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1. Progress Report
1.1. Project objectives and activities implemented
(Indicative length: 2 pages per period)
Describe the work performed during each period and assess it with respect to the initial work plan. Clearly indicate who performed each part of the work and which parts are done in cooperation, describing the nature of the cooperation. Mention any difficulty encountered and the solutions implemented.
If applicable, indicate the work planned during the rest of the project, relating it to the initial work plan and the work already performed. Mention any open issue (e.g.: technical deadlock, service provider default, failure to meet deadlines, budget control), the solutions envisaged, and any foreseen need for a contractual project content revision or schedule extension.

	First, in WP2, all partners jointly defined potential use-cases, requirements and scenarios considered in the project and also beyond scope of the project for potential future exploitation.
Within WP2, furthermore, CTU proposed novel architecture supporting artificial intelligence-based multimodal semantic communication and distributed computing. The proposed architecture is built on existing concepts adopted in mobile networks, including cloud radio access network (C-RAN) and open-RAN (O-RAN). On top of these current architectures, we introduced new key features including block for artificial intelligence (AI) training models for semantic encoding and decoding, semantic modules, and hierarchical edge cloud. The processing of intensive tasks at the edge clouds, while ensuring very short processing delays, is one of the key features considered by MUSE-COM2 architecture. To this end, we also derive optimal splitting of tasks among multiple hierarchical cloud servers. We demonstrate that the proposed solution decreases average processing time and energy consumption due to optimal splitting by up to 50% and 23%, respectively, compared to the best performing state-of-the-art scheme.
 
The work in WP2 is conducted in cooperation with all other project partners who provided feedback and adjustments to the architecture. 

In line with WP3 and to address the primary objective of the project—reducing energy consumption in semantic communication—we proposed a framework for semantic information sharing among various devices, such as robots, machines, vehicles or other IoT devices. This framework aims to minimize the energy consumed by computations related to processing data from the devices. Energy consumption is reduced by eliminating redundant semantics extraction performed by multiple devices. To achieve this, we developed an algorithm that enables semantic information derived by one device to be shared with neighbouring devices, thereby reducing the need for individual semantics extraction. Naturally, semantic sharing introduces communication energy overhead. Therefore, our work considers both computation and communication energy costs. We tested this approach through a case study on autonomous vehicles, where the proposed algorithm demonstrates outstanding performance, achieving up to 79% energy savings compared to state-of-the-art works through the combined effect of reduced semantics extraction computation and efficient semantics sharing. Furthermore, the gap with the global optimum remains below 3%.
 
In the initial work, the semantics-sharing was evaluated in the context of autonomous vehicles. Now, we collaborate with our partners to extend this concept to the Bosch industrial scenario with real production line data. The goal is to reduce communication, computation and data storage costs and energy consumption. 

UOulu proposed a novel data-driven machine learning (ML) technique to model and predict the dynamics of the wireless propagation environment in latent space. Leveraging the idea of channel charting, which learns compressed representations of high-dimensional channel state information (CSI), we incorporate a predictive component to capture the dynamics of the wireless system. Hence, we jointly learn a channel encoder that maps the estimated CSI to an appropriate latent space, and a predictor that models the relationships between such representations. Accordingly, our problem boils down to training a joint-embedding predictive architecture (JEPA) that simulates the latent dynamics of a wireless network from CSI. We present numerical evaluations on measured data and show that the proposed JEPA displays a two-fold increase in accuracy over benchmarks, for longer look-ahead prediction tasks. 

Furthermore, UOulu optimized radio resource management of a communication system between a remote controller and its device, whose state is captured by image frames, without compromising the device’s control task. We propose a novel machine learning (ML) technique to jointly model and predict the dynamics of the control system as well as the wireless propagation environment in latent space. We leverage two coupled joint-embedding predictive architectures (JEPAs): one network that simulates the control dynamics from pixels, and another model that predicts the dynamics of the device’s channel state information (CSI). We distil the latent dynamics learned by the control JEPA to guide the predictions over CSI embeddings. We then train a deep reinforcement learning (RL) algorithm on top of the latent control space, and a power prediction network that optimizes wireless resource usage. As such, the controller minimizes the usage of its radio resources by utilizing the JEPA networks to imagine the device’s trajectory in latent space. We present simulation results on synthetic data and show that our proposed approach saves more than 60% communication overhead, while displaying a control performance similar to baselines that overlook joint control-wireless optimization.
UOulu cooperates with partners on validation of the ideas in lab and on integration of generative AI to the concept.

In relation to WP3, EURECOM first established the theoretical foundations of multimodal diffusion models (MLD). In particular, EURECOM enhanced standard latent diffusion for multimodal generation. The proposed neural architecture involves the usage of modality-specific encoder, which are remarkably robust in generating the single modalities without losing key information. Furthermore, this work shows that multimodal latent diffusion can be used to generate missing modalities from available data. This property aligns with the objective of the project, as it enables, for example, generating textual description starting from time series data, ultimately leading to storage space and bandwidth optimization in the context of the Bosch production environment.

To understand the impact of each modality in terms of data storage and importance, EURECOM developed machine learning models to analyse the information theoretical quantities of unstructured data. The information theory framework allows to quantify the information present in the data and the redundancy of each modality, and it also allows to easily communicate with partners as information theory is the foundation of telecommunication systems and is well understood by the other academic partners.

In this context, EURECOM developed MINDE, a family of models stemming from score-based diffusion which can be used to estimate mutual information between continuous data. MINDE currently represents the state of the art of mutual information estimators for continuous data and can make use of powerful pretrained generative models to cheaply estimate information metrics of high dimensional continuous data, like images.

Similarly, EURECOM developed INFO-SEDD, a family of models stemming from discrete diffusion models for scalable information metrics estimation of discrete data. INFO-SEDD is also the first neural estimator designed specifically for discrete data. By design, it can estimate mutual information between different subsets of data by training just one model, which becomes a key property in estimating the impact of discrete data modalities without expensive and intensive training.

While these works can be used to understand how pairs of modalities interact, they cannot be used to quantify duplicate information in multimodal systems with more than two modalities. For this reason, EURECOM developed SOI, a framework for estimating O-information, an information metric which quantifies whether a complex system is more redundant or synergic. In practical terms, this tool can evaluate the trade-off between robustness to errors (redundancy) and storage efficiency (synergy).

EURECOM is now collaborating with partners to use the developed tools in the Bosch industrial scenario, using key information metrics to help the other member of the projects understand which part of the Bosch data production pipeline can be made more efficient and devise the most appropriate methods to transmit, store and compress data. Furthermore, EURECOM is currently enhancing INFO-SEDD to make it more scalable and by testing its robustness in real world scenarios.

The delivered work is in line with plans defined in the project proposal with only minor deviations imposed by advancements in state-of-the-art and novel ideas and concepts developed during project meetings.



1.2. Transnational collaboration
Describe the added value and synergies in the collaboration, any obstacles to the transnational collaboration, and the proposed solution (if necessary).

	During the first year, one joint paper between UOulu and CTU “Architecture for AI-enabled Multimodal Semantic Communication and Computing,” has been accepted at IEEE VTC 2025.

Furthermore, EURECOM-Bosch collaboration is uniquely able to bring generative AI in unconventional industrial setting. The dataset provided by Bosch offers the opportunity to test the tools developed by EURECOM in an industrial setting, in the context of an application far from the common use of generative AI. The insights of the engineers of Bosch are also valuable domain knowledge that can be transferred to the tools developed by EURECOM. On the other hand, Bosch can benefit from the same tools to cut costs and by receiving advanced tools for data analyst, with a potentially heavy impact on business key performance indicators.

CTU-BOSCH collaboration on infrastructure for PoC extends expertise and facility of BOSCH towards novel software defined-based wireless networks that are well aligned with practical challanges realted to a need for flexibility of production lines due to trend towards small series. In contrast, CTU benefits from new expertise realtd to deplyment of techologies in industrial enviroment with all related challanges including adjutment to standards and not always stadardized solutions and proprietary solutions. 

Academic partners also benefit from the collaboration with the other academic partners due to detailed specifications and requirements of the process. By translating business requirements in a more academic friendly vocabulary, universities can clearly focus on providing value to partner using theoretical knowledge. In return, academic partners use novel information theoretical tools to provide a quantitative description of Bosch data pipeline so that other academic partners can build the best suited semantic communications and computing infrastructure.




1.3. Significant events and results 
(Indicative length: 2-4 pages)
Describe the main achievements of the project. For example:
· New ideas, new knowledge, new interpretative models of complex phenomena;
· Realization of new scientific instrumentation and/or advanced devices;
· Implementation of new advanced scientific methodologies;
· Realization of prototypes;
· Proposal of new technologies;
· Contribution to innovation in the production of goods and services;
· Development of innovative software;
· Economic impact and results exploitation.
For each achievement, provide a description with factual and, if relevant, quantitative information.
For significant results you would like to publicise using the communication channels of CHIST-ERA, please feel free to forward the information to CHIST-ERA Joint Secretariat using the Toolbox dedicated to the funded projects: https://www.chistera.eu/toolbox 

	CTU: 
During the project's first year, CTU successfully developed two major concepts and solutions towards project objectives:
· Sharing Semantic Information among Vehicles to Reduce Computation and Communication Energy Consumption (as a part of the paper published at the IEEE Vehicular Technology Conference (VTC) 2025). We introduced a framework for semantic information sharing among various devices to optimize energy efficiency in sensor data processing. We present an algorithm that enables semantic information derived by one device to be shared with neighbouring devices, thereby minimizing redundant computations. To structure the problem, we employ a graph-based representation, mapping part of the energy minimization task to the maximum independent set problem, which is further enhanced through a combined greedy and recursive approach. Simulation results demonstrate that the proposed algorithm achieves significant energy savings compared to state-of-the-art methods. This concept will be extended towards multimodal data and combined with outcomes of other partners (mainly EURECOM's models for estimation of mutual information) and with generative AI towards the major goal of the project, i.e., towards development of he concept of joint semantic communication and computing for multimodal data to save energy for multimodal data transmission processing in industrial and other related use-cases. 
· Architecture for AI-enabled Multimodal Semantic Communication and Distributed Computing (covered by the paper at IEEE Vehicular Technology Conference (IEEE VTC2025-Spring) workshop on Multi-modal and Generative Semantic Communications Towards Cloud-Edge-End Intelligence). This paper first proposes architecture supporting artificial intelligence-based multimodal semantic communication and distributed computing. Then, we formulate a delay minimization problem for processing of semantically encoded tasks by the hierarchical edge cloud. First, we derive optimal closed-form solutions for splitting the tasks between individual tiers of the hierarchical edge cloud while assuming actual communication and computing queues. Second, we propose a low-complexity algorithm selecting place, where the individual tasks are processed while adopting the optimal splitting of the tasks. Via simulations, we demonstrate that the proposed solution notably decreases average processing time and energy consumption when compared to the best performing state-of-the-art scheme.

Uoulu: Developed novel idea of leveraging world models in the context of wireless networks. One of the challenges is to train a world model using self-supervised learning. This idea can be extended to distributed setting where different modalities can be fused to solve downstream tasks.

EURECOM:
During the first year of the project, EURECOM was able to publish several papers at top-tier machine learning conferences:
· MINDE: this paper was published at the International Conference on Learning Representations (ICLR) 2024. The paper describes a novel mutual information estimator for continuous data rooted in score-based generative modelling. The method is validated using the Beyond Normal benchmark, a framework composing several tests using different continuous data distribution with varying degrees of complexity. The paper shows that MINDE outperforms a wide list of competitors, establishing a new state of the art in mutual information estimation.
· INFO-SEDD: this paper was published at the DeLTa workshop at ICLR 2025. This work presents an information metric estimator for discrete data based on discrete diffusion models. The estimator is validated against synthetic discrete distributions with different and increasingly high factors of complexity. The paper shows that INFO-SEDD outperforms other competitors, including MINDE, establishing a new state of the art in mutual information estimation and motivating the necessity of appropriate tools for discrete modalities.
· SOI: this paper was published at the International Conference on Machine Learning (ICML) 2024. It also received the recognition of an oral presentation (top 1.5% of accepted papers). This work introduces SOI, a novel neural estimator for O-Information. The proposed method is shown to be uniquely scalable, as it does not require to compute pairwise divergences for each pair of the complex system which is being evaluated. Additionally, SOI is shown to successfully work on a real-world neuroscientific use case, in the context of the reaction of mice brains to external stimuli.

In addition to scientific papers, EURECOM provides open-source software implementation for SOI and MINDE. The open-source software of INFO-SEDD is also to be released soon. The developed software is written in Python and use widespread, open-source libraries like PyTorch, facilitating the dissemination of the developed tools.

CTU and BOSCH also jointly prepared and updated infrastructure in lab and in real-world environment in BOSCH for the project PoC. 



1.4. Technology readiness level (TRL)
Describe the global positioning of the project (from ‘idea to application’, or from ‘lab to market’). Refer to Technology Readiness Levels (see definition here) at the beginning and at the end of the project.

	The targeted concept of semantic communications is well established and validated. At the same time, edge computing is also a well elaborated and verified concept even in real-world applications. However, semantic communications for joint multimodal communication and computation is not yet investigated and only a generic concept derived from stand-alone semantic communications and stand-alone edge computing is formulated, hence, we start at TRL 2. In MUSE-COM2, we advance these stand-alone works towards AI-driven jointly optimized semantic communications and computing validated first in the lab at TRL 4. Then, we will validate the concept in the relevant environment in BOSCH at TRL 5.




1.5. Consortium meetings 
Provide the cumulative list of consortium meetings from project start.

	Meetings

	N°
	Date
	Location
	Attending partners
	Purpose

	01
	13/2/2024
	Online (MS Team)
	ALL
	Kick-off meeting, adjustment of workplan, plan for cooperation

	02
	16-18/4/204
	Helsinki, Finland/Stockholm, Sweden
	CTU, BOSCH
	CHIST-ERA project seminar, joint with bilateral discussion about PoC setup and preparation of infrastructure for PoC

	03
	2-3/10/2024
	Prague (CTU), Ceske Budejovice (BOSCH), Czech Republic
	ALL
	Visit of premises for PoC in BOSCH and lab for experimental validation at CTU, presentation of industrial dataset, presentation of progress in individual WPs, coordination of joint activities.


Note: On top of official consortium meetings, there are regular weekly calls between CTU and BOSCH for coordination of activities related to PoC. In addition, visit by researcher from CTU in EURECOM was organized to initiate collaboration on merging generative AI with management of resources for semantic communication and computing in September 2024.

1.6. Deliverables
Provide the cumulative list of deliverables from project start.

	Deliverables

	N°
	Title
	Nature
	Delivery date (month)
	Partner in charge

	
	
	
	Contractual
	Actual
	

	D2.1
	Definition of use-cases, scenarios, and requirements
	
	4
	8
	CTU

	D2.2
	Architecture of the system
	
	6
	6
	CTU

	D2.3
	Business aspects
	
	8
	12
	BOSCH

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	




1.7. Free comments 
Compliance with project objectives, interaction between the partners, issues, questions to CHIST-ERA...
To request a project modification, please use the dedicated form on the Toolbox: https://www.chistera.eu/toolbox 

	Despite changes in PIs of two partners, the project follows original objectives and follow time plan. Note that due to different starting point of partners (October 2023 for CTU and BOSCH; January 2024 for EURECOM and OULU), some activities has been reordered and CTU and BOSCH started with preparation of generic infrastructure for PoC before other partners started the project. This had no significant impact on activities in the project.



[image: ]

2. Dissemination of results, exploitation, impact
2.1. Scientific publications (conferences/workshops, book chapters, etc.)
Indicate the publications resulting from the project. Mention only those that result directly from the project (after it started, and which mention the support of CHIST-ERA and the project reference). Indicate whether they correspond to single or multi-partner communications (multi-partner means involving several project partners). Indicate if they are available in Open Access and linked to the respective underlying data. Provide the corresponding Digital Object Identifiers (DOI).
Distinguish the different categories of publications (journals/conference proceedings, technical reports, etc.). Use the usual citation standards for the field reference. If the publication is accessible on line, indicate the URL.
Please harmonise the bibliography and use only one font. 

	
	Scientific publications

	Reference 
(list of authors, journal/conference proceedings/other, pages, year of publication, ...)
	Multi-project partners of same country (Yes/No)
	Multi project-partners of different countries (Yes/No)
	Open Access (Yes/No)
	DOI 
(mandatory)
	URL
	DOI(s) of underlying data
(mandatory)

	C. Bou Chaaya, A. M. Girgis and M. Bennis, "Learning Latent Wireless Dynamics From Channel State Information," in IEEE Wireless Communications Letters, vol. 14, no. 2, pp. 489-493, Feb. 2025,

	No
	No
	No
	10.1109/LWC.2024.3510943
	https://ieeexplore.ieee.org/document/10777043 
	

	C. Bou Chaaya and M. Bennis, "RIS Phase Optimization via Generative Flow Networks," in IEEE Wireless Communications Letters, vol. 13, no. 7, pp. 1988-1992, July 2024,

	No
	No
	No
	10.1109/LWC.2024.3400127 
	https://ieeexplore.ieee.org/document/10529198 
	

	J. Choi, J. Park, S. -W. Ko, J. Choi, M. Bennis and S. -L. Kim, "Semantics Alignment via Split Learning for Resilient Multi-User Semantic Communication," in IEEE Transactions on Vehicular Technology, vol. 73, no. 10, pp. 15815-15819, Oct. 2024.

	No
	No
	No
	10.1109/TVT.2024.3410380 
	https://ieeexplore.ieee.org/document/10559407 
	

	Franzese, Giulio, Mustapha Bounoua, and Pietro Michiardi. "MINDE: Mutual Information Neural Diffusion Estimation." ICLR 2024
	No
	No
	Yes
	
	https://openreview.net/forum?id=0kWd8SJq8d
	

	Bounoua, Mustapha, Giulio Franzese, and Pietro Michiardi. "Multi-modal latent diffusion." Entropy 26.4 (2024): 320.
	No
	No
	Yes
	10.3390/e26040320
	https://www.mdpi.com/1099-4300/26/4/320 
	

	Bounoua, Mustapha, Giulio Franzese, and Pietro Michiardi. "SΩI: Score-based O-Information Estimation." ICML 2024.
	No
	No
	Yes
	
	https://openreview.net/forum?id=LuhWZ2oJ5L 
	https://github.com/MustaphaBounoua/soi 

	Foresti, Alberto, Giulio Franzese, and Pietro Michiardi. "INFO-SEDD: Continuous Time Markov Chains as Scalable Information Metrics Estimators." ICLR 2025 Workshop on Deep Generative Model in Machine Learning: Theory, Principle and Efficacy.
	No
	No
	Yes
	
	https://openreview.net/forum?id=V7aWtATqgE 
	

	M. Kishani, Z. Becvar, “Sharing Semantic Information among Vehicles to Reduce Computation and Communication Energy Consumption,” IEEE Vehicular Technology Conference (VTC2025-Spring), 2025.
	No
	No
	Yes
	
	https://6gmobile.fel.cvut.cz/publication/Kishani_IEEEVTCSpring2025_SemCom.pdf 
	

	P. Mach, Z. Becvar, M. Kishani, M. Bennis, “Architecture for AI-enabled Multimodal Semantic Communication and Computing,” IEEE Vehicular Technology Conference (VTC2025-Spring) workshop on Multi-modal and Generative Semantic Communications Towards Cloud-Edge-End Intelligence, 2025.
	No
	Yes
	Yes
	
	https://6gmobile.fel.cvut.cz/publication/Mach_IEEEVTCSpring2025_SemCom_Arch.pdf 
	https://gitlab.fel.cvut.cz/mobile-and-wireless/codes/publications/architecture-for-ai-enabled-multimodal-semantic-communication-and-distributed-computing 



URL of Data Management Plan (optional): https://campuscvut.sharepoint.com/:b:/r/sites/Team-MUSE-COM2/Sdilene%20dokumenty/Administration/Data%20Management%20Plan/MUSE-COM%5E2_DMP_v1.01.pdf?csf=1&web=1&e=8ldWS9 

2.2 
2.3 Exploitation plan
Outline an exploitation plan of your most significant exploitable results including:
· Who will exploit the result output (project participant/if someone else then who and how will they be informed);
· Use type (commercial/other use);
· Intellectual property rights arrangements if relevant;
· Target end user;
· Roadmap and goals during and after the project’s lifetime (plan of actions to be taken to achieve exploitation);
· Timeframe.

	The current results will be disseminated to various projects including the 6GFlagship project. The content will also be used for teaching purposes by academic partners.  One of the long-term goals is to validate these findings in real-world applications such as collaborative robotics, vehicular scenarios, and industry.

The project major outcomes will be in a form of open-source software and will be maintained and used as demonstrators in scientific events as well as in discussion with the industry about further exploitation.

To achieve exploitation, the project PoC is planned directly in BOSCH to demonstrate potential use of the concept in industry and related verticals and to attract these to the project outcomes. The PoC will be presented via videos and talks to industry to reach various industries. To further strengthen the impact, we will also demonstrate other use cases in lab environment for research community.



2.3 Exploitation overview (software, products, spin-offs, etc.)
Use the table below to outline your current progress in the exploitation plan (see previous section): achievements so far and next steps. Fill in the goals foreseen in your plan for every year of your project and 3 subsequent years after the end of your project (column 1) and actual exploited results up to date (column 2).

	Period
	Planned goals
	Actual exploited results

	Year 1
	N/A (no goals for Year 1)
	N/A

	Year 2
	
	

	Year 3 
(if applicable)
	
	

	Project end + 1 year
	
	n/a

	Project end + 2 year
	
	n/a

	Project end + 3 year
	
	n/a



Describe project spin-off effects, for example:
· Software and any other prototype;
· Standardization actions;
· National and international patents, licences, and other elements of intellectual property;
· Launching of product or service, new project, contract, etc.;
· Development of a new partnership;
· Creation of a platform available to a community;
· Company creation, spin-off companies, fund-raising.

	Not relevant to planned activities for Year 1.




2.4 Other dissemination of results
Mention any communication actions, including the project website creation and management and the target audience.

	Website of the project: 
· https://musecom2.eu/

Project repository and communication platform: MS Teams
· https://teams.microsoft.com/l/team/19%3AKcUKeMvZMprVl_ewVmkzITgMeVuUT9VzpncDmWak7g01%40thread.tacv2/conversations?groupId=f9d21809-1eba-44f6-b874-8c5f5e6199d3&tenantId=f345c406-5268-43b0-b19f-5862fa6833f8    

Presentations/Invited talks:

· M. Bennis, "Semantics-native Communication and Protocol Learning in the 6G Era", Keynote at IEEE WCNC 2024 Dubai, 2024.
· M. Bennis, "Semantics-native Communication and Protocol Learning in the 6G Era", Keynote at 6Gnet 2024 Paris, 2024.
· P. Michiardi, “MI is all you need: Understanding complex multivariate systems through the lenses of GenAI” at One6G summit in Valencia on September 6th, 2024.





3. Resources and Funding
3.1. Project level (from project start)

	Budget used

	N°
	Partner
	Person.months
	Total costs
	Percentage of requested budget

	1
	Czech Technical University in Prague
	15,07
	67 577,24 €
	

	2
	EURECOM
	7.91
	105 562.80 €
	16%

	3
	University of Oulu
	24.7
	172 150 €
	38%

	4
	Robert Bosch spol. s r.o.
	13,7
	79 678,39 €
	

	5
	
	
	
	

	6
	
	
	
	

	
	
	
	
	

	
	
	
	
	




Comments on expenses

	UOulu:  total costs until the end of 3/2025 are about 172 150 € (38% of the total budget 453 388 €). Corresponding consumed work time accumulates ~ 24.7 PMs.
EURECOM: total costs until 31/12/2024. We are about to hire a postdoc who will work in the team and re-equilibrate the PM to the budget proposal.
CTU: Total costs until 31/12/2024 are about 67 577,24 €. 
BOSCH: Total costs until 31/12/2024 are 79 678,39 €. 
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