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Introduction & Motivations

● CPSs have higher and higher computational 
performance &
reliability requirements

● Use of increasingly heterogeneous & 
interconnected, battery-operated platforms

– non-SMP multi-core

– GP-GPU/TPU acceleration

– FPGA

● Heterogeneous platforms needed in
soft and hard real-time use-cases

– automotive, railways, aerospace,
robotics, gaming, multimedia, ... Heterogeneous HardwareHeterogeneous Hardware

Non-SMP multi-core GP-GPU TPU FPGA
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Problems & Challenges

● Development of software 
for CPSs is cumbersome!
– Optimum usage of 

underlying hardware 
parallelism & acceleration

– Performance vs energy 
consumption trade-offs

– Real-time constraints

– Safety & certification Heterogeneous HardwareHeterogeneous Hardware

Non-SMP multi-core GP-GPU TPU FPGA

Operating System Kernel / HypervisorOperating System Kernel / Hypervisor

Operating System Services & MiddlewareOperating System Services & Middleware

CPU SchedulerCPU Scheduler I/O SchedulerI/O Scheduler Drivers...Drivers...
Power

Management
Power

Management

App 1App 1 App nApp n
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MDE & Formalisms in Embedded System Design

● Model-Driven Engineering (MDE)
– Fill the gap between

high-level specifications and actual system 
behavior

● MDE embraces
– Formal specification language(s)

– Model transformation engine(s)

– Model refinements & composability

– Automatic code generator(s)

– Model verifiability

● => Correctness-by-construction

Sensors ActuatorsMDE
(e.g. CAPELLA, 

AMALTHEA, 
AUTOSAR)

Logic 
Controller 

Functional & Non-functional RequirementsFunctional & Non-functional Requirements

System SpecificationSystem Specification

Architecture DefinitionArchitecture Definition

Implemented SoftwareImplemented Software

gap

gap

gap
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Traditional MDE limitations
● Single-processor systems or very limited 

support for multi-core systems
● Struggles at coping with nowadays 

complex heterogeneous embedded boards
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● Single-processor systems or very limited 

support for multi-core systems
● Struggles at coping with nowadays 

complex heterogeneous embedded boards
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AMPERE Project Goal

● Fill the gap between
– MDE techniques with no/limited 

parallelism support

– Parallel-programming models with efficient 
HW offloading
(OpenMP, CUDA, ...)

– Heterogeneity in hardware

● In presence of non-functional requirements

– High-Performance

– Real-Time Constraints

– Energy Efficiency

– Fault Tolerance

Sensors ActuatorsMDE
(e.g. CAPELLA, 

AMALTHEA, 
AUTOSAR)

Logic 
Controller 

Heterogeneous HardwareHeterogeneous Hardware

Non-SMP multi-core GP-GPU TPU FPGA

Run-time 
parallel

frameworks

Parallel 
Programming 

Models
(e.g. OpenMP, 

OpenCL, 
CUDA, COMPSs)

Parallel
Execution 

Model

Parallel Units

Parallel Untits

Parallel Units
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Bridge 
the gap

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

3. Integration of parallel frameworks into MDE 
frameworks

Sensors ActuatorsMDE
(e.g. CAPELLA, 

AMALTHEA, 
AUTOSAR)

Logic 
Controller 

Run-time 
parallel

frameworks

Parallel 
Programming 

Models
(e.g. OpenMP, 

OpenCL, 
CUDA, COMPSs)

Parallel
Execution 

Model

Parallel Units

Parallel Untits

Parallel Units

AMPERE Vision
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parallel
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Parallel 
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Models
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Parallel
Execution 
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Parallel Units

AUTOSAR 
SW-C 
Runnables 
Client-server 
ASIL

AUTOSAR 
SW-C 
Runnables 
Client-server 
ASIL

AMALTHEA 
Performance 
Tasks 
Scheduling 
Platform

AMALTHEA 
Performance 
Tasks 
Scheduling 
Platform

CAPELLA 
Functional components 
Allocation of resources 
Data models 
View points 
validation rules

CAPELLA 
Functional components 
Allocation of resources 
Data models 
View points 
validation rules

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

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

Model Transformation EngineModel Transformation Engine

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

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

OpenMP 
Task construct 
Dependencies 
Parallel construct

OpenMP 
Task construct 
Dependencies 
Parallel construct

OpenCL 
clgetDeviceId 
clCreateBuffer 
__kernel_exec

OpenCL 
clgetDeviceId 
clCreateBuffer 
__kernel_exec

COMPSs 
Compute resource 
Data movements 
Task annotations

COMPSs 
Compute resource 
Data movements 
Task annotations

Parallel Run-Time FrameworksParallel Run-Time Frameworks

AMPERE MDE Framework

AMPERE Vision
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Software Layer Tool Owner (License)

DSMLs

AUTOSAR AUTOSAR (Proprietary)

AMALTHEA BOSCH (Open-source)

CAPELLA TRT (Open-source)

Parallel programming 
models

OpenMP OpenMP ARB (Proprietary)

CUDA NVIDIA (Proprietary)

OpenCL Khronos (Proprietary)

COMPSs BSC (Open-source)

Artificial Intelligence TensorFlow Google (Open-source)

Code synthesis tools Synthesis tools AMPERE (Open-source)

Analysis and testing tools NFP analysis AMPERE (Open-source)

Compilers and hardware 
synthesis tools

Mercurium BSC (Open-source)

GCC/LLVM GNU/LLVM (Open-source)

Vivado  Xilinx (Proprietary)

Run-time libraries

GOMP  GNU-GCC (Open-source)

KMP LLVM (Open-source)

Vivado Xilinx (Proprietary)

Operating systems
Linux Linux-Foundation (Open-source)

ERIKA Enterp. EVI (Open-source/commercial)

Hypervisors PikeOS SYSGO (Proprietary)

AMPERE Software Architecture
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AMPERE Software Development
Workflow Overview

Run-time framework + 
OS + Hypervisor

ExecutionProfile

Model

Platform
description
• Accel. devices
• Cores/clusters
• Memory model
• Etc.

Systemdescription
• Components/communication
• Functional/NFP
• Etc.

Meta MDE 
abstraction

CodeSynthesis+ 
Multi-criteria
Optimization
• Performance
• Time-predictability
• Energy-efficiency
• Resiliency

Meta PPM 
abstraction

Compiler
(Correctness + 

Refined Parallel
Structure)

Parallel code(e.g. 
OpenMP, CUDA graphs) ResourceAllocation

(i.e., mapping/scheduling)

• Monitoring
• Dynamic

resource
allocation
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Obstacle Detection and Avoidance System (ODAS) 
 ADAS functionalities based on data fusion coming from 

tram vehicle sensors

Predictive Cruise Control (PCC) 
 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 AI

[ICT-01-2019 AMPERE] - page 12 of 90 

The block diagram of the ODAS use-case is depicted in Figure 
4. The use-case incorporates two main subsystems: the Sensor 
Data Fusion (SDF) and the AI Analytics (AI) components.   
The SDF component will be in charge of collecting a large mass 
of raw data from the multiple advanced sensors installed in tram 
vehicle, i.e., optical and thermal cameras, radars and LiDARs 
(light detection and ranging). Cameras are a very good tool for 
classifying objects (rails, signs vehicle, people...) through deep 
learning technologies; LiDAR and radar are good at estimating 
the position of objects around the vehicle. Each of these sensors 
has advantages and disadvantages depending on the operational 
scenarios, environmental and lighting conditions. For instance, 
backscattering from snowflakes or water droplets are sources of unwanted detections in automotive LiDARs, and 
cameras show limited performances in adverse weather conditions such as fog or rain. Many of the previous con-
straints can be minimized using specific sensor techniques which, on the other hand, increase the sensor cost. Using 
sensor data-fusion machinery for having a common homographic view of the objects will increase the performance 
of the sensor system keeping the cost in a range suitable to the application target. The AI component will incorporate 
machine learning (e.g., SVM) and deep learning (e.g., CNN, RNN) algorithms to identify and track objects along the 
tramway infrastructure and extract knowledge that will be displayed to the tram driver.  

 The two components will be distributed and executed in a COTS parallel 
and heterogeneous platform installed on-board tram vehicles, featuring 
multi-core SoC with FPGAs, GPUs and dedicated AI accelerators such as 
TPUs, capable of accelerating large matrix operations and perform mixed-
precision matrix multiply and accumulate calculations in a single operation. 
Moreover, the platform will host multiple standard hardware interfaces to 
ease the integration of the system into a wide range of operation conditions. 
Finally, the constrained environment in which the computationally inten-
sive functionalities will execute, imposes the need of using energy-
efficiency platforms with power envelopes lower than 30W.  

The THALIT use case will be verified in a real transportation environment of the Florence tramway network. To do 
so, a set of tram vehicles operating on Florence tramway lines will be equipped with sensors and related processing 
devices in order to demonstrate the performance capabilities and the fulfilment of non-functional requirements of the 
AMPERE ecosystem. As a result, ODAS will implement functionalities with different criticality level in terms of 
functional safety and strict time constraints due to the real operation conditions with tram vehicles moving in an 
urban environment with traffic mixed with cars and pedestrians (see Figure 5). 

AMPERE Use Case Key Performance Indicators (KPIs) 
Table 2. Key Performance Indicators (KPI) of AMPERE use-cases. 

Use case KPI Measure 

Intelligent Pre-
dictive Cruise 
Control (PCC) 

(BOS) 

Satisfy the high computation demands of PCC algorithms while 
guaranteeing the safety properties of the powertrain control and 
ACC functionalities.  

High system utilization (> 
90%) with provable safety 
properties  

Maintain the functional properties of the PCC when integrating 
further synthetic applications, to demonstrate the compositional 
integration capabilities of the AMPERE ecosystem. 

Maintain exactly the same 
functional properties 

Providing a reduced development effort for integrating new 
functionalities in an existing system, by coupling the AMPERE 
ecosystem with existing automotive standards and tools. 

30% reduction of develop-
ment efforts 

Obstacle Detec-
tion and 

Avoidance Sys-
tem (ODAS) 
(THALIT) 

Reduce the development and integration costs of the ADAS 
functional critical software modules by employing the 
AMPERE ecosystem starting from the system design phase. 

< 20% of development 
and integration costs 

Improve the object detection capability and reduce the false 
alarms rate in critical environmental conditions (fog, rain, at 
night) by combining AMPERE with existing on-board systems.  

- > 20% objects detected  
- < 15% False alarms rate 
 

Reduce the energy needs of the ADAS component while retain-
ing functional safety targets according to the standards.  

> 20% reduction in com-
puting energy needs  

Figure 5: Tramway at Florence 
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AMPERE Use-Cases
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FPGA-based system-on-chips are a very promising solution to enable predictable HW 
acceleration of complex computing workloads

• Multiprocessors can host multi-OS software systems

• FPGA fabric can be used to deploy HW accelerators

Asymmetric multiprocessor

Large FPGA fabric

Zynq Ultrascale+

FPGA System-on-Chip (SoC)
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 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 typically based 
on state machines

FIR and Sobel filters from Xilinx IP library

(screenshot from Vivado 2017.4)

PL
-

PS
Interconnect

HW accel 
#1

HW accel 
#2

port towards 
processing system

DRAM

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

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

FPGA fabric

 Possibility to deploy custom bus logic
 Bus/memory contention can be made predictable

HW Accelerators on FPGAs
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 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
 Is essence, reconfiguration requires programming a memory

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

bitstreams

R
e

co
n

fi
gu

ra
b

le
 

re
gi

o
n

FPGA fabric

Dynamic Partial Reconfiguration
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• Enable predictable HW acceleration on FPGA system-on-chips

• Collection of technologies developed at the ReTiS Lab

http://fred.santannapisa.it/http://fred.santannapisa.it/

Zynq-7000 series

Zynq Ultrascale+
Supported platforms

FRED Framework
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TASK(myTask) {
      <prepare input data>
      EXECUTE_HW_TASK(myHWtask);
      <retrieve output data>
}

SW-Task

Suspend the execution 
until the completion of 

the HW-task

Suspend the execution 
until the completion of 

the HW-task

CPU FPGA Fabric

SW-Task

Fixed-priority scheduling non-preemptive execution

HW-Task

periodic/sporadic real-time tasks
HW accelerators implemented as 

programmable logic

System-on-Chip

work on
shared-memory

buffers

FRED Programming Model
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 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

Setup: Xilinx ZCU102 (Ultrascale+), Vivado2018.2,
             GoogleNet, DMA from Xilinx IP lib

Time-predictable DNN Inference
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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

Inside the FRED Framework
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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

https://www.linkedin.com/company/ampere-project
https://twitter.com/ampereproject
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