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The SPEME laboratory
https://speme.dimes.unical.it/

Å TheSPEME(Smart,PErvasiveand Mobile systemsEngineering)Labhasa globalάƳƛǎǎƛƻƴέ:
the development of innovative methods and systems for engineering trustworthy,
distributed,intelligent,pervasive,mobile,multimediaandmulti-sensorialsystems.

Å The current research lines are both methodologicaland experimentaland include the
following themes: Internet of Things,Wearablecomputing,Agent-basedcomputing,Signal
processingof physiologicalsignals,Internet of Vehicles,Radiomics,Blockchains,Cyber/IoT
Security.

ÅGroup members (40+): 1 Full prof.; 3 Associate prof.; 1 Tenured Assistant prof.; 2 Adjunct 
prof.; 3 Assistant prof; 11 Postdocs/RA; 18 Phdstudents; 1 laboratory research assistant.

ÅaŜƳōŜǊǎΩ bŀǘƛƻƴŀƭƛǘƛŜǎ: Italy, India, Colombia, Pakistan, China, Bangladesh, Romania

ÅProjects: 2 Horizon Europe; 4 PRIN (Minister of University and Research); 1 POS (Minister of 
Health); 5 PNRR (National Resilience & Recovery Plan); 10+ Industry projects = 10+ Meuros

Å International collaborations: USA (6), Canada (1), South America (2), UK (5), EU (10+), 
China (7), Australia (3), Saudi Arabia (3), Morocco (3), etc.
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The SPEME laboratory
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Outline
1. Towards Edge Intelligence (EI)a for IoT Systems of 

Systemsb

2. Integrating ML and Multi-Agent Systemse: the EU 
MLSysOpsProject

3. From Digital Twins to Opportunistic Digital Twinsc

4. Towards Generative Digital Twinsd

5. ConcludingRemarks
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aV. Barbuto, C. Savaglio, M. Chen,G. Fortino: DisclosingEdgeIntelligence: A SystematicMeta-Survey. Big Data
Cogn. Comput. 7(1): 44 (2023)
b G. Fortino, C. Savaglio, G. Spezzano, M. Zhou: Internet of Things as System of Systems: A Review of

Methodologies,Frameworks,Platforms,and Tools. IEEETrans. Syst. Man Cybern. Syst. 51(1): 223-236 (2021)
cC. Savaglio, V. Barbuto, F. M. Awan, R. Minerva, N. Crespi, and GiancarloFortino. 2023. Opportunistic Digital
Twin : an Edge Intelligence enabler for Smart City. ACM Trans. Sen. Netw. Just Accepted (August 2023).
https:// doi.org/ 10.1145/ 3616014.
d C. Savaglio, V. Barbuto, F. Mangione and G. Fortino, "GenerativeDigital Twins: A Novel Approach in the IoT
Edge-Cloud Continuum," in IEEE Internet of Things Magazine,vol. 8, no. 1, pp. 42-48, January 2025, doi:
10.1109/IOTM.001.2400035.
e G. Fortino, W. Russo,C. Savaglio, W. Shen,M. Zhou: Agent-Oriented Cooperative Smart Objects: From IoT

SystemDesignto Implementation. IEEETrans. Syst. Man Cybern. Syst. 48(11): 1939-1956 (2018)



Internet of Things: Definition and Characteristics

ά¢ƘŜ Internet of Things (IoT) is a novel paradigm that involves the pervasive presence of a variety of 
objects or things, sensors, actuators, and mobile phones, which can interact and cooperate with each 

ƻǘƘŜǊ ǘƻ ŀŎƘƛŜǾŜ ŎƻƳƳƻƴ ƎƻŀƭǎΦέ ό!ǘȊƻǊƛ Ŝǘ ŀƭΦΣ нлмлύ

My definitionΥ ά! ƭƻƻǎŜƭȅ ŎƻǳǇƭŜŘΣ ŘŜŎŜƴǘǊŀƭƛȊŜŘ ǎȅǎǘŜƳ ƻŦ ŎƻƻǇŜǊŀǘƛƴƎ ǎƳŀǊǘ ƻōƧŜŎǘǎ ό{hǎύΦ /ƻƻǇŜǊŀǘƛƴƎ 
SOs are autonomous, physical digital objects augmented with sensing/actuating, processing, storing, and 
networking capabilities able to sense/actuate, store, and interpret information created within themselves 

and around the neighboring external world where they are situated, act on their own, cooperate with 
ŜŀŎƘ ƻǘƘŜǊΣ ŀƴŘ ŜȄŎƘŀƴƎŜ ƛƴŦƻǊƳŀǘƛƻƴ ǿƛǘƘ ƻǘƘŜǊ ƪƛƴŘǎ ƻŦ ŜƭŜŎǘǊƻƴƛŎ ŘŜǾƛŎŜǎ ŀƴŘ ƘǳƳŀƴ ǳǎŜǊǎΦέ

Å Sincethe 2000s,techadvancementshavedrivenIoT'sgrowth:
Å 1st IoTGen: Miniaturized,cost-effectivecomponentslike wirelesssensors,RFiDsystems,micro-controllers,and

processorsintegratedinto consumerelectronics.
Å 2nd and 3rd IoT Gen: Integration into broader systems(ERP1, supply chain) powered by synergyAI, signal

processing,distributedcomputing,andbigdataanalytics.
Å Next Gen: AI andEdgeAI-drivenIoT
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Internet of Things: Definition and Characteristics

Å IoTNumbers(Mordor Intelligence,2021)

Å Billionsof deployeddevices(smarthomes,cars,factories).

Å Atrillion-dollarmarket,resilientto crises(e.g., COVID-19).

Å Substantialinvestmentsin enablingtech(5G,Wi-Fi6, AR,etc.).

Å IoTResearchPerspectives(Atzoriet al., 2010)

Å Thing-Oriented: Objectvisibilityandtraceability.

Å Internet-Oriented: Ubiquitousnetworking.

Å Semantic-Oriented: Datarepresentationandprocessing.

Final Goal

Fueling an IoT ecosystem where humans and machines ςequipped with autonomic and cognitive skills ς
seamlessly connect within an endless stream of information.

Global IoT market size to grow 19% in 2023τIoT shows resilience despite economic downturn. Source: IoT Analytics

6
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ÅProblem
Å Over 150 billion connected devices generate more 

than 90 Zettabytes of data at the network Edge 1.
Å Data are moving to a network of ubiquitous 

device
Å Need to rethink analysis and processing 

methods to keep up with the increasing amount 
and speed of data

ÅSolution
Å Move computation rather the data , i.e., bring 

intelligence as close as possible to data sources .

1.The Digitization of the World from Edge to Core

Ubiquitous Data/Information 
Generation

7

https://www.seagate.com/files/www-content/our-story/trends/files/idc-seagate-dataage-whitepaper.pdf?Tag=Sponsorships


EDGE COMPUTING

ẌA distributed computing paradigm 
that brings computation and data 

storage at the edge of the network , 
improving speed, efficiency, and cost 

savings ẍṣ

Å It offers several benefits over 
traditional cloud computing , 
including:
Å faster response times ;
Å improved reliability ; 
Å and enhanced data security .

Å It presents some challenges , such as:
Å managing many distributed devices ;
Å and ensuring data consistency across the 

network.

Source: What is Edge Computing?
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INTELLIGENCE AND AI

Å Intelligence 1

Å it belongs to a subject and measures the 
ɾʔǩȲǸǪʌẏɾ ǍǩȡȺȡʌʳ ʌɐ ȡɅʌǸɶǍǪʌ ʭȡʌț ȡʌɾ 
environment;

Å it measures the capability to set and 
reach objectives; 

Å it characterizes the ability to adapt 
behavior in response to the 
environment ; 

9

Artificial Intelligence (AI) typically simulates human intelligence by 
demonstrating some of the following behaviors 2:

1. Planning
2. Learning (through Training) 
3. Reasoning

1. Zhi įțɐʔṞ Ĥʔ >țǸɅ Ǹʌṣ ǍȺṣ ẌMǱȓǸ ȡɅʌǸȺȺȡȓǸɅǪǸṝ æǍʬȡɅȓ ʌțǸ ȺǍɾʌ ɃȡȺǸ ɐȒ ǍɶʌȡȒȡǪȡǍȺ ȡɅʌǸȺȺȡȓǸɅǪǸ ʭȡʌț ǸǱȓǸ ǪɐɃɳʔʌȡɅȓṣẍ
2. Ella Peltonen Ṟ uȲǍʽ !țɃǍǱ Ǹʌṣ ǍȺṣ ẌÿțǸ ¶ǍɅʳ fǍǪǸɾ ɐȒ MǱȓǸ uɅʌǸȺȺȡȓǸɅǪǸẍ 



EDGE INTELLIGENCE - EI

ṜReal -time data processing and analysis
ṜLow latency and high throughput
ṜEdge -to -cloud integration
ṜFlexible deployment options
ṜAdvanced security and privacy features .

Main features

ṜImproved data insights and decision -making
ṜIncreased operational efficiency
ṜReduced costs , latency and data traffic
ṜEnhanced privacy as well as scalability and 

reliability

Benefits
Ẫ! ʌɶʔȺʳ ǱȡɾʌɶȡǩʔʌǸǱ ǍɅǱ 

pervasive approach which 
allows for the processing 
and analysis of data as 

much as possible at 
ɅǸʌʭɐɶȶậɾ ǸǱȓǸ ǍɅǱ 
ǱǸʬȡǪǸ ȺǍʳǸɶẫ
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Systematic meta-survey on EI*

1. A guideline for conducting and reporting systematic reviews and meta -analyses
2. aggregates and generalizing the main results from large collections of 

thematically related secondary studies

In -depth 
understanding on EI 

based on two key 
principles.

Comprehensiveness

Systematic literature 
review following 

PRISMA 1 statement

Effectiveness

Review performed in 
the form of a tertiary 

study 2

*V. Barbuto, C. Savaglio, M. Chen,G. Fortino: Disclosing Edge Intelligence: A SystematicMeta-
Survey. Big DataCogn. Comput. 7(1): 44 (2023)
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RQs OVERVIEW
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FRAMEWORK (1/2)
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FRAMEWORK (2/2)
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*V. Barbuto, C. Savaglio, M. Chen,G. Fortino: Disclosing Edge Intelligence: A SystematicMeta-
Survey. Big DataCogn. Comput. 7(1): 44 (2023)



Lessons learnt

ÅIoT systems and related services require effective intelligence to 
unleash their potential.

ÅEdge Intelligence emerges as a new, highly promising field with 
broad appeal and usefulness .

ÅThis survey analyzed the last decade's literature on EI using both 
quantitative and qualitative methods based on PRISMA
guidelines.

ÅAlthough ETSI MEC provides a solid base for EI , it lacks built -in 
intelligence for edge system.

15

*V. Barbuto, C. Savaglio, M. Chen,G. Fortino: Disclosing Edge Intelligence: A SystematicMeta-
Survey. Big DataCogn. Comput. 7(1): 44 (2023)



ÅFurther specifications are needed for standardized 
APIs , software constructs , and supporting
infrastructures .

ÅThe latest concept of the edge -cloud continuum 
may lead to isomorphic EI architectures , dissolving the 
boundaries between the cloud and edge.

The research leading to this work was carried out under the Italian MIUR, PRIN 2017
Project ẌFluidware ẍ(CUP H24 I17000070001 ), and under the ẌMLSysOps æɶɐȲǸǪʌẍ(Grant
Agreement 101092912) funded by the European >ɐɃɃʔɅȡʌʳẏɾHorizon Europe
Programme .

Lessons learnt
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*V. Barbuto, C. Savaglio, M. Chen,G. Fortino: Disclosing Edge Intelligence: A SystematicMeta-
Survey. Big DataCogn. Comput. 7(1): 44 (2023)



The Device-Edge-Cloud continuum

17
KhaledAlwasel, DevkiNandanJha,FawzyHabeeb,Umit Demirbaga, OmerRana,TharBaker,ScharamDustdar,
MassimoVillari, Philip James,EllisSolaiman, RajivRanjan,IoTSim-Osmosis: A framework for modelingand
simulatingIoTapplicationsoveranedge-cloudcontinuum,Journalof SystemsArchitecture,Volume116, 2021,
https:// doi.org/10.1016/j .sysarc.2020.101956.



The Device-Edge-Cloud continuum
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LuizBittencourt, RogerImmich, RizosSakellariou, NelsonFonseca,EdmundoMadeira,Marilia Curado, Leandro
Villas,LuizDaSilva,CraigLee,Omer Rana,TheInternet of Things,Fogand Cloudcontinuum: Integrationand
challenges,Internet of Things,Volumes3ς4, 2018, Pages134-155,
https:// doi.org/10.1016/j .iot.2018.09.005.



Machine Learning for Autonomic System Operation 
in the Heterogeneous Edge-Cloud Continuum
(MLSysOps)

Giancarlo Fortino

Deputy Coordinator of the Project

University of Calabria
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https://twitter.com/mlsysops

https://www.linkedin.com/company/mlsysops/
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Agent-based Architecture
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Smart Agriculture Smart City

Use Cases

Smart Wearable Systems Smart Drone Systems



Digital twin
ά! Digital Twin (DT) ƛǎ ŀƴ ŜȄŜŎǳǘŀōƭŜ ǾƛǊǘǳŀƭ ƳƻŘŜƭ ƻŦ ŀ ǇƘȅǎƛŎŀƭ ǘƘƛƴƎ ƻǊ ǎȅǎǘŜƳΦέ 

(Hughes, 2018)

Keycomponents(Grieves,2014)

ÅPhysicalObject(PO)in the realspace;

ÅLogicalObject(LO,thΩǎdigitalcounterpart) in the virtual space;

ÅDataconnectionbetweenthe two of them.

TraditionalCADandadvancedIoTsystemsfall short comparedto realDTs:

ÅCADonly existsin simulationworldsand lacksinteraction with real objects.

Å IoTsystemsdo not facilitate interaction between componentsandthe full processlife cycles.

Information Mirroring 

Model proposed by 
Grieves

From Digital Twins to Opportunistic DTs

Å Grieves, M. (2014). Digital twin: manufacturing excellence through virtual factory replication. White paper, 
1(2014), 1-7.

Å Hughes, A. (2018). Forging the digital twin in discrete manufacturing, a vision for unity in the virtual and real 
worlds. LNS Research e-book.
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Towards Opportunistic Digital Twins
AI boosts DT beyond the "Digital Mirror,"
offering:

ÅAdaptive Learning: Actively learns and
adapts to new data and evolving
situations.

ÅPattern Detection: Identifies anomalies
for improveddecision-making.

ÅPredictive Maintenance: Enables
proactiveoptimizationandefficiency.

RecentEIadvancementsunlockDTpotential:

ÅSimplify complex environment
representationandprogramming.

ÅEnhance real-time AI-based inferences,
data processing, andanalysis.

ÅUtilize AI for advanceddata generation,
surpassingtraditional sensors.

EI-ǇƻǿŜǊŜŘ 5¢ǎ ŎƻǳƭŘ άƻǇǇƻǊǘǳƴƛǎǘƛŎŀƭƭȅέ 
adapt to and act upon the physical 
environment that surrounds them.

(Savaglioet al, 2023)

*Savaglio, C., Barbuto, V., Awan, F. M., Minerva, R., Crespi, N., & Fortino, G. (2023). 
Opportunistic Digital Twin: an Edge Intelligence enabler for Smart City. ACM Transactions 
on Sensor Networks.
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Use case: 
EI-based Traffic Monitoring System (TMS)

Our vision

Revolutionize traffic monitoring with a 
cutting-edge TMS merging EI and the 
groundbreaking "opportunistic" DT 

concept.

Keyfeatures
ÅEI-based Technology: AI at network edge

slashesprocessing& transmission.

ÅSynthetic Sensing over General-purpose
Devices: AI-enhancedboard for diversedata,
monitors hidden phenomena, boosts
capabilities,cutscosts.

ÅData-driven and Bottom-up Approach:
Prioritizes data, builds from specifics,
boostingmonitoringaccuracy.

25
ά .ȅ нлол ŀƭƳƻǎǘ ну҈ ƻŦ ǘƘŜ 

worldwide population will be 
concentrated in cities with at least 

м Ƴƛƭƭƛƻƴ ƛƴƘŀōƛǘŀƴǘǎέ

United Nations. ¢ƘŜ ²ƻǊƭŘΩǎ 
Citie2020

https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/files/documents/2020/Jan/un_2018_worldcities_databooklet.pdf
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/files/documents/2020/Jan/un_2018_worldcities_databooklet.pdf


EI-Based Traffic monitoring system (TMS)
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Use Case: Early Implementation

Hardware configuration Software tools
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Preliminary results: Accuracy and 
Latency for Vehicle Detection
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1. Latency is the time to perform one inference
2. Mean Average Precision (mAP) is the primary metric according to COCO evaluation metricsx

Á Pre-trained models(SSDMobileNet V1, SSDMobileNet V2, SSDLiteMobileDet) demonstraterapid inference

but exhibit lower mAPvalues.
Á Re-trained models (MTD Model, TI Model) achievesuperior mAP scoreswhile maintaining an acceptable

inferencetime. 28

https://cocodataset.org/#detection-eval
https://cocodataset.org/#detection-eval


We additionally performed a comparative analysis of TMS performance employing two
configurations:

Á EI-basedsolution usingGoogleCoralDevBoardandEdgeTPU

Á Vehicledetectionon CoralDevBoardwith EdgeTPU

Á Transmittinginferences'output to systemnodes

Á Cloud-centricsolution usingreal-time videoframes

Á Capturevideoframesat edge

Á Transmitframesto Intel Corei7-6820HQcloudinstance

Á Processandtransmit inferenceresultsto systemnodes

Hardware configurations: Edge- vs Cloud-based deployment

Preliminary results: Edge vs Cloud

29



ÅDatatraffic at the Edge:

ÅCameramodule captures video frames
usingPythonalgorithm

ÅEachframesize: ~1,936MB

ÅHighdata traffic leadsto network latency
(~43msper frame)

Å Increased power consumption and
bandwidthusage

ÅOne day interaction between edge devices
andserverresultsin:

ÅTransmittedframes: 1,729,000(with a 20
fps)

ÅDatatransmitted: 3.34TB

Á Opting for an Edge-Centric solution
overa Cloud-Centricapproach:

Á Perform frame processinglocally
and transmit only the inference
results

Á MQTTmessagesize: just 67 bytes,
including the ID, payload, and
control header.

Á Achievea remarkabledata traffic
reductionof 10̂ 4-fold

Á Datatransmitted: 0.872GBinstead
of 3.34TB

Experiment Details Comparison

Preliminary results: Edge vs Cloud

30
Moving computation rather than data 

effectively optimize data transmission and 
processing



Generative Digital Twins
Generative Digital Twin (GDT)is a 
novel approach which seamlessly 
merges classical DT model-driven 
systems with Gen-AI, creating a 
dynamically shaped system with 
exceptional adaptability.

Through the generation of synthetic 
data that faithfully replicates real-
world scenarios, it elevates data 
quality surpassing conventional data 
augmentation methods, facilitating 
smooth Human-DT and DT-DT 
interactions in Augmented Reality 
(AR) and Virtual Reality (VR) 
environments.

CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ D5¢Ωǎ ŎŀǇŀŎƛǘȅ ǘƻ 
learn from real-time data 
distributions enhances simulation 
capabilities. 
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Generative Digital Twins:
Traditional Properties vs GDT Features
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