

0.400-

low voltage
supply

time resolution (ns)

0.300-

T s
high voltage

G-Supply ¢

——

0.200-
500-

. LSTM .
03 04 05 06 07 08 09 1.0
R value

Pearson 1HXZEEHAT 0.7 AT,

CNN (LSTM) BIB9S #5739 384 ps (424 ps)

(MLST https://doi.org/10.1088/2632-2153 /acfd09)
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S = EE

PulseDL—x1TS
REURMSE R AR “EARIEE" AR
0 SEFRFEIRE SRR FIRE FFAIRIR

O BRHFHERREYE, DRAERR, BEENINE
ETERNREEFARIREE. ..

Pre-stage Trigger Post-stage Trigger
Detector Off-line Data Center
orage (GEWIDEIE)]
Pre-stage Trigger Post- stage Trigger
FEE Off-line Data Center
Detector
Preprocessmg Storage (Feature Data)

H5Xd5:: ALICE-PHOS E4E8s
Calorimeter APD Transfer out
PbWO, E[&CSA | FEEshaper ’ ADC of PCB ]
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PulseDL—EXF#Z X

ETMIEERmSa (DAE) HIRIRFHIERE:

Network Inputs:
(1 y2, . yis o yn)

denoising

Teeger]  Autoencoder
layer 5

network inputs
‘encoder layer 1
encoder layer 2

LR
O A SRR ES
U DAE faith: EIREAMRER
O B3R YRR
1HRLZ R4S -
0 EHZE: 8-bit/16-bit BMEL
0 DENSENRE

PC Ai [CCNU]

Network Outputs:
(d_1,d2, ., d_i...d_n)
X

regression
network

v

network outputs
fully connected layer 1

fully connected layer 2

Final Output: t_0, K,

RMSE distribution results for simple DAE net
Note: for quantized results, use 8bit for weights

i i i
P i
250 To007! Tootse
i
. 10.0086 / : "\
200 i g
Hll I
2 i AR,
B 150 Wl lfiAAAAna-
8 l Ay
8 i !
8 il RS
[ il i ! \
100 ol ! H !
" I input noisy data
T et mmm 8bit quantization
50 g 8bit encoder, 16bit decoder
ol Ll mmm 16bit encoder, 16bit decoder
Al floating-point operati
0 il L T S "—
0.0000 00025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200
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PulseD L—A&{4-2854

¥

.| lac
b Row-majorprieu=—) Global control ]~

<= Buffer -

T
1

T T
i v

@
® (LN
a palz]

1

N

RISC CPU
/M N\
ICB interface

Row-major order

Buffer.

ICB adapter
Random access buffer

@ Fmap input O ]

@ [Pl Vel spatial adder tree
. . T, |
. . 1-N data distributor}
: e : o o <= [T
il e :
-andom access buffer
Kemnel matri Kemelmate | [T

o s J
ETTEER PEIEH BIREEF T
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N N\ >
PulseDL—{ET
RS R
Name Input Input Kernel Output Output Time Budget  GOPS/W
Length  Channels  Length  Channels  Length (us) (avg.)
Encoderl 32 1 4 16 16 47.6 0.538
Encoder2 16 16 4 32 8 75.9 5.40
Encoder3 8 32 4 64 4 186.7 4.39
Encoder4 4 64 4 128 2 490.1 3.34
Encoder5 2 128 4 128 1 905.9 1.81
Decoder5 1 128 4 128 2 904.7 3.62
Decoder4 2 1284128 4 64 4 918.8 7.13
Decoder3 4 64-+64 4 32 8 265.3 12.4
Decoder2 8 32432 4 16 16 137.0 12.0
Decoderl 16 16+16 4 1 32 27.0 3.79
| t tput Ti Budget GOPS/W
Name npu Number of Weights and Biases Outpu ime budge OPs/
Length Length (ps) (avg.)
FC1 32 W=32*256, B=256 256 280.7 0.741
FC2 256 W=256*256, B=256 256 966.7 1.70
Final Out 256 W=256*1, B=1 1 11.8 0.542
PC Ai [CCNU] NME'2023 2023-10-17
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PulseDL—{FEE (2)
M|

Process GSMCRO13 (130 nm)

Area 24 mm?

Target General purpose convolutional
neural networks

Voltage 1.2V (core), 3.3V (PAD)

Design Freq. 25 MHz

wny'006%

Pads 35 outputs, 52 inputs

Pad Current  4mA

Registers 69 kb

On-chip None
RAM
Precision  Input: 8/16 bit fixed-point

Output: 32 bit fixed-point

4900.4um

Type Compact Balanced Precise
DAE layers 3%2 4%2 5%2
Reg. layers 2 2 2
Reg. weights 256-256 256-256 256-256
Total instructions (64-bit word) 1179 1920 3539
Total data storage (byte) 1860 2372 2756
Total parameters (byte) 98756 172484 336324
Time cost (ms) 1.892 2.962 5.218
Support channels (25MHz @ 35Hz) 15.1 9.6 5.5
(P. Ai et al NIMA 978 (2020) 164420)
PC Ai [CCNU] NME'2023
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PulseDL-11—iZitza0#1
NICA-MPD ECAL IIERIIHEFE: ' ~

0 64-ch, 12-bit, 62.5-MSPS ADC #&tk _
O BT ptigisE. fAFIRERT

O IE ~250 mW/ch, 7K:&SHER

ECAL BRSNS MRME:
0 HEHEMNEEN ADC REHUE, $UETREXS, HENERESE
0 ADC RHEFRE, HEiRENEMEEDPHEN
0 DIEEHHERTFERARESR

Y PulseDL FH3EIR, IHFEFHEMBAR, EFERRINTHAER:
O FEINRIS IR TR ERTES AR
4 IS ENS RS HREMIREFE
O BRI A BT HESE) (FIIITERE)
O R T RHMLSHRRESF IER
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MRRE SERZE

ZiTFIEN

YE&FEMN (Quantization-Aware Training, QAT) HIE

N

Training and Validation

Q
f || [lec: S| =il
AN EE 2 A BEE
b n gSe H Test Result s HTest Result 3 5 est Result
£ s A network input A network input
5|2 T T / T
el s
ez Q | @ Q | A Q @
EN] N e
Optimizer =) Optimizer Optimizer
Detector (&=} [~]~ - B
Simulation S "Ai) \
- =gl T T &5
Experiment “ Fo | ol e S
Data Network  Quantization Network Quantlzatlon Network  Quantization
Original Model Quantization-Aware Model Quantized Model

(infer with floating number) (update step and range)

(infer with integer/fixed number)

24/34

KA QAT K, ILUF T ERSENT regesion

Y72 NESe=y=] . 5

;EE’\J*E J—;ﬂj\% : encoder decoder %% encoder (zzig(;:)
BORNEMEIESREE s R G

0 J&ETF PulseDL-1l B9 QAT A
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PulseDL-1lI—F_E&E% (SoC) 4514

PulseDL-11 $§—HRCortex-MO0 775528 PIIZER NELZIRIT

PC Ai [CCNU]

Cortex-MO T —_—
SoC GPIO
| High-Speed Status
Cortex-MO ™ Y
. —
Core —= Double-Port ) Quad-SPI S| ADc waveform
Buffer AHB Master 5| samples Input
)
Program Programming &
Sys_tem — =5 Memory = — IS — Mor?iloring 9
Registers
UART/SPI — Alternative
—=>| System =5 — AHB Master > Programming
] RAM
Auxiliary Dual-Port
~ AHB Bus AHB RAM
PulseDL-II
Neural
Network —
Accelerator N
)| Watchdog
NN Pulse AHB-APB
Processo - Debug Info &
— = g In
| — Interconnect UART2 [ Termination
UART3 — 3 Physical Feature
Processor — < output
AHB Bus % APB Busv
NME'2023
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=R

PulseDL-11—#8% W%JJIJJ_EE Bt
PulseDL-11 A9 NN fIEERAE T ERANZITSE:

spatial or temporal iteration

(1st Iaﬂer input) 1
au
I

@!subsequent layers) 1
fmap mem | kernel mem mapping mode result mem
T . coordinator
13

multicast ctrl multicast ctrl
1] lelt_ic_a t fmap & kerne| mapping
o

5) final process

rescale &

=%
t T T
ping-pong @D bit-shift
iTED kernel re . . D
Q | p
§J i bias &
[ activation
* 3) multi-stage readout of adder tree

2) multiply-and-accumulate [+
Q\E\ AU H AU ‘ AT 4) in situ update of results

%jj/g ool e PulseDL-Il Neural
O [ ] " Network Accelerator

0 AU, PE, NN =RSHANEITHER
0 5F—RigitiEtk, PE BEEEIHIATNEE
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PulseDL-1—3XEEHEIRITTI 5

B DEIRTT, STensorFlow REZIERME:

[ Verilog/systemVeriog || VHDL [ Python CIC++ [JHors | | HEXfile

Hardware ¢=s== | === Software

Neural
i Quantization TensorFlow
Ten | ppwe L Sl Qo e OOk
i [t i Model Related
,,,,,,,,,,,,,,,,, ‘,,,,,%,,,,,,,,,, .
S R
! nput/outpus Model
| Transactions Parameters
————————————————— s Esffeteetystufesfstt slstlmbuistuhteei el
estbench| Dual-Port AHB Hexadecimal
’T(vumt) }*‘{ RAM { Data Files ‘ Clicaders CUELED
} L ' I Accelerator
Il Hexadecimal ARM GCC System
Cortex-M0 SoC |- ‘ Program File Compiler Related
T | I
| 1 |
i

‘ SoC Testbench (VUnit)

e awesus 1] [1c[ |1e[as] [2c] |2e[]as| Jac| [3E
L g eventsfffis e i —————————————
=l -+, . & L —
ETFNERTIRATRS & etk s e
g ! ey
= B | Wait Time #3 35 BISCRRSE R

O IREIRUKERHEE

From —TieIeaRTEEe R TETEEN
A AHBBus_|1s]12s[|3s[]1c] 2c([sc [1E[[26 ] 3E

eu

O BHRBIFHTIRE I e———— =l

I3 —
S Evem w2, 2c 2

£ Event #3[ [ 35 3c 38—
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PulseDL-II—8E(A BT

D)
D
D)
D)
D)
D)

o © © % 150
2 e © o )
o S I I 1] S i
) S ® © ~ - 2
~ = » o o= o 2100
S # 3 # # Qg #OE
a £ £ £ £ | 3|E £ F
-~ ~ ™
< (Te|Ne |2l —|8|8g 8 =
= o|c|o|c |0 ~|5 |3 o 2
3| |3ad |3 | X[ 5C |0 —a
QA O T © I~ 8 o
= 2] |Ela | Bl ol |8 C¥
2 Sl | 8le | 89 1o | >lo <
> ~— — © — @ |N [v] 120
a o o - o | == ©
£ # [ # # (Ll % 10
Q Q Q Q Q Q 5
HUEIUE g 2 30
NN/ NN g o0
g
& 40

{ERERMLZETREL (33.4k MACs, 18.8k param) .
W{ESF.‘:? Xilinx ZCU104 i;F1E*}§ 1000
O HEERGE): R 1.83 £
O HFEREE: A 18118 8 wo
O LUTs/3RiA8S: /> 1.40 3
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Time consumption by layers and version

mmm PulseDL

mmm PulseDL-II I

Conv.1 Conv.2 Conv.3 FC_1  FC2

Energy consumption by layers and version

mmm PulseDL

W PulseDL-II I I
| Il I I =

Conv._1 Conv.2 Conv.3 FC_1  FC.2

8-bit multipliers (MUL8), LUT/MUL8 and FF/MUL8

mmm PulseDL
s PulseDL-II “‘

MuLs LUT/MUL8 FF/MUL8
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PulseDL-11

SCIRIRIE

Host Computer
1. FPGA Firmware, Integrated Logic Analyzer; 2. ARM MCU Program; 3. Feature Output

ch1
ADS4225 Card
Ch2_| 125Mm, 12b, 2vpp
AD9106-ARDZ-EBZ
Ag[h)IIPI;/lKéU DDS Signal ch3
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