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Introduction & Motivations (&

riverale
p—— == Optical cameras
— ‘Train system Hlnternal electronic unit P
y Radar

A1

q 1
14 1
|
| o
|

CPSs have higher and higher computatidﬁaﬂ
performance &
reliability requirements

Use of increasingly heterogeneous &

— non-SMP multi-core
— GP-GPU/TPU acceleration

- FPGA L25GHZ o 20GHz - 14GHz
. AYPAl A72 E
Heterogeneous platforms needed in j-
soft and hard real-time use-cases —_— ; ‘
Non-SMP multi-core GP-GPU TPU FPGA
— automotive, railways, aerospace, FEEEEN. TEE
. . y . p Heterogeneous Hardware

robotics, gaming, multimedia, ..
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Problems & Challenges

* Development of software

App 1l I App n

for CPSs is cumbersome!

Operating System Services & Middleware

— Optimum usage of

. Power
underly.lng hardware . CPU SchedulerI 110 Scheduler I Management I Drivers... I
parallelism & acceleration

Operating System Kernel | Hypervisor

- Performance vs energy

consumption trade-offs |

B Real-hme ConStralntS Non-SMP multi-core N GP-GPU TPU FPGA
— Safety & Certiﬁcation Heterogeneous Hardware
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Architecture Definition

gap

« MDE embraces

MDE & Formalisms in Embedded System Design ®
e Model-Driven Engineering (MDE) Functional & Non-functional Requirements I
gap
~ Fill the gap between System Specification I
high-level specifications and actual system gap
behavior I

Implemented Software

- Formal specification language(s)

Model transformation engine(s)
Logic

- Model refinements & composability MDE C Il controller
. (e.g. CAPELLA,
- Automatic code generator(s) AMALTHEA,

AUTOSAR)

— Model verifiability

e => Correctness-by-construction

[ ] Tommaso Cucinotta — Real-Time Systems Laboratory - Scuola Superiore Sant’Anna - VHPC 2020 4



MDE & Formalisms in Embedded System Design ®
« Model-Drir—— E— - Cumnatior Raguirements
~ Fill the {
high-lev

behavid Traditional MDE limitations

. MDEembi ® Single-processor systems or very limited
- Formal support for multi-core systems

Modelt o Struggles at coping with nowadays
Model f complex heterogeneous embedded boards [ss

- Automa .l! Y

- Model v
[ ] Tommaso Cucinotta — Real-Time Systems Laboratory - Scuola Superiore Sant’Anna - VHPC 2020 5
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AMPERE Project Goal ®

Logic

MDE Controller
« Fill the gap between o dAmiEA Y
AUTOSAR)
— MDE techniques with no/limited
parallelism support
— Parallel-programming models with efficient prograpniﬂz.!:fg'
N Models
HW offloading Parallel Ry
(OpenMP, CUDA, ...) Beation § <o covrss
Model .
— Heterogeneity in hardware S
frameworks
« In presence of non-functional requirements
- High-Performance 25GHz 20GHz  14GHz

Real-Time Constraints

- Energy Efficiency ~
Fault Tol Non-SMP multi-core FPGA
= rau olerance . v -
Heterogeneous Hardware
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AMPERE Vision

Logic
MDE Controller
(e.g. CAPELLA,
AMALTHEA,
AUTOSAR)

1. Synthesis methods for an efficient generation of
parallel source code, while keeping non-
functional and composability guarantees

2. Run-time parallel frameworks that guarantee
system correctness and exploit the performance
capabilities of parallel architectures

Parallel [ o~ fooraeh e . .
Pro el _ ...... WM""‘:‘— 3. Integration of parallel frameworks into MDE
Parallel Ry
Beaution CUDA, COMPSsi fra m eWO rkS
Model

Run-time
parallel
frameworks
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AMPERE Vision

PN

s/--

Logic

CAPELLA
AUTOSAR AMALTHEA * Functional components
« SW-C * Performance * Allocation of resources
* Runnables ¢ Tasks * Data models
* Client-server * Scheduling * View points
e ASIL * Platform  validation rules

Meta-model Driven Abstractions
Components, Communications, Timing Characteristics, IntegrityAassurance, ...

Model Transformation Engine

MDE Controller  Actuators
(e.g. CAPELLA,
AMALTHEA,
AUTOSAR)
Bridge
Parallel
Programming
Models 4 —1+--=-==-Papatta idnitsts: - ----
(e.g. OpenMP,
mld OpenCL,
Beaution CUDA, COMPSs)
Model

Run-time
parallel
frameworks

v

Meta-parallel Programming Abstraction
Parallelism, Synchronization, Data Dependencies, Data Attributes, ...

OpenMP OpenCL COMPSs

* Task construct * clgetDeviceld * Compute resource
* Dependencies * clCreateBuffer * Data movements

* Parallel construct * _ kernel_exec ¢ Task annotations

Parallel Run-Time Frameworks

AMPERE MDE Framework !
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AMPERE Software Architecture

AMPERE use-cases

-
DSMLs

&

g Code synthesis tool .
= Q Analysis tools
S| 3 . for multi-criteria
21 = Parallel programming models oL
| & optimization
& - transformations
é Compilers
=
Zl oo
E 3 Run-time libraries for efficient (and guaranteed)
= % parallel heterogeneous execution
<| =

%o Operating Systems

:

) Hypervisor

.

Energy-efficiency parallel heterogeneous architecture

Software Layer

Parallel programming
models

Artificial Intelligence

Code synthesis tools

Analysis and testing tools

Compilers and hardware
synthesis tools

Run-time libraries

Operating systems

Hypervisors

Tool Owner (License)
AUTOSAR AUTOSAR (Proprietary)
AMALTHEA BOSCH (Open-source)

CAPELLA TRT (Open-source)
OpenMP OpenMP ARB (Proprietary)
CUDA NVIDIA (Proprietary)
OpenCL Khronos (Proprietary)
COMPSs BSC (Open-source)
TensorFlow Google (Open-source)

Synthesis tools

AMPERE (Open-source)

NFP analysis AMPERE (Open-source)
Mercurium BSC (Open-source)
GCC/LLVM GNU/LLVM (Open-source)

Vivado Xilinx (Proprietary)
GOMP GNU-GCC (Open-source)
KMP LLVM (Open-source)
Vivado Xilinx (Proprietary)
Linux Linux-Foundation (Open-source)
ERIKA Enterp. EVI (Open-source/commercial)
PikeOS SYSGO (Proprietary)

Tommaso Cucinotta — Real-Time Systems Laboratory - Scuola Superiore Sant’Anna - VHPC 2020




AMPERE Software Development
Workflow Overview

System desaription
¢ Components/communication
* Functional/NFP

o Etc.
el
.
i Cam
Platform Meta MDE Meta PPM
CEI"H:I(I‘\ abstraction abstractlon

¢ Accel. devices
¢ Cores/clusters
¢ Memory model

—»#‘

Code Synthesis +
Multi-aiteria

o
Compiler

y
[ AMPERE use-cases ]

'd N
DSMLs
(| &
S Code synthesis tool
Q b2 Analysis tools
1 § Parallel programming models o m'ull.i-cr?teria
S % optimization
N transformations
3 Compilers
gl
g IS Run-time libraries for efficient (and guaranteed)
> é parallel heterogeneous execution
23
%0 Operating Systems
S Hypervisor
\ J

\[ Energy-efficiency parallel heterogeneous architecture J

Parallel code (e.g.

OpentF, CUDA graphs) Resource Allocation

(i.e., mapping/scheduling)
¢ Monitoring
¢ Dynamic

* Etc. (Correctness +
Ortmz:l:on Refined Parallel reSOurFe
allocation

¢ Performance

¢ Time-predictability
* Energy-efficiency
* Resiliency

Structure)

Tommaso Cucinotta — Real-Time Systems Laboratory -

Runtime framework +
OS +Hypervisor

*ﬁ

Execution Profile

Scuola Superior. - -VHPC 2020
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AMPERE Use-Cases

Obstacle Detection and Avoidance System (ODAS)

Predictive Cruise Control (PCC)

ADAS functionalities based on data fusion coming from
tram vehicle sensors

Extends Adaptive Cruise Control (ACC) functionality by
calculating the vehicle’s future velocity curve using the
data from the electronic horizon

Improve fuel efficiency (in cooperation with the powertrain
control) by configuring the driving strategy based on data
analytics and Al

Tommaso Cucinotta — Real-Time Systems Laboratory - Scuola Superiore Sant’Anna - VHPC 2020 11



FPGA System-on-Chip (SoC)

FPGA-based system-on-chips are a very promising solution to enable predictable HW
acceleration of complex computing workloads

/

Asymmetric multiprocessor \

v

Large FPGA fabric

Multiprocessors can host multi-OS software systems
FPGA fabric can be used to deploy HW accelerators

&~ XILINX Zyng Ultrascale+

Processing System

Application Processing Unit

High-Speed
Connectivity

System
Functions

ARME
Cortex™-A53

I DisplayPort v1.2a
I USE 3.0

DDR4/3/3L,
LPDDR4/3

32KE emory || Embed,

D-Cache
wECC

— 32164 bit w/ ECC

I SATA 31
l PCle®10/20

with ECC

256KB OCM ‘
I PS-GTR

General Connectivity
GigE

use 20
CAN
UART

SPI
Quad SPI NOR

NAND
SDieMMC

Programmable Logic

Storage & Signal Processing |
Block RAM

UltraRAM

DSP

System Monitor

High-Speed Connectivity

High-Performance HP /O

GTH

| ‘General-Purpose /O F ‘

High-Density HD VO PCle Gen4
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HW Accelerators on FPGAs

" Programmable logic exhibits very regular, clock-level behavior
(differently from other HW accelerators, e.g., GP-GPUs)

" Internal control logic of several HW accelerators is typlcally based
on state machines ' e e e e

o . FIR and Sobelﬁlters from X|I|anPI|brary
" Possibility to deploy custom bus logic (screenshot from Vivado 2017.4)

" Bus/memory contention can be made predictable

We can monitor & supervise bus
transactions to shield the systems
from misbehaviors

We can realize custom bus arbitration
policies that help meet timing constraints

port towards

1
1 processigg system
I
Interconnect [—; - -
I
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Dynamic Partial Reconfiguration

" Modern FPGAs offer dynamic partial reconfiguration (DPR) capabilities

" DPR allows reconfiguring a portion of the FPGA at runtime, while
the rest of the device continues to operate

" |s essence, reconfiguration requires programming a memory

* Simplifying, an image of the FPGA configuration (bitstream) is copied from one
memory to another

F

P

Q)]
—h

A fabric

bitstreams

EREED
IEE

[ ] Tommaso Cucinotta — Real-Time Systems Laboratory - Scuola Superiore Sant’Anna - VHPC 2020
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FRED Framework

* Enable predictable HW acceleration on FPGA system-on-chips
e Collection of technologies developed at the ReTiS Lab

‘http://fred.santannapisa.it/I

Floorplanner Su pportEd platforms

Zynq Ultrascale+

Analyzer Bus synthesizer

Runtime Bus manager
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FRED Programming Model

HW accelerators implemented as

periodic/sporadic real-time tasks programmable logic
————————— >
@ HW-Task
Fixed-priority scheduling 1 non-preemptive execution

System-on-Chip FPGA Fabric

SW-Task
TASK(myTask) {

_, <prepare input data>
work on -1~ EXECUTE_HW_TASK(myHwtask);

shared-memory " "*<retrieve output data>
buffers }

Suspend the execution
until the completion of
the HW-task

[ ] Tommaso Cucinotta — Real-Time Systems Laboratory - Scuola Superiore Sant’Anna - VHPC 2020 16



Time-predictable DNN Inference

" CHaiDNN: HLS based DNN Accelerator Library for Xilinx Ultrascale+

" Designed for maximum compute efficiency at 6-bit integer data types (it also
supports 8-bit integer data types)

" The inference time in isolation exhibits very little fluctuations
" The real issue for time predictability is bus/memory contention

g - B ] B _
g 10% -
g - :
2
A 10t = H |_l H =
- | I_|I T L =
Isolation SC HC90-10 HC70-30 HC50-50 HC30-70 HC10-90
Control bus " FPGAE PS— FPGA 0 0 cHaiDNN Oo H Apma
S :
| S'|H Actaionn [ M S| AIYII ; PSS
HyperConnect E Setup: Xilinx ZCU102 (Ultrascale+), Vivado2018.2,
S| HApma [M S| [M[—2|FPGa - PS GoogleNet, DMA from Xilinx IP lib
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Inside the FRED Framework

The FRED framework is a combination of several technologies:
* Run-time FPGA manager & scheduler for Linux (both C and Python API)

* Bus monitors and budget enforcers
 Automated FPGA floor-planning
* Automatic synthesis of bus interconnections

Design

Application

HW-task model

D Real-time
Analysis

FPGA

. Interconnect
Floor-planning hierarchy 111771 _IT71T11

and partitioning synthetizer

Bus control units

FRED scheduler

FPGA model Interc. || Interc. |

\ 4

Linux

Multicore CPU

DRAM Memory
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Conclusions

“ AMPERE aims to bridge the gap between MDE and PPM on HHW by

1. Providing a development framework for CPS targeting
parallel heterogeneous architectures for an increased
productivity compliant with current MDE practises

2. Providing an execution framework for an efficient
exploitation of parallel and heterogeneous architectures,
fulfilling functional and non-functional constraints

3. Integrating AMPERE software solutions into relevant
industrial use-cases (automotive and railway) with HPC and
real-time requirements
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Thanks for Listening
Any Questions?

@ https://www.linkedin.com/company/ampere-project

@ https://twitter.com/ampereproject

AMPERE™"

www . ampere-euproject.eu

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 871669
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