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Programmable GPUs ! 

Research  
activity 

years 1980 1990 2000 2008 

Hopfield model 

Relatively poor performance 

Lack of biological data 

Deep learning 

High quality  
biological data 

User friendly FPGA systems 

FPGA We are working on 
heterogeneous FPGA – GPU 

architectures 
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Modern FPGA – ZYNQ Ultrascale+  
44 regions in total  
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Modern FPGA – ZYNQ Ultrascale+ XCZU11 
44 regions in total  

Region  

52 available I/O pins @ 
2 Gb/s  

(512 I/O in total) 
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Modern FPGA – ZYNQ Ultrascale+ XCZU11 
44 regions in total  

Region  

GigaTransfer I/O  
@ 32 Gb/s 

(bandwidth = 1.2 Tb/s) 
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Modern FPGA – ZYNQ Ultrascale+ XCZU11 

Region  

DSP -Digital Signal Processing 
(2928 units) 
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Modern FPGA – ZYNQ Ultrascale+ XCZU11 
DSP 

Block RAM  
21 Mbit + 22 Mbit (Ultra RAM) 
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Modern FPGA – ZYNQ Ultrascale+ XCZU11 
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Extreme degree of customizations 
 

Arbitrary Deep Neural Network architectures 
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Not only FPGA… 

FPGA 

Multi-Processor  
System-on-Chip 

Programmable gate logic and Linux O.S. combined on an unique system 

RealTime OS  
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Deep Neural Network on FPGA  
The basic unit is a neuron, neurons are connected with 
synapses. 
Neurons receive input and produce output along axon, 
which interact with the dendrites of other neurons via 
synaptic weights. 
Synaptic weights – learnable 

HAP Workshop | Big Data Science in Astroparticle Physics  Michele Caselle 



18 Institute for Data Processing and Electronics (IPE) 

Deep Neural Network on FPGA  
The basic unit is a neuron, neurons are connected with 
synapses. 
Neurons receive input and produce output along axon, 
which interact with the dendrites of other neurons via 
synaptic weights. 
Synaptic weights – learnable 

HAP Workshop | Big Data Science in Astroparticle Physics  Michele Caselle 

Model of neuron cell 



19 Institute for Data Processing and Electronics (IPE) 

Deep Neural Network on FPGA  
The basic unit is a neuron, neurons are connected with 
synapses. 
Neurons receive input and produce output along axon, 
which interact with the dendrites of other neurons via 
synaptic weights. 
Synaptic weights – learnable 

Model of neuron cell 

+ 

X 
input 

𝑥0 

𝑤0 weight 

X 
input 

𝑥1 

𝑤1 weight 

+ 

X 
input 

𝑥𝑛-1 

𝑤𝑛-1 weight 

X 
input 

𝑥𝑛 

𝑤𝑛 weight 

+ 
DFF 

+ 

accumulator 

output 

Local block RAM 

weights 

Low-latency 
memory  

FPGA neuron model 

DSP 

HAP Workshop | Big Data Science in Astroparticle Physics  Michele Caselle 



20 Institute for Data Processing and Electronics (IPE) 

Comparison – CPU, GPU and FPGA 

Reference: Allen Rush, Ashish Sirasao, Mike Ignatowski. “Unified Deep Learning with CPU, GPU, and FPGA Technologies » 
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Comparison – FPGA, GPU and FPGA  
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Reference: Allen Rush, Ashish Sirasao, Mike Ignatowski. “Unified Deep Learning with CPU, GPU, and FPGA Technologies » 
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KIT Big Data and Data AcQuisition systems  
Example: Ultrafast X-ray computer tomography @ KARA (KIT)   

M. Caselle et al., IEEE-RT 
DOI:10.1109/TNS.2013.2252528 (2013) 

Reconstruction and semi-
automatic segmentation by GPUs 

UFO experimental station:  
 
high spatial resolution  sub-µm in 2D and 3D  
 + 
high time resolution µs / ms to give insight in the temporal structure evolution 

KIT Ultrafast camera 
Frame rate: 5 – 100 kfps GPUs cluster 

Feedback to sample manipulator 
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High-performance heterogeneous FPGA-GPU DAQ 
Heterogeneous FPGA/GPU-based readout system, the UFO DAQ platform, has been developed 

Direct FPGA ↔ GPU communication enables real-time data 
processing 

M. Caselle et al., JINST 12 C03015 (2017) 

DMA working close to theoretical limit of data link 

Data latency 5 times better than other DMA architectures 
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readout card 

From KIT fast camera 

Traditional data flow 

Direct FPGA ↔ GPU data flow 

Round-trip time: FPGA -> GPU -> FPGA 

GPU cluster 
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From KIT fast camera 

Traditional data flow 

Direct FPGA ↔ GPU data flow 
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GPU cluster 

Because very low-latency  FPGA and GPU operating as 
an unique system 
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High-performance Deep Machine Learning 
platform  

Data  
source 

Fast feedback to experimental 
station based on machine learning 

GPU cluster 

heterogeneous 

Using heterogeneous FPGA-GPU to combine the strengths of both FPGA and GPU devices  

Low-latency, customized designs, 
many interfaces (input data),  
broader flexibility, etc.  

GPU floating point and large 
processing capabilities are 
excellent, easy to program, etc.  
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Machine Learning - FPGA design flow 
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Import .prototxt and 
trained weights   1 

2 Call prototxt runtime 
API by SDSoc 

SDSoC (Software Defined System-on-Chip) generates netlist (RTL) or full FPGA bitstream 
file with the Convolution Neural Network 

Compiles only ARM software code in minutes. No hardware compilation 

Full software stack for deploying machine learning  

3 Compile for ARM and 
run on board 
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Conclusions 
Deep learning machine open new windows into science where FPGA and GPU well complement each other      

High-data throughput and low-latency heterogeneous FPGA-GPU system has been developed which can 
operate as unique system 

DNN 
CNN 

GoogleLeNet 
SSD 
FCN …  

SDSoC (Software Defined System-on-Chip) environment removes major barrier on hardware development  
allowing developers with little or no FPGA expertise to program FPGA by high level programming languages like 
C/C++, OpenCL, Python, etc. 

FPGA Reconfigurability  allowing to change 
only the DNN/CNN on FPGA without touching the 
rest of FPGA logic  

FPGA Responsiveness  high throughput 
system, deterministic low-latency from data 
source to inference & control 

Reference: https://www.xilinx.com/products/design-tools/embedded-vision-zone.html 
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SDSoC (ReVISION) includes support for the 
most popular neural networks  AlexNet, 
GoogLeNet, SqueezeNet, SSD, FCN, etc. 
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Machine learning on heterogeneous FPGA-
GPU systems 

Michele.caselle@kit.edu 
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