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FPGA
FPGA devices are arrays of Configurable Logic Blocks (GATE ARRAYS)

that one can reconfigure (PROGRAMMABLE)

at any time and place (FIELD)

www.electronicdesign.com

Arraysof ConfigurableLogicBlocks Basic ConfigurableLogicBlock
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Ã GPU
Ä Single Instruction

Multiple Data

Ä Fixedinstruction set

Ä High clock freq.

Ä Memory access

Ä AcceleratesCPU

Ã FPGA
Ä Flexiblearchitecture

Ä Massiveparallelism

Ä Streamlined processing

Ä Low clock freq.

Ä Instant memory access

Ä Standaloneplatforms

Ã CPU
Ä Single Instruction

Single Data per core

Ä Fixedinstruction set

Ä Multiple cores

Ä High clock freq.

Ä Operating system



FPGA

ÅLogicschematics
ÅHardware Description Languages
ÅHigh Level Synthesis
ÅSystem builders

Xilinx.com

HDL

FPGA 
Compiler

Block design

IPsC/C++

HLS

Exampleproject:
Å 150 lines of code
Å 8 instances of NN kernels
Å Device utilization 50% (AlveoU50)
Å 500k FF
Å 360k LUT



Exampleтsourcecode

TOP-level interfaceтmatches the 
hardware PCB layout

Functional logic



ExampleтElaboratedDesign 

ÅSchematics of the logic

Function:
Å Initiation Interval = 1 clock cycle
Å Latency= 1 clock cycle

In case CLK_IN = 100 MHz
The function achieves100 MOps/s

Clock Flip-flop

Adder

Outputs

Inputs



Exampleтsynthesizeddesign

ÅSchematics of the logic mapped into device resources



Exampleтimplementeddesign

ÅLogiccomponents placed within the device resources

LUTs FF Interconnect

CLB



CLB IO buffers
BRAMDSP

Example тimplemented design



ÅClock Region
IO buffersIO buffers CLBDS

P
BRAM

Exampleтimplementeddesign



MGT

ARM

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

Exampleтimplementeddesign



Data stream 1

Data stream 2

Data stream 3

Data stream 4

Instr 11 Instr 12

Instr 21 Instr 22

Instr 31 Instr 32

Instr 41 Instr 42

ARM

Natural parallelismand streamlinedprocessign



Researchareas

Largescale pysics exp.

PET Tomography

High-Performance 
Computing Systems

Computer Networks

ÅHeterogeneous, 
distributed, streaming data 
sources

ÅTrue real-time regime
ÅAcceleration of online 

processing pipelines

ÅUniform, distributed
streaming data sources

ÅContinuous readout
ÅFull system:

HW+GW+SW

ÅComplex algorithm
acceleration

ÅNo timing constraints
ÅEfficient resources usage

ÅOffloading packet
processing

ÅMinimal and deterministic
latencies

ÅPacketconstruction and 
payload manipulation



Data acquisitionand processing systems

ÅFacility for Antiproton and Ion Research FAIR in Darmstadt

Largescale physics exp.



Data acquisitionand processing systems
Largescale physics exp.

M. Kavatsyuk
https://indico.phy.ornl.gov/event/112/contributions/566/attachments/492/1342/20211208_169_sro9_cbm_daq_v02.pdf

Fair-center.eu Fair-center.eu

PANDA CBM

500GBps

5GBps



Data acquisitionand processing systems

ÅTRB тdigitizingcards streaming measurement
data via UDP

ÅFramework for processing TRB data

ÅParticle track reconstruction algorithm

ÅSW тGW cross-validation, single codebase

Largescale physics exp.

Real-Time Data Processing Pipeline for Trigger Readout Board-Based Data Acquisition Systems | IEEE Journals & Magazine | IEEE Xplore

Traxler, M.; Korcyl, G.; Bayer, E.; Maier, L.; Michel, J.; Palka, M.
јA compact system for high precision time measurements (<14 ps RMS) 
and integrated acquisition for a large number of channelsњЯ
JINST10.1088/1748-0221/6/12/C12004

https://ieeexplore.ieee.org/document/9805787
https://ieeexplore.ieee.org/document/9805787
https://ieeexplore.ieee.org/document/9805787
https://ieeexplore.ieee.org/document/9805787
https://ieeexplore.ieee.org/document/9805787
https://ieeexplore.ieee.org/document/9805787


J-PET prototype2

ÅSpinoff of largescale systems towards medical imaging
ÅDigitizingsystem TRB

ÅPlatform for processing UDP data streams
ÅSystem-On-Chip device
ÅProgrammablelogic resources
ÅIntegratedARM cores

Å8 parallel data streams

PET Tomography



J-PET prototype2

ÅContinuous readout
ÅUnique in PET scanners
ÅEnablesin-depth analysis
ÅProducesexcessiveamount of data

ÅSoCfor online processing
ÅLoRreconstruction on FPGA тreal-time, high throughput
ÅControl, monitoring, parameters, visualization on CPU

PET Tomography

Evaluation of Single-Chip, Real-Time Tomographic Data Processing on FPGA SoC Devices | IEEE Journals & Magazine | IEEE Xplore

US00000010007011B220180626

Hit1: ch 1, 115 ns, TOT 5 ns

Hit2: ch 2, 116 ns, TOT 7 ns
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Hit2: ch 2, 116 ns, TOT 7 ns
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https://ieeexplore.ieee.org/document/8360475
https://ieeexplore.ieee.org/document/8360475
https://ieeexplore.ieee.org/document/8360475
https://ieeexplore.ieee.org/document/8360475
https://ieeexplore.ieee.org/document/8360475
https://patentimages.storage.googleapis.com/d3/29/e4/fdd0f7d896df53/US10007011.pdf


Latencymeasurements
ÅProcessing of time-critical network traffic
ÅNatural for FPGAs
ÅIntegratedMulti-Gigabit Transceivers
ÅE.g.: 128 channels, 30Gbps each in VU13P
ÅFully parallel channel processing
ÅMinimal and deterministic latency

ÅAlveoplatforms as SmartNIC
ÅOpenNICas GW and driver

Computer Networks

GitHub - Xilinx/open-nic: AMD OpenNIC Project Overview · GitHub

Pakiet Dane 

https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic


Latencymeasurements

ÅOSI L1 100G Ethernet in FPGA fabric

ÅStreamof decoded words processed with HLS
ÅC++ constructs to describe processing logic
ÅSynthesizedinto HDL (VHDL and Verilog)
ÅStreamof 512b words at 250MHz frequency
ÅFPGA specifics and constraints

ÅA pipelined loop symbolizesconsecutive clock cycles
ÅAt each clock cycle a new data comes from the stream
ÅCritical path in the implemented logic must fit within clock period

Computer Networks



Latencymeasurements

ÅTimestampersimplemented on FPGA
ÅReal traffic tagginginstead of probe packets
ÅCompletely offloaded to Alveoaccelerators
Å250MHz -> 4 ns precision
ÅNo synchronizationof timestampers -> round-trip

Computer Networks

https://doi.org/10.1016/j.comnet.2026.112138

https://doi.org/10.1016/j.comnet.2026.112138


Latencymeasurements
Computer Networks

Capability to benchmark network 
devices and their features Real traffic vs Precision Time Protocol



Latencymeasurements

ÅRound-trip is suboptimal
ÅAsymetric paths
ÅReboundpackets overhead

ÅOne-wayrequires synchronization
ÅGNSS system generatesPPS signal
ÅEasyto be integrated with FPGA logic
ÅLTE modem

ÅPrototypingon ZCU102 platform
ÅEmbedded ARM 
Å10G interfaces
ÅContinuous, passivemeasurement

station

Computer Networks



FPGA as anaccelerator
ÅFPGA + PCIeplatforms to offload intensive computation tasks
ÅMain thread on the host CPU
ÅSelected functions delegatedto FPGA

High-Performance
Computing

int main() {
func1();
func2();
func3();

}

Host - CPU

PCIe

Accelerator - FPGA

Kernel:
Func2()



FPGA as anaccelerator

1. Host executable
ÅMain() тstart of the program
ÅFPGA kard initialization and 

configuration
ÅMain algorithm thread, data preparation
ÅAccelerator tasks queueing

2. Kernel
ÅSingle, accelerated function
ÅFunction compiled with HLS

3. Link
ÅCommunication infrastructure
ÅEnsuresdata exchange, control of 

kernels, profiling and debugging
ÅGeneratedbased on numer of kernels, 

their type, their argument types

High-Performance
Computing

System builder

HLS

Vivado

Link gen

Kernel- source

.xclbin

Host - source

.exe

Reports

Debugging

Analysis



FPGA as anaccelerator
High-Performance 

Computing

Host Accel

DDR

buf
a

buf
bCPU Kernel

PCIetransfer

Buf
res

Default mem

buf
a

buf
b

Buf
res

C++ kernel compiled
with HLS

Host code with 
OpenCLconstructs



HPC benchmark on FPGA

ÅConjugateGradient variant as HPC benchmark
ÅProject entirely implemented in C++
ÅFirst use of Alveosfor compute intensive HPC
ÅEfficient use of available resources, interconnects

and embedded memory

High-Performance
Computing

https://doi.org/10.1016/j.cpc.2019.107029

https://doi.org/10.14529/jsfi190204

https://github.com/Xilinx/XRT/blob/master/tests/python/02_simple/main.py

https://doi.org/10.1016/j.cpc.2019.107029
https://doi.org/10.14529/jsfi190204


FPGA withoutHDL

ÅHeterogeneousprogrammingmodels

ÅCommon C++ codebase for anycomputing device

ÅSYCL constructs based on OpenCL
ÅCode organizationinto kernels
ÅSYCL builds dependencygraphand schedules kernels
ÅSYCL managesdata buffers echangeablebetween

kernels
ÅUnified codebase
ÅLimited support of FPGAs

High-Performance
Computing

Performance Portability of the Particle Tracking Algorithm Using SYCL | EPJ Research Infrastructures | Springer Nature Link

https://link.springer.com/article/10.1007/s41781-025-00143-6


Complete DAQ system

ÅHardware layer
ÅÖŰŔĲǍċũĲǐŰŔĲŰŔĲШŸĬШŸŊƖċŰŔĦǍŸŰǃĦőШƚƣċŰĬċƖĬŹƽШǍШcEÂ
ÅìǃťŸƖǍǃƚƣċŰŔĲШťŸůĲƖĦǃŢŰŔĲШĬŸƚƣłƓŰǃĦőШƓũċƣŉŸƖů
Å?ĲĬǃťŸƽċŰċШĲũĲťƣƖŸŰŔťċШĦǍŸŮŸƽċ

ÅInterconnect layer
ÅÂŸŢĲĬǃŰĦǍĲШƓŸŮĞĦǍĲŰŔĲ
ÅSynchronizacja
ÅTransport danych pomiarowych
ÅìǃůŔċŰċШťŸůƨŰŔťċƣŹƽШƚƣĲƖƨŢĞĦŸ-kontrolnych

ÅSoftware layer
Å ċƣƨƖċũŰċШŸĤƚŮƨŊċШƚǃƚƣĲůƨШǍШƓŸǍŔŸůƨШPython

PET Tomography

Largescale physics exp.



AuroraSync
ÅAurora
ÅLow-level point-to-point communication protocol

ÅSync
ÅSynchronousconnections
ÅRecoveredclock in fixed relation to the master clock
ÅOne sourceтhierarchical architectureтsynchronization of endpoints

PET Tomography

Largescale physics exp.



AuroraSync
ÅHardware -agnostic тno specific hardware features required

ÅClock manipulation inside FPGA тno dedicated , external devices (jitter cleaners )

PET Tomography

Largescale physics exp.



Complete DAQ system
ÅSoftware layer
ÅLinux on ARM embedded into SoCFPGA
ÅFPGA logic components mapped into Linux memory (AXI)
ÅHierarchical addressingscheme
ÅTransparent physical layout of the system 
ÅPythonbased control and monitoring

PET Tomography

Largescale physics exp.



Complete DAQ system

ÅMultiple development techniques

ÅPureHDL for low-level operations
such as clock sync.

ÅHLS for processing data streams

ÅBlock Design visual design of platform 
designs

ÅLinux тProgrammableresources
interfacing

ÅNot only for J-PET
ÅPrototypingof FAIR subsystems

Hardware-agnostic framework for general-purpose data acquisition systems - ScienceDirect

PET Tomography

Largescale physics exp.

https://www.sciencedirect.com/science/article/pii/S0263224125018871
https://www.sciencedirect.com/science/article/pii/S0263224125018871
https://www.sciencedirect.com/science/article/pii/S0263224125018871
https://www.sciencedirect.com/science/article/pii/S0263224125018871
https://www.sciencedirect.com/science/article/pii/S0263224125018871
https://www.sciencedirect.com/science/article/pii/S0263224125018871
https://www.sciencedirect.com/science/article/pii/S0263224125018871


Wysokowydajne Systemy
Obliczeniowe HPC



Systemy Przetwarzania

ÅÅŸǍƓƖŸƚǍŸŰĲШǎƖŹĬŮċШĬċŰǃĦőШƚƣƖƨůŔĲŰŔŸƽǃĦő
ÅSynchroniczne sieci
Å?ĲĬǃťŸƽċŰĲШƓƖŸƣŸťŸŮǃ

ÅAgregacja danych
ÅÂƖǍĲƣƽċƖǍċŰŔĲШƽƚƣłƓŰĲШƽШczasie 

rzeczywistym

ÅTransfer danych do HPC
ÅPrzetwarzanie i selekcja danych w trybie 

online

PANDA DAQ TDR 2021



Skaner PET
ÅSkaner Modular J-PET

Å 24 ~ŸĬƨŮǃШƓċƚťŹƽШƚĦǃŰƣǃũċĦǃŢŰǃĦőШǍШSiPM
Å 48 Kart pomiarowych (Artix7)
Å 4x Koncentratory VU108
Å 1x Master ZCU102
Å 20 kHz SYNC rate

ÅKompletny system zaprojektowany i 
zrealizowany na UJ

ÅUnikalny system:
Å Nowoczesne techniki rozwoju
ÅWykorzystanie uznanych standardów i 
ƓƖŸƣŸťŸŮŹƽ

ÅÉǃƚƣĲůШŰŔĲǍċũĲǐŰǃШŸĬШƓũċƣŉŸƖůǃШƚƓƖǍłƣŸƽĲŢ

CCB IFJ PAN, Kraków 2021

Szpital Banacha, Warszawa 2022

Szpital Uniwersytecki, Kraków 2024

Real-Time

Hardware-agnostic framework for general-purpose data acquisition systems - ScienceDirect

https://www.sciencedirect.com/science/article/pii/S0263224125018871
https://www.sciencedirect.com/science/article/pii/S0263224125018871
https://www.sciencedirect.com/science/article/pii/S0263224125018871
https://www.sciencedirect.com/science/article/pii/S0263224125018871
https://www.sciencedirect.com/science/article/pii/S0263224125018871
https://www.sciencedirect.com/science/article/pii/S0263224125018871
https://www.sciencedirect.com/science/article/pii/S0263224125018871


Aurora-Sync

ÅSystem komunikacji i przetwarzania danych:
ÅuŸŰŉŔŊƨƖċĦŢċШƨťŮċĬŹƽШ[Â] Шыgateware)
ÅÂƖŸƣŸťŹŮШťŸůƨŰŔťċĦŢŔШ ƨƖŸƖċШΡШGbps

ÅOdbiór strumieni danych od Endpointów
ÅDostarczanie synchronizacji do Endpointów
ÅìǃůŔċŰċШťŸůƨŰŔťċƣŹƽШƚƣĲƖƨŢĞĦŸШťŸŰƣƖŸũŰǃĦő

ÅÉǃŰĦőƖŸŰŔĦǍŰĲШƓŸŮĞĦǍĲŰŔċШыƽċƖƚƣƽċШxΝЯШxΞь

Real-Time



AXI and Aurora-Sync

ARM - Linux Interconnect
Memory mapped
components

AXI Master AXI Slave

Real-Time

ÅìǃůŔċŰċШťŸůƨŰŔťċƣŹƽШƚƣĲƖƨŢĞĦŸ-kontrolnych
ÅPunkt centralny systemu: Petalinux
ÅuċǐĬǃШũŸŊŔĦǍŰǃШťŸůƓŸŰĲŰƣШ ñfШŢĲƚƣШůċƓŸƽċŰǃШŰċШċĬƖĲƚШƽШƓċůŔłĦŔ



AXI and Aurora-Sync

Board 1 Board 2

Optical
fiber

AXI-2-Aurora
converter

Aurora 
transmitter

Aurora-2-AXI
converter

Aurora
receiver

Real-Time



Zagadnienia: J-PET i Aurora-Sync Real-Time

ÅPraca blisko FPGA
ÅMetody wyliczania kalibracji i korekcji danych w locie
Å~ĲƣŸĬǃШƓƖǍĲƣƽċƖǍċŰŔċШƽƚƣłƓŰĲŊŸ
ÅRedukcja szumów
ÅÉĲũĲťĦŢċШŔŰƣĲƖĲƚƨŢĞĦǃĦőШǍĬċƖǍĲű

Å~ĲĦőċŰŔǍůǃШťŸŰƣƖŸũŔШƓƖǍĲƓŮǃƽƨШĬċŰǃĦőШƓƖǍĲǍШƚǃƚƣĲů

ÅSterowanie
ÅLogika тARM тPetalinuxтPython- Web
ÅUsprawnienie mechanizmów czytania i pisania po rejestrach



Przetwarzanie ruchu sieciowego

Å[Â] ШĬċŢĲШůŸǐũŔƽŸƛħШŸƓĲƖŸƽċŰŔċШŰċŢĤũŔǐĲŢШƽċƖƚƣƽǃШŉŔǍǃĦǍŰĲŢШxΝ

Real-Time

Pakiet 
Pakiet Pakiet 

Pakiet 

Wikipedia.org



Przetwarzanie ruchu sieciowego

ÅQuality-of-Service w sieciach 5G+
Å]ƽċƖċŰĦŢċШŸƓŹǎŰŔĲŰŔċШĬũċШťƖǃƣǃĦǍŰǃĦőШƚĲƖƽŔƚŹƽ
ÅsċťШŢĲШǍůŔĲƖǍǃħе
ĄJedynie FPGA jako SmartNIC

ÅSynteza Wysokiego Poziomu (HLS)
ÅKonwersja C/C++ do HDL
ÅImplementacja komponentu logicznego jako funkcji 

Real-Time



Przetwarzanie ruchu sieciowego

ÅInfrastruktura do interfejsowania z 
warstwami L1 i L2 (100G Ethernet)
ÅOpen-NIC framework (gateware+ driver) 

Å2 regiony do implementacji przetwarzania
Å7ŸǂΟΞΞаШĤĲǍƓŸƛƖĲĬŰŔŸШƓƖǍǃШŮĞĦǍƨЯШĤƖċťШ
ĤƨŉŸƖŸƽċŰŔċЯШƽǃůċŊċŢĞĦǃШǍĲŊċƖ
Å7ŸǂΞΡΜаШƓŸůŔłĬǍǃШĤƨŉŸƖċůŔбШůŰŔĲŢШ
ƽǃůċŊċŢĞĦǃШǍĲŊċƖ

ÅInterfejsy AXI-Stream
ÅIdealne do zastosowania HLS

Real-Time

GitHub - Xilinx/open-nic: AMD OpenNIC Project Overview

https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic
https://github.com/Xilinx/open-nic


ÂŸůŔċƖШŸƓŹǎŰŔĲŰŔċШƽШƚŔĲĦŔ

Å~ċŰŔƓƨũċĦŢċШƚƣƖƨťƣƨƖĞШƓċťŔĲƣƨ
Å?ŸĬċŰŔĲШƚƓƖǍłƣŸƽŸШŊĲŰĲƖŸƽċŰĲŊŸШtimera
ÅÂƖǍĲũŔĦǍĲŰŔĲШŰċŊŮŹƽťŹƽШƓċťŔĲƣƨ
Å~ŸǐũŔƽŸƛħШƽǃĤŸƖƨШċĬƖĲƚŹƽШŔШƓŸƖƣŹƽШƚĲƖƽŔƚƨШĬŸШ

monitorowania

ÅRozwój w kierunku pomiarów one-way
Å?ŸƚƣċƖĦǍċŰŔĲШŰċШǐǃƽŸШůĲƣƖǃťШŢċťŸƛĦŔ

Real-Time



üċŊċĬŰŔĲŰŔċаШÂŸůŔċƖШŸƓŹǎŰŔĲŰŔċШƽШƚŔĲĦŔ

Å§ĤƚŮƨŊċШůŸĬƨŮƨШ]ÂÉШĬŸШŸĬǍǃƚťċŰŔċШŔůƓƨũƚƨШƚǃŰĦőƖŸŰŔǍċĦǃŢŰĲŊŸШÂÂÉ
ÅRasberryPi/Arduino

Å§ĤƚŮƨŊċШůŸĬƨŮƨШ]É~ШĬŸШǍĬċũŰĲŊŸШƚƣĲƖŸƽċŰŔċШŔШǍĤŔĲƖċŰŔċШĬċŰǃĦő
ÅRasberryPi/Arduino

ÅImplementacja infrastruktury do sterowania i prezentacji danych 
pomiarowych
ÅC/Python/Web frameworks

Real-Time



Alveojako akcelerator

ÅcxÉШƓŸǍƽċũċШŰċШŔůƓũĲůĲŰƣċĦŢłШǍċċƽċŰƚŸƽċŰĲŢШċũŊŸƖǃƣůŔťŔ

ÅKomponenty w trybie StreamĄ real-time
ÅKrytyczne wymagania czasowe
ÅÉǍƣǃƽŰċШĦǍłƚƣŸƣũŔƽŸƛħШǍĲŊċƖċ
Å~ŰŔĲŢШǍŮŸǐŸŰċШũŸŊŔťċ

ÅKomponenty w trybie Memory-MappedĄ online
ÅìŔłťƚǍċШĲũċƚƣǃĦǍŰŸƛħ
Å7ċƖĬǍŔĲŢШǍŮŸǐŸŰĲШŸĤũŔĦǍĲŰŔŸƽŸШŸƓĲƖċĦŢĲ

Real-Time Online

P
rocessing

Stream Stream

P
rocessing

Data source Memory Memory



ťĦĲũĲƖċĦŢċШŸĤũŔĦǍĲű
Å Host-CPU

Å Konfiguruje akcelerator
Å ìǃťŸŰƨŢĲШŊŮŹƽŰǃШƽĞƣĲť
Å Transferuje dane do i z akceleratora
Å ìǃƽŸŮƨŢĲШċťĦĲũĲƖċƣŸƖ

Å Abstrakcje OpenCL
Å cl::Device, cl::Context, cl::Program
Å cl::Buffer, cl::CommandQueue, cl::Kernel

Å Abstrakcje XilinxRuntime (XRT)
Å xrt::device, xrt::bo
Å pyxrtbindings

Å Zintegrowane kompilatory
Å Konstruktorysystemów

Real-Time

int main() {
func1();
func2();
func3();

}

Host - CPU

PCIe

Accelerator - FPGA

Kernel:
func2()

Link

Online

https://github.com/Xilinx/XRT/blob/master/tests/python/02_simple/main.py

HDL

FPGA 
Compiler

Block design

IPsC/C++

HLS

System compiler

Host

C/C++

G++ 
compiler



ťĦĲũĲƖċĦŢċШŸĤũŔĦǍĲű
ÅBenchmark HPCG
ÅImplementacja w C++ algorytmu 
]ƖċĬŔĲŰƣƨШÉƓƖǍłǐŸŰĲŊŸ
ÅÂŸƖŹƽŰċŰŔĲШƽǃĬċŢŰŸƛħоìċƣƣШĬŸШ

GPU

ÅSieci Neuronowe
ÅWykorzystanie HLS4ML
ÅPoszukiwanie balansu 
ǍċƚŸĤǃоƽǃĬċŢŰŸƛħ

ÅSystemy heterogeniczne
ÅSYCL model programowania na 

OpenCL
ÅSingle source to anyplatform

Online

Towards Lattice Quantum Chromodynamics on FPGA devices - ScienceDirect

Python C++ Bitstream

https://www.sciencedirect.com/science/article/pii/S0010465519303686
https://www.sciencedirect.com/science/article/pii/S0010465519303686
https://www.sciencedirect.com/science/article/pii/S0010465519303686

