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PANDA DAQ problems

DAQ-related work packages: Hardware
(R&D, design, testing, production and screening)

* Data-collector board based on EMC digitzer

° CO N Sta nt S h O rta ge Of m a N p Owe r ff[ﬁé‘rifu':bifgéiﬁ'?%?d by LUMI, EMC (Hit-detection ASIC) ,

= prototyping, principle investigations (Bochum) —? py

+ hardware design (Uppsala) -?py

+ production screening (Uppsala?) -?py

« Data Concentrator
(core of the DAQ, used for the burst-buildi
« hardware design (Uppsala)

* Slow, expensive and risky hardware oo tesingdenugaro 0)

d eve I O p m e nt CVCI eS « design/testing/production (IHEP

* HPC interface
+ design/testing/production (KIT?)

DAQ-related work packages: F
(R&D, design, testing)

* Many custom hardware components, soomer

+ DAQ-accelerator interface (??7?)

Sta n d a rd S) p rOto CO | S * Framework for data-handling IP cores and

Communication protocols

* In fact simillar boards: many links, powerful " development esing /deployment (727

* Data-processing algorithms

FPGA, differences in memory, clocking, system | :censins o) 7p

. « Tracking (Lanzhou?, -2
interfaces o vk (rabon P
= EMC Clustering, support (??7?) —-0.5py

DAQ-related work packages: Software
(R&D, design, testing)

* Ti m e - S Ca I e’ t i m e - S h ifts’ d e | a ys * DAQ functionality (so far only SODANET protocol)
(???)

= DAQ control (communication with DSC, ECS)
(???)

* DAQ - online computing interface
(??7)

« Stand-alone DAQ (RUG/GSI/KIT/Bochum/Julich)

M. Kavatsyuk
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Custom elements mosaic

* Hardware

Subsystems FEE

Data Concentrators
SODANet distribution
Compute Nodes
High-Flex cards

* Protocols

Subsystem internal
SODANet

Raw 8/10b
InfiniBand

» Systems, interfaces

Standalone
ATCA

AMC

PCle

Push-Only Readout

4 (MVD) + 16 (STT) + 20 (BDIRC) + 9 (EDIRC) + 0.6 (BTOF) +

12.7(EMC) + 24(FwTracker) = 86.3 Ghitls

BDIRC] [EDIRC

.| 8x

EMC Fw Tracker | [BTOF, etc
(6¢] +-[Be]) [Be] [oel]| [Be]
x 2x

InfiniBand

-

to HPC

Compute Nodes
~5 ATCA modules

M. Kavatsyuk

* Firmware/software

e Subsystem preprocessing
* Protocols stacks

e Burst building

* Analysis algorithms

* Drivers




Development issues

* Limited numer of experts in both HW and FPGA
development

e Hardware:

* Long development cycles
* Expensive, time consuming iterations
e Risky
* Withdrawn, discontinued technologies (HMC on DC!)
* Long-term investment (PANDA Day-O0 still couple years ahead)

* Firmware:
 Complex algorithms are hard to migrate to HDL
* Long debugging cycles
 Difficult evaluation



Proposed solution

* Escape to commercial hardware at the earliest stage
* Long-term manufacturer support
* Support from experts/community
* Easily upgreadable with new HW/SW releases

* Select technologies with high-level development
* Avoid reinventing the wheel (protocols, data handling, etc.)
* Focus on algorithmics

Merge offline and online analysis procedures

Accelerate development and debugging cycles

Involve non-experts into the developers group
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Proposed DAQ scheme

awil] |eay
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networking and processing +  Common routing protocol application (IB, Eth)

* Server nodes:
¢  Complete SuperBursts assembly
* High-level algorithms online but not in real-time

MVD STT | [BDIRC| [EDIRC EMC Fw Tracker | (BTOF, etc
AN SODA - 4x -El_x

Net —— -

. o 8x [ 11X _

InfiniBand / Ethernet switch
Server node Server node

Permanent storage .

Predicted 100 Gbps is not a challenge anymore  * DC:
¢ SODANet distribution / slow control
Fast technology development in HPC sector in « Data assembly / zero suppersion / filtration / compression

woisn)

|e1aJaWww o)



Server nodes

» Server nodes equipped with commercial but powerful hardware (CPU/GPU/FPGA)
* No requirement to work in real-time regime
* Easily scalable, easily upgradeable and easy to maintain
* Trend in experiments: CBM, Alice

* Growing protfolio of FPGA, PCle accelerator cards, e.g. Xilinx Alveo

Product Name Alveo U200 Alveo U250 Alveo U280 Alveo USO
Width Dual Slot Dual Slot Dual Slot Single Slot
Form Factor, Passive Full Height, % Length Full Height, % Length Full Height, % Length
i CO m p I ete pa C ka ge . Form Factor, Active Full Height, Full Length Full Height, Full Length Full Height, Full Length Half Height, )% Length
Look-Up Tables 1,182K 1,728K 1,304K 872K >
. Regist: 2,364K 3,456K 2,607K 1,743k <
* Hardware: egters 3
DSP Slices 6,840 12,288 9,024 5952 =]
=
. . DDR Format 4x 16GB 72b DIMM DDR4 4x 16GB 72b DIMM DDR4 2x 16GB 72b DIMM DDR4 =
L]
Powerful FPGA (Virtex U+ variants) 0D Tots! Capacity ccs sac8 1268 o
DDR Max Data Rate 2400MT/s 2400MT/s 2400MT/s s
L]
Embedded HBM/external DDR4 Trans Ticers 3acals o
. @
. . f HBM?2 Total Capacity - - 268 3
QSFPZS interfaces HBM2 Total Bandwidth - - 260GB/s 316GB/s* @
S
Total Capacity 43me 57mB 43me 28MB >
o PCI e G en 3 X 1 6, CC | X Total Bandwidth 37TB/s 47T8/s 35TB/s 2478/s 8
PCI Express® Gen3 x16 Gen3 x16 Gen3 x16, 2xGen4 x8, CCIX ~ Gen3 x16, 2xGend x8, CCIX [N
H . US0’ - 1x QSFP28 ]
° Firmwa re/SOftwa re: Network Interface 2x QSFP28 2xQSFP28 2% QSFP28 US000" - DeeFDD §
Thermal Cooling Passive, Active Passive, Active Passive, Active Passive =]
. e
*  basic FW shell Typca Pawer 100w 110w 100w =
Maximum Power 225w 225w 25w ]
. i r=
SW d rivers Clock Precision - - - IEEE Std 1588 w
- INT8 TOPs 18.6 333 245 16.2
L]
OpenCL support Miachine Learning Machine Learming Solution Bref

celeration Applications Acceleration Application Solutions

Xilinx.com
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Alveo advantages

 Costs

* No HW development costs

* Logic resources /S

* Example: Alveo U50 — 2 500$

Similar resources (Digikey, depends on speed grade):
*  Virtex U+ XCVU33P — 20 000 - 40 000S (0.9 MLUTS, 2880 DSP, 8 GB HBM)

Similar price:

* Kintex U XCKU040 — 2 500$ (0.8 MLUTs, 1970 DSP, no HBM)

FPGA on Data Concentrator:
* Kintex U+ XCKU15P — 4 000 — 8 000$ (1.1 MLUTs, 1970 DSP, no HBM)

P. Marciniewski, ,,A data concentrator for
the PANDA experiment”, 2019

FPGA on High-Flex:
e Virtex 7 XC7V330T-2-4 000 $ (0.3 MLUTs, 1120 DSP, no HBM)

M. Caselle, ,High-speed, low-latency readout system
with real-time trigger based on GPUs”, 2016

Logic
Mm g Memarv mw

Product Name Alveo U50

Width

Form Factor, Passive
Form Factor, Active

Single Slot

Half Height, % Length

Look-Up Tables
Registers

DSP Slices

sk @ |
1723k @
sos2 @

DDR Format
DDR Total Capacity
DDR Max Data Rate
DDR Total Bandwidth
HBM2 Total Capacity
HBM2 Total Bandwidth

sce @
a1668/s¢ @

Total Capacity
Total Bandwidth

28MB
24TB/s

PCl Express®

Network Interface

Gen3 x16, 2xGen4 x8, CCIX

U507 - 1x QSFP28
U50DD? - 2x SFP-DD

Thermal Cooling

Typical Power

Power and
Thermal

Maximum Power

Passive
50w
75W

Clock Precision

Time
Stamp

IEEE Std 1588




e,

Alveo advantages

* Integrated development environment
* Entire project in C/C++
* Abstract code structures (structures, classes)

* 00 mechanisms: operators overload, inheritance,
templates

* No dynamic memory management (on HW)

* Incorporate HDL IP Cores

i G++ FPGA
* Host <—> Kernel architecture compiler e

* Main function — starting point on the host
¢ Kernel — hardware accelerated function

* Algorithm debugging on C++ level

buf0 | buft bufo | buft

* Encapsulates all other tools and compilers
* Multi-level evaluation: g++, hw emulation, hw

kernel .
start Acceleration 'Q

Kernels

x86 CPU
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Development in HLS

e Single function — single component

Function arguments become component
interface

Function body translated into logic
Results analysis with a set of reports
* Timings, resources

Compilation process controlled with a set of
Hpragmas

High level component evaluation

ck | L i
Opton1 & 2J) &
Option2 (3 )2 )(1)(0]

Option 3 %{

WL

=1

o

—)

—)

endp_scaler_0

Z|+ s_axi_scalers
|I[+ ap_cwr
—== ® ap_start

ap_ck
ap_rst_n

in_V_data_V_dout{31:0] 4

]

in_V_data v +|||

in_V_data V_ampty n <
inV_sop v +|||
in_V_sop_V_dout{0:0] «

in_V_sop_V_empty_n 4
in VM eop v +|||
in_\_aop_V_dout{0:0] <

in_V_eap_V_empty_n 4
in_M_dv V' 4|
in_V_dv_V_ dout{0:0] =«

in_v_ dv_V_empty n «

Endp_scaler (Pre-Production)

m—
Performance Estimates
] Timing (ns)
[ Summary
|Clutk| Targzd Est\mat2d| Un:zrtaim:yi
lap_cd 3.33  2.820 0.90|
[ Latency (clock cycles)
[ Summary
Latency Interval
min | max| min| max| Type
2097 2097/2087/2097|none
= Detall
& Instance
o Leop
Latency Initiation Interval
Loop Name min | max| Iteration Latency] achieved| target| Tip Count Pipelined
-Loop 1 1568/1568 280 1] 1 1280 yes|
- data out transfer 514 514 4 1 1 512 yes|
Utilization Estimates
E Summary
Name BRAM 1Bk DSP4BE FF LUT | URAM
DsP - - - - -
Expression 0 237 -
FIFO - - - - -
Instance 150 2596| 505116| 290902 -
Memaory 0 - 512 0 B
Multiplexer - 352 -
Register 0 - 24049 3200 -
Total 150/ 2596/ 520677 201811 B
Available 5376 122E8B/3456000/1728000 1280
Utilization (%) 2 2] 15 16 ~0)
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HLS Example

* Entire flow for Neural Network implementation on FPGA within a single HDL module

* Advantages: fixed latency, controlled level of parallelism, custom data types

e Used for example in L1 trigger at CMS CERN

LArtificial Intelligence Accelerates Dark
Matter Search”, Xilinx Case Study 2019

* Import trained NN model to FPGA with just few mouse clicks

* MNIST network example implemented by students during FPGA Summer Camp 2019

Keras
TensorFlow
PyTorch

Usual ML
software workflow

Python

\d

compressed
model

his 4 ml

HLS

conversion

Co-processing kernel

—
Custom firmware
design

I

tune configuration
ision

||‘ XILINK,
| VIRTEX,

C++ Bitstream hlsaml
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Alveo application example

Resource usage [% normalized]

I\
* Conjugate Gradient as HPC benchmark
* Host prepares data sets and streams to the accelerated kernel .
* 1464 floating point (IEEE754) numerical operations per single set HOST EPGA Platform
e Kernel implemented with 11=1, latency 142 at 300 MHz b
e 2x faster than Intel Xeon Phi 64-core, 1.7 GHz e e o gy CrCecCtureS
. - LATTICE2018, arXiv:1808.05506v2, Nov. 2018
* ReaChIng performance Of NVIdIa V100 (only 15% Of PP!) E. Berkowitz, et. Al.. ,Simulating the weak death of the
neutron in a femtoscale universe with near-exascale computing”, 2019
* Not a single HDL line written
B ] | I I
—{ U(8) : ] |
I | . |
Resource usage vs iteration interval Estimated performance vs iteration interval - I : E*i :
0 —— double 64b é - — — = U
! 20% +— float 32b & o0 double 645 Pl vy oW Vv
0811 —o— fixed 32b g P +— float 32b — Lu t V=V . V=V |[—
07 5 am:_w | a*v i v a*y
06 & R — : U
05 600 : : U= :
P : Lo [
0377 00y Stage 1 ! Stage2 | Stage3 | Stage 4
02 1 cycle ! 14 cycles ! 70 cycles ! 57 cycles
200 . Oop 96 op 1152 op 2160p
0 T T —— R == = 1464 operations

25
Iteration interval [cycles] Iteration interval [cycles]

=1 Within 142 clock cycles
With 11=1



Algorithms on Alveo

* Many data analysis algorithms already developed by physicists

* Migrate from C/C++/Python/Root/PandaRoot to C++/OpenCL
* C++/OpenCL runs also on GPUs — interesting research

* Can be done by people without strong FPGA background

* Easy and fast evaluation with simulated/collected data

* Growing library of HW-optimised libraries/functions
* E.g. OpenCV —Kalman Filter

* Easily maintenable

* Easily upgradeable

Resource Utilization

The following table summarizes the resource utilization of the kernel in different configurations,

generated using SDx 2018.3 tool for the Xilinx Xczu%eg-ffvb1156-1 FPGA.

Table 249: Kalman Filter Function Resource Utilization Summary

Resource Utilization

N_STATE=128; N _STATE=64; N_STATE=S; C_CTRL=4;
Name C_CTRL=128; C_CTRL=64; M_MEAS=3; MTU=1;
M_MEAS=128; MTU=16; | M_MEAS=12; MTU=4; - MN‘,IL;_.l o
MMU=16 MMU=1 o
300 MHz 300 MHz 300 MHz
BRAM_18K 75 &7 25

DSP48E

604

141

76

FF

159624

64230

33m

LuT

80631

34857

17656

* Hardware available for tests on cloud providers (Nimbix, Amazon)

* Cluster available at ETH Zurich (registration required)

 Xilinx will soon open Alveo cluster for universities — early access for UJ
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Proposed PANDA DAQ

* Keep subsystems FEE, synchronized with
SODANet

awi|eay

InfiniBand/Ethernet switch

* Exit the real-time path on Data
Concentrator level and enter standard — - - g
node node node node
n etWO rk wit(:1 ) witdh Alveo wit(:1 Alveo with Alveo

auluo

Permanent storage

* Push-only architecture — total 100 Gbit/s

*  Commercial network and switch
* Route SuperBurst fragments to Alveo farm

e Alveo farm
* Accumulate data in HBM and reassemble SB
* Perform complex algorythmics
* Store the results

woisn)y

|eIaWwWwo)



General CLB resources:
4x larger blocks (32 LUTs)

dngee

What is next to come

e 7nm Versal Architecture

Less routing

Higher frequencies

Scalar Engines

Armm

Dual-Core
Cortex™-A72
Anpli~=*_
Hrocessor

Arm
Dual-Core
Cortex-R5
Real-Time
Processor

p

Adaptable Engines

Intelligent Engines

Interconnected vector SIMD:
* 1GHz frequency
* 512b floating point vector

Versal
Adaptable

PCIe® & M iirate | 600G Drect
CCIX Etvemet | Cores EBS Rr
(WDMA) L 28 | GO

e e * Local/shared memory
—  BookrRAM DSP e Streamlined designs
= —_— Engines
Platform UltraRAM
Management
Controller Accelerator RAM
) ~ N

Network On Chip (NoC)

> High bandwidth interconnect

Xilinx.com

* New Alveo cards will be released soon: 3 versions per year



Research plans

* Continuation of research on Conjugate Gradient on FPGA
* 3 published papers, 1 under review, application for ISC Frankfurt 2020
e Strong support from Xilinx
e Early access to software and hardware

* Application for a scientific grant

. Bg\éelopment of an energy-efficient and adaptable supercomputing module for

* Dedicated for establishment of young research groups
* Decision Q3/2020, starting Q1/2021, duration 2 years
* 350000 EUR (60 000 EUR for hardware)

* 4 team members

* Evaluation of algorithms for PANDA
e Migration of FT tracking based on Kalman filtering to HLS and OpenCL

* Evaluation on Alveo, performance comparisons to GPU
* Reactivate research group at the Technical University in Cracow



Backups



CPU

VS

GPU vs FPGA

()
>
Data l o
< S
< )
é Data 2 s
O Instr 2 > Dl 2
Instr 3 ©
~
Data 3 3
G
Instr 4 Data N
Data 4
o CPU o GPU o FPGA
o Single Instruction Single o Single Instruction Flexible architecture

Data per core

Fixed instruction set
Multiple cores

High clock freq.

Operating system

Multiple Data Massive parallelism

Fixed instruction set Streamlined processing

High clock freg. Low clock freg.

Memory access Instant memory access

Accelerates CPU Standalone platforms



Different approach

Instead of adapting the program to a given
architecture

Let’s design the architecture that performs the task
in the most efficient way

Especially when algorithms evolve much faster than
hardware
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What are FPGASs

* Field Programmable Gate Arrays

* Devices for processing digital data streams
* Adaptable computing resources
* Reconfigurable at any time

Arrays of Configurable Logic Blocks Basic Configurable Logic Block

108 108 108 108

o]
@

A
OB OB 108 1) 108 ey Reconfigurable
Ci 1/Re P
..o.n.‘:c...c.sf:. c:,l;, Building Block
8| |cs B fa} B as | [ Gin 2-0ut
5 £ 43} Look-up-table 2 2
LT
= - [ x
© | | ,ececccccccces ~
] |3 :
6-in 2-out
2 § £ Lyt took-uptable {2 2] © 512 c &
e LuT v 3 I_ 8 z
@ @ -1} E 3 ° t
£ = Q)
8| |cs 8 ol B 8 £ £ £ o I 2
ol [ <3 % H
- 6-in 2-out E. © 3 o
g 5 £ 1t Look-up-table 12 Ly, £ Eé‘.@-’ a &
- =] -
3| | s fol} cls clB 8 £ Lut o 3 £
e -------------- g
Sl |
5 § Ginzout i 5
Bl | ce B ciB cB 3 B e el 7‘“@"
:

-

www.electronicdesign.com

Architecture

a) Lookup Table (LUT) b)

Configuration Bit0 0 0 0
Configuration Bit1 0 1 0

out 1 0 0
Configuration Bit2 ] ] 1
Configuration Bit3 . .

5 out=in[1] &in[0]
in

R. Kastner, J. Matai, S. Neuendorffer ,Parallel Programming for FPGAs”
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What are FPGAs

Processing System

Application Processing Unit

* Much more than just CLBs:

* Memory blocks ansrtons e W i e[| o || e
. . Floating Point Unit 4/3,

ECC Support UsB 3.0

e DSP block (hard multipliers) T T sl
I-CaF::he D-Cache || Management Processor | Processors SATA3.0

.. ) . e |00 .

* Multigigabit transceivers e BN T entey i ettt Pele G2
m CCVSMMU | 1MB L2 Cache/ECC 64KB L2 Cache Em

* Clock managers
* Hard protocols and codecs

Vector Floating Configuration Gigabit Ethernet
Point Unit AES Decryption CAN
[} T S o0 Memory Protection Au(hmtizglbx; 12¢
Ext. memory controllers e W isnal] [ o s (1
, Resets,
128K TCM | 32K8 1-Cache | 3248 D-Cache Clocking e e?
* ADC / DAC withECC || withecC | withECe TrustZone Sivbon and Debug SPl
Management Quad SPI KOR
Voltage/Temp NAND
Monitor SD/eMMC

* Complete System-On-Chip: e : -
Storage and Signal Processing High Speed Connectivity Video Codec

* PowerPC/ARM e Pupose
* Ext. Memory controllers

viemary
* Multiple 1/O controllers

* Fast interconnect Xilinx Zyng MPSoC - infrastructure Xinxcom
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An example — source code

L0 R R R I O

library IEEE;

use IEEE.STD LOGIC 1164, ALL;

use IEEE.STD LOGIC unsigned.all;
use IEEE. HUHERIC STD. ALL;

lib LNISIM; .

u;erﬁlrﬁSIM.UCnmpnnents.all; TOp-lEVEI interface — hardware
entity top is pins, relates to the board design
Port |

CLK_IN : in std logic;

DATAL IM @ in std logic wector(2 downto 0):

DATAZ IM : in std logic vector(2 downto 0):

RESILT OUT : out std logic wector(3 downto O)
:|.

end top: Logic that describes the relation
architecture Behavioral of top is .
begin between input and output ports

process (CLk_IM)
begin
1f rising edge(CLK_IM) then
FESULT OUT == DATAL IM + DATAZ TM;
end 1f:
end process;

pnd Behavioral;



An example — elaborated design

* Functional schematic of the design

Clock Register  Output
/ RESULT_OUT regl3 / /
N [ - C Q [ REsuLT ouT(3:0]
plusOp_i D
10[3:0]
DATA1 IN[3:0] 0[3:0] |
DATA2 IN[3:0] m— RTL_REG
/ / RTL ADD
Inputs Adder

Function has:
* Initiation interval = 1 clock cycle
* Latency =1 clock cycle

When CLK_IN =100 MHz
This logic will achieve 100 MOps/s
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An example — synthesized design

e Functiona

RESULT_OUT reg|0)

RESULT_OUT_OBUF[0]_inst
[~ 9

L
OBUF

L s

RESULT_OUT_OBUF|[1]_inst
] 1

[P
OBUF

RESULT_OUT_OBUF[2]_inst
9 - T -

OBUF

RESULT_OUT_OBUF[3]_inst
0

e

CE 0
RESULT_OUT[D]_i_1 D
o 0 R
DATA1_IN_IBUF|0]_inst I T
0 T2
DATAL_IN[3:0] [>— RESULT_OUT reg(1)
BUF RESULT_OUT[3]_i_2 P‘ESU'—TI;DUTHL‘J -
DATAL IN_IBUF|1]_inst :? o n oo ce
- 12 o "
1 I 0 2 5 .
[y
IBUF o4 FDRE
DATAZ_IN_IBUF|0]_inst RESULT_OUT[2]_i_1
= - _OuTz) i RESULT_OUT_reg(2)
| o 10 =
DATAZ_IN[3:0] o i c
BUF DATAT_IN_IBUF[2]_inst 2 o cE
13 o "
DATAZ_IN_IBUF[1]_inst ! o 14 R
15
' 0 IBUF T FDRE
DATAL_IN_IBUF[3]_inst RESULT OUT rea(s)
IBUF RESULT_OUT[3]_i_1 Uil reg
! o o C
IBUF i CE
2 o o ¢
DATAZ_IN_IBUF[2]_inst
 — - 13 R
2 i 0 L) FDRE
LTS
BUF
DATAZ_IN_IBUF[3]_inst
+
3 @ o
T
IBUF
CLK_IN_IBUF inst
CE | CLK_IN_IBUF_BUFG_inst
CLEIN [ ! o ! o

| I
IBUF

L~
BUFGCE

[P
OBUF

schematic mapped into device resources

RESULT_OUT[3:0]
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An example —implemented design

* Logic resources placed and connected in the device
CLB

LUTs FF Interconnect




An example —implemented design

DSP BRAM

CLB 1O buffers
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An example —implemented design

* Clock Region

BRAM |0 buffers DSP CLB IO buffers
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An example —implemented design

MGT

Utilization:
LUT: 4 out of 274 080
FF: 4 out of 548 169

ARM




Natural parallelism and streamlined processing

Data stream 1 _ |
),
Data stream 2
==
, |
‘ |

Data stream 3




Advantages

* Architecture adapted for specific function
* Custom data types — resource optimization
* [Instant memory access to BRAMs

* Real time - control over each clock cycle

* Natural parallelism

e Streamlined processing

* Perfect solution for:
* Multi-channel sensor readout and processing

* E.g. detector channels readout, multiple video streams processing, networking, ...

* Sensor Fusion
e Monitoring and control in real time
* E.g. mission critical control
e High Performance Computing
e E.g. matrix multiplicaiton, neural network inference, ...
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Disadvantages

* Low level design

Difficult firmware development

* Time consuming development and evaluation cycle

High costs of single devices and of hardware development

All Programmable
FPGAs, SoCs &

Ease of Development

,,,,,, LEERA —

Xilinx.com
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Why now

Continuous increase of available resources

Wide range of hardware platforms on the
market

Growing library of IP Cores

Novel design development techniques

Example:

Aldec TyYSOM-3A-ZU19EG
10x14 cm

1,1 kCells

2k DSP

70 Mb memory

ARM COrtexA53

4 Gb DDR4 "
QSFP+, 2x RJ45, 4x USB, 2x HDMI | |
2x FMC

Logic cells [kCells[

10000
9000
8000
7000
6000
5000
4000
3000
2000
1000

FPGA Resources over years
14000
12000
10000
8000
6000
4000

2000

2002 2004 2006 2009 2014 2015 2019

FMC-ADAS FMC-INTF FMC-loT
o e N O

T

v:” i }. -

o

DSP [blocks]
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Processing pipeline

Analog pulse

>A< Analog pulse Digital value

3. Collector /

Detector Digital value

Transmiter

o000 ff ff £ff £ff ff ff 00 00
al 1 1c 0

0010 0: 0b 00 00 00 FF 11
0020 fF Ff c3 50 c3 50 01 08 - - —
0030 00 02 01 03 00 00 00 00 o r o
0040 00 02 06 01 00 02 06 02

>
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JPET Readout System

Master TRB

* Entirely based on FPGAs
* Front End boards
* Analogue signal discrimination

 Digitizers / Data collectors
* TRBv3 boards

Control and

Monitoring
Central
HUB

Central
Controller

Slave TRB 1 Slave TRB 8
° TDC in FPGA ‘:_,E % '{:ime»Digit Data. Data. Time-Digit ';'_,E
. . ] . ue- § onverter Transmitter Transmitter Converter lg
* Data processing and visualization

Controller board — continuous readout
* Event by event processing

G. Korcyl, M. Kajetanowicz, P. Moskal, M. Patka , A system for acquisition of
e Custom hardware, custom protocols tomographic data”

Patent nr.: US20160209522A1, WO/2015/028594

P S

-

Traxler, M.; Korcyl, G.; Bayer, E.; Maier, L.; Michel, J.; Palka, M.

A compact system for high precision time measurements (<14 ps RMS)
and integrated acquisition for a large number of channels”,

JINST 10.1088/1748-0221/6/12/C12004

Module
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JPET processing pipeline

* Data processing steps

Data units reception and assembly
Extraction of timing data

Application of detector geometry
Application of calibration parameters
Search for time coincidences

Filtration

Construction of histogram and visualization

X
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JPET visualization

* Resource utilization: 75% (Zynq045)
* Performance: 42 Mhits/s

* Power consumption: 20 W

About 1 year of development

* Almost entire design in low level HDL

FPGA
Compiler

recoH

xy:z:i (i>1.5}
G. Korcyl, et al. JPET “Evaluation of single-chip, real- =
time tomographic data processing on FPGA SoC o0
devices” w
IEEE Transactions on Medical Imaging, vol. 37/11, INE
May 2018 pic
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Shift in technology availability

* Wide variety of hardware components:
* Evaluation boards, HW companies (Trenz, HiTech, Aldec, ...)
* FPGA Mezzannine Cards (FMC, Vita standards), ...

* Well established standards, protocols and IP Cores:
e AXl-based ecosystem, Aurora connectivity, ...

e Xilinx VCU108 * Xilinx ZCU102
* Virtex Ultrascale U095 * Zynqg MPSOC ZU9EG
1.1 M logic cells 0.6 M logic cells
768 DSP 2520 DSP
60 Mb BRAM 32 Mb BRAM
64 MGT (32 GTH / 32 GTY) 24 MGT
« 8 GBDDR4 * ARM Cortex A53

4 GB DDR4

* 2x FMCHPC 10xGTH

* HTG FMC 10x SFP+
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Modular JPET readout

JPET Modular JPET

Scintillators 192 312 1.6x
Analog channels 1536 4992 2.9x
Digitizers 32 48 6x
Logic [k cells] 350 5400 15.4x
Memory [Mb] 19 272 14.3x
DSP 900 3972 4.4x
ARM cores 2 4+ 2x RT+ 1x GPU  >2x

N \ -
/A
; Za

Za

~

2
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Communication infrastructure

Standard AXI interfaces and building blocks

All components mapped into Linux physical memory

All components accessible from software level on Linux

FPGA

Any HDL component can be encapsulated with AXI layer Compiler

Memory mapped

ARM - Linux Interconnect components
zynq_ultra_ps_e_0 axi sme axi_bram_ctrl_0
. epn Ay H-—H axi_bram_ctrl_0_bram
maxihpm0_fpd_acl At K g MO0_AXI [ 2+ s Ax
maxihpm1_fpd_s |ZYNQ aclk .§. MOL_AKI o i < axi_aelk BRAM_PORTA ||l + BRAM_PORTA  rsta_busy }-
plps_imO[0:0] o aresetn —n : s_axi_aresetn
UllaSCALE Block Memory Generator

AXl SmartConnect

Zynqg UltraScale+ MPSoC AX| BRAM Controller

axi_gpio_0

A4+ s an
s_axi_aclk Gro + ||} o

s_axi_aresetn

rst_ps8_0_99M

AXI GPIO

Processor System Reset
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Communication infrastructure

Data pr

otocol

Data transmitter

axi_chip2chip_0

axi_chip2chip_0_aurorag

USER_DATA_M_AXI_RX -+ [Eet
CORE_STATUS +
channel_up &

s axi.0 >

s_aresetn
axi_c2c_m2s_intr_in[3:0]
axi_c2c_phy_clk
axi_c2c_aurora_channel_up

aurora_pma_init_in
aurora_init_clk
aurora_mmem_not_locked

AXIS_TX +
axi_c2c_s2m_intr_out[3:0]

|- USER_DATA_S_AXI_TX
-+ GT_DIFF_REFCLK1

-+ CORE_CONTROL

-+ GT_SERIAL_RX

pl_not_locked_out b
GT_SERIAL_TX +
link_reset_out

Optical

{———[> GT_SERIAL_TX

aurora_do_cc
aurora_pma_init_out

aurora_teset_pb
axi_c2¢_config_error_out
axi_c2c_link_status_out

axi_c2c_multi_bit_error_out

axi_c2c_link_error_out

AXI Chip2Chip Bridge

zyng_ultra_ps_e_0

user_clk_out
reset -
sys_reset out
t_reset - -
i; ein sync_clk_out

gt reset_out
gt refelkl_out
gt_powergood(0:0]

Aurora 88108

Board 1

maxihpmO_fpd_acl
maxihpm1_fpd_acl
plps_imO[0:0]

ZYNQ ™

UltraSCALE*

fiber

Data receiver ~ Data protocol

axi_chip2chip_0

H+ axis_Rx m_axi +
f m_ack AXISTX +
- m aresetn axi_c2e_m?2s_intr_out[3:0]

axi_chip2chip_0_aurora8

axi_c2c_s2m_intr_in[3:0]
axi_c2c_phy_dk
axi_c2c_aurora_channel_up
aurora_pma_init_in
aurora_init_clk
aurora_mmcm_not_locked

aurora_do_cc
aurera_pma_init_out
aurora_reset_pb
axi_c2c_config_error_out
axi_c2e_link_status_out

USER_DATA_M_AXI_RX + [Zeed
CORE STATUS +
channel_up b
pll_not_locked_out b
GT_SERIAL_TX +
link_reset_out

| USER_DATA_S_AXI_TX
+ GT_DIFF_REFCLK1
+ CORE_CONTROL

axi_c2c_multi_bit_error_out

GT_SERIAL RX [D—

axi_smc

L_ son_axl H—N

aclk |
MOL_AKI o i

Zynqg UltraScale+ MPSoC

Xu

aresetn [ ]

AXl SmartConnect

+ GT_SERIAL RX AXI Chip2Chip Bridge
- - user_clk out
reset -
reset sys_reset_out
9 sync_clk_out
init_clic_in -

ot_reset_out
gt refclkl_out
ot_powergood[0:0]

Aurora 88108

Board 2

axi_bram_ctrl_0

axi_bram_ctrl_0_bram

+ s_Axl

s_axi_aclk

BRAM_PORTA ||l + BRAM_PORTA  rsta_busy

n

axi_aresetn

Block Memory Generator

AX|BRAM Controller

rst_ps8_0_99M

P

rocessor System Reset

axi_gpio_0

+ 5 AXI
s_axi_aclk

GRIO + ||}

s_axi_aresetn

AXI GPIO



System design

Basic system infrastructure design and setup in a single day
* 48 endpoint boards (Artix 7)
* 4 concentrator boards (VCU108)
* 1 controller board (ZCU102)

Optical connections Aurora 8b/10b, 5Gbps, full-duplex

Synchronous links — precise time synchronization of all
elements

Each logical component in the system is addressable and
accessible from the software on controller board

Readout data stream mixed with control and monitoring
messages

10 Gigabit Ethernet UDP module

Front End
Module

Endpoint 1

Time-Digit Data
Converter Transmitter

Endpoint N

Data Time-Digit
Transmitter Converter

Front End
Module

Upstream

-

Concentrator Concentrator

Controller

Data
Data Quality
Analysi:
nalysts Assessment

Raw data output

Raw data output

{

Permanent Storage
Control and monitoring
Offline Analysis

Downstream
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Full processing pipeline

Concentrator dW Udla Pa erified ated generation anc
PreSErvea 0 AQ alization o
@ phanto data AR » b |

{ & ] ( @& 2

010101 | 010101 Calibrations Interaction pOintS

010101 010101

14
030101f ? h101q1
™ 1 [5)

2.8 Ghit/s

Coincidences Sinogram Sinogram Image
LOR calculator  generation filtration reconstruction
1|
03010 () 1014
Controller
100 6000
010101 010101 g g
et LS ealibrations  Interaction points g 4000 o Sinogram
o © . . n
S 2000 = processing pipeline
(& . r & - g 8 (e.g. 128x128 @
3 0 o @ 200 MHz)
@ Q 1 2 4 8 16

Level of parallelization
Concentrator

programmable devices”, UJ, Master thesis, UJ 2019

K. Farbaniec, ,,Tomographic data processing and visualization on
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Novel development techniques

* Reduce HDL logic development to minimum
* Time consuming, requiring experience, error-prone process

* Block designs
* Drag-and-Drop, connection automation, library of ready to use, configurable
components (IP Cores)
* High Level Synthesis
* Component development in C/C++/OpenCL

* Compilation into AXI encapsulated HDL IP Core Frea

Compiler

» Algorithmic/data processing components in HLS

* Hardware interfacing in HDL

* Full flow, integrated environmets

-
Vivado™ HLS

y SDSoC”  SDAccel”™

Environment Environment
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Development in HLS

e Single function — single component

Function arguments become component
interface

Function body translated into logic
Results analysis with a set of reports
* Timings, resources

Compilation process controlled with a set of
Hpragmas

High level component evaluation

ck | L i
Opton1 & 2J) &
Option2 (3 )2 )(1)(0]

Option 3 %{

WL

=1

o

—)

—)

endp_scaler_0

Z|+ s_axi_scalers
|I[+ ap_cwr
—== ® ap_start

ap_ck
ap_rst_n

in_V_data_V_dout{31:0] 4

]

in_V_data v +|||

in_V_data V_ampty n <
inV_sop v +|||
in_V_sop_V_dout{0:0] «

in_V_sop_V_empty_n 4
in VM eop v +|||
in_\_aop_V_dout{0:0] <

in_V_eap_V_empty_n 4
in_M_dv V' 4|
in_V_dv_V_ dout{0:0] =«

in_v_ dv_V_empty n «

Endp_scaler (Pre-Production)

m—
Performance Estimates
] Timing (ns)
[ Summary
|Clutk| Targzd Est\mat2d| Un:zrtaim:yi
lap_cd 3.33  2.820 0.90|
[ Latency (clock cycles)
[ Summary
Latency Interval
min | max| min| max| Type
2097 2097/2087/2097|none
= Detall
& Instance
o Leop
Latency Initiation Interval
Loop Name min | max| Iteration Latency] achieved| target| Tip Count Pipelined
-Loop 1 1568/1568 280 1] 1 1280 yes|
- data out transfer 514 514 4 1 1 512 yes|
Utilization Estimates
E Summary
Name BRAM 1Bk DSP4BE FF LUT | URAM
DsP - - - - -
Expression 0 237 -
FIFO - - - - -
Instance 150 2596| 505116| 290902 -
Memaory 0 - 512 0 B
Multiplexer - 352 -
Register 0 - 24049 3200 -
Total 150/ 2596/ 520677 201811 B
Available 5376 122E8B/3456000/1728000 1280
Utilization (%) 2 2] 15 16 ~0)
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HLS Example

* Entire flow for Neural Network implementation on FPGA within a single HDL module

* Advantages: fixed latency, controlled level of parallelism, custom data types

* Usedin L1 trigger at CMS CERN

LArtificial Intelligence Accelerates Dark Matter Search”, Xilinx Case Study 2019

* Import trained NN model to FPGA with just few mouse clicks

* MNIST network example implemented by students during FPGA Summer Camp 2019

Keras
TensorFlow
PyTorch

Usual ML
software workflow

Python

\d

compressed
model

his 4 ml

HLS

conversion

Co-processing kernel

—
Custom firmware
design

I

tune configuration
ision

||‘ XILINK,
| VIRTEX,

C++ Bitstream hlsaml
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Software Defined Environment

* Large selection of hardware platforms on market
e Standalone boards — System-on-Chip devices — SDSoC/ D r P \

e Accelerator boards — PCle enabled - SDAccel

* Development environment
* Entire projectin C/C++
* Host <—> Kernel architecture
* Main function — starting point on the host
* Kernel —hardware accelerated function
* Encapsulates all other tools and compilers G+ FPGA
* Multi-level evaluation: g++, hw emulation, hw e SR

% su3_alveo_u280_2 23} (& main.cpp (8 su3_engine.h (8] su3_kemel.h [g su3_matrix.h  runme. log = B8
X Application Project Settings Active build configuration:| Hardware > ®
G | Options
ame: su3_alveo_u280 2 Target: Hardware
atform: xilinx_u280_xdma_201920 1 | Host debug: O
OpencL — Kernel debug
kernel ntime: pen
)_ - Report level: Default ~
start Acceleration Number of devices: | 1 —
e Hardware i Highest level of (-03) ~
Kernels -
Hardware Functions B =}
x86 CPU
= binary_ 1
“functi 1 Aute [m]
functi 1 Aut ]

Xilinx.com
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SDx Example

Resource usage [% normalized]

* Conjugate Gradient as HPC benchmark

* Host prepares data sets and streams to the accelerated
kernel

* 1464 floating point numerical operations per single set
e Kernel implemented with I1=1, latency 142 at 300 MHz
» 2x faster than Intel Xeon Phi 64-core, 1.7 GHz
* Reaching Nvidia V100 (only 15% of PP!)

S. Durr, , Three Dirac operators on two architecture]
with one piece of code and no hassle”,

LATTICE2018, arXiv:1808.05506v2, Nov. 2018

E. Berkowitz, et. Al.. ,Simulating the weak death of the

* Not asingle HDL line written

* Close cooperation with Xilinx

Resource usage vs iteration interval Estimated performance vs iteration interval

0.

g

L 812.GELOP

@
=3
=3

1 @ 1200
09 T double 64b g —— double 64b
ost-| 4 20% —+— float 32b R
. —— fixed 32b E —— float 32b
£
&

0.

@

0.

o
@
=
S

0.

Y

X 406 GELOP

400
0.

@

0.

[N

S FFTTH T[T [T [T T[T T[T T T T00T

0.

o

=t
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25
lteration interval [cycles]

neutron in a femtoscale universe with near-exascale computing”

FPGA

HOST FPGA Platform
|-
| 1 |
| | |
—{U(8) [ . ] i
| 1 |
| I |
I | | U*w |
| 1 |
I | urw I
— = | Uty
: v+v T viv
— W . v—v - V-V
#
| a*v ! vt a*v
I u™w
|
| ! U= |
| I |
| 1 Utsw |
| 1 |
Stage 1 ! Stage2 | Stage3 | Stage 4
1 cycle ! 14 cycles ! 70 cycles : 57 cycles
Oop 96 op 1152 op 2160p
1464 operations

Within 142 clock cycles
With 11=1




SDx Example

e Conjugate Gradient implementation

* Alveo U280

* 8GB of integrated HBM memory
*  32x channels: 512b @ 300 MHz each (460GBps)

*  QSFP connector for large scale systems (t.b.d.)
* 32 GB externel DDR4
* 1M LUTs, 9k DSP, 960 URAM
e 250W

* Alveo U50 (to be released)
* No DDR4, 75W

* Host and kernel code in C++
*  Abstract code structures (structures, classes)

* 00 mechanisms: operators overload, inheritance, templates

*  OpenCL bindings for C++
*  System definition
* Data transfer mechanisms

* 3 kernel instances, 70% device usage

* Executed on hardware (Nimbix cloud)

G. Korceyl, P. Korcyl, , Towards Lattice Quantum
Chromodynamics on FPGA devices”,
Computer Physics Communications 2019.107029, Nov. 2019

Xilinx.com

1 kernel instance =
2x JPET processing pipeline

3 instances + data movement
infrasctructure

R
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HPC Example

e Cygnus — Center for Computational Sciences, Tsukuba, Japan

——y S D. Roche, ,Juelich Supercomguting Centre”
- = . s ¥) JULICH
SINGLE Network switch Network switch »
100Gbps x2 . " %
P S (1006tps x2) Research Fields of Current National Projects
Leadership-Class General-Purpose
System Supercomputer

Granting periods
05/2014 — 04/2015
11/2013 - 10/2014

~ 100 Projects ~ 160 Projects

Inter-FPGA Inter-FPGA B Astrophysics W Earth & Environment [ Elementary Particle Physics
direct network direct network B Biophysics @ Plasma Physics B Computer Science
(100Gbps x4) (100Gbps x4) O Chemistry B Soft Matter @ Condensed Matter

B Fluid Dynamics B Material Science

T. Boku, ,Japanese Supercomputer
development and hybrid accelerated supercomputing”

Xilinx.com
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What is next to come

e 7nm Versal Architecture

General CLB resources:

4x larger blocks (32 LUTs)
Less routing
Higher frequencies

Dual-Core
Cortex™-A72
Application
Processor

Arm
Dual-Core
Cortex-R5
Real-Time
Processor

Processing System

PCIe® &
cc:|x HBM
(WDMA!

Platform
Management

Controller

O

Adaptable Engines

Versal

Adaptable
Hardware

Block RAM

UltraRAM

Accelerator RAM

0

_ Network On Chip (NoC)
Mutirate

Lzs

Ethemet

600G
Cores

Interconnected vector SIMD:
* 1GHz frequency

* 512b floating point vector
* Local/shared memory

e Streamlined designs

Intelligent Engines

High bandwidth interconnect

DSP
Engines

s

Direc
RF

| GPIO

Xilinx.com
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What is next to come

* Vitis Unified Software Platform
* Integration of compilers
* Integration of libraries
* Python/C/C++ entry language

* HPCG project imported, compiled and evaluated on Nimbix one day after release

*  Working with Xilinx on including our HPCG implementation in the set of libraries

» Partner
Al Caffe T TensorFlow Development
Environments

Domain-Specific

Development
Environment
Vitis D
Accelerated
Libraries Al Video Vision & Data Finance Partner
Models Transcoding Image Analytics Libraries
Vitis Debuggers

Core
Development Kit

¥ilimx Rumtime library (XRT)

Vitis Target Platform

Xilinx.com
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Summary

* Disadvantages:
* Low level design
 Integrated ARM cores / softcore processors
 Difficult firmware development
* High Level Synthesis
* Time consuming development and evaluation cycle
e Accelerated evaluation with C-based tests
* High costs of single devices and of hardware development
* Wide-range of products available on market

* FPGAFAIS group

* FPGA Summer Camp %g%
* Sympozjum FPGA OI%

www.fpgafais.com
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F

uture of PANDA

Data

Burst

Launch in 2025

Cracow involved in:
e Straw trackers readout
* Data acquisition system

DAQ — playground for new concepts
Successful beamtime at Juelich 2019

Storage

R

source
c
{0 jlige '“
=4
=}
slow = ] HUB
 REEETTEE T S e
control o
¥ =
2
slow > HUB
€ ememnnmn o). o
control E
o
slow -1 HUB
- rr s me s -
control

Event-builder |

M. Kavatsyuk

Compute Nodes |||
~5 ATCA modules |||

rauus i

L1

- 8x 1x

EMC Fw Tracker | (BTOF, etc
bS] +-[Be]) [5e] B8] | [Be
e[ 1 2%

InfiniBand

—

to HPC

M. Kavatsyuk
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Future of PANDA

e Basic readout system accepted, evaluated and verified

* Upgrade readout for Straw trackers founds secured
* Production and evaluation of ASICs
* ASIC—-AGH, cards - UJ \

* Development of next generation of readout system

* TRB platform — cooperation with GSI
* Time measurement

*  Communication and synchronization features

* Development of online tracking procedures
« FPGA/GPU




* https://www.youtube.com/watch?v=PnDv iij5Po



https://www.youtube.com/watch?v=PnDv_iij5Po
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What is next to come

* ZYNQ RFSoC

* Integrated DAC and ADC channels

ZYNQ

RFSoC

BREAKTHROUGH
INTEGRATION

Performance

8x OR 16x 10.0GSPS DACs
8x 5.0GSPS OR 16x 2.5GSPS ADCs

\ 16x 6.554GSPS DACs
' 4GHZ 16x 2.275GSPS ADCs

of Analog Bandwidth

8x OR 16x 6.554GSPS DACs
8x4.096GSPS OR
16x 2.068SPS ADCs

2017 2018 2019 2020

>> 14
© Copyright 2019 Xilinx
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