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[bookmark: _Toc196321024]Introduction
ArtWork aims to develop real-time, context-aware worker assistance systems for industrial production lines, serving both engineers and assembly line operators. The solutions will combine hardware and software to be demonstrated in three industrial use case domains: truck assembly, textile manufacturing, and bus assembly. 
The ArtWork results will enable efficient planning of production lines and allow workers to be connected to the line. Depending on the current context, instructions are created in a dynamic way. This innovation of the ArtWork solution can be compared to the move from a paper-based map to a dynamic context-sensitive navigation system.
The three main topics of ArtWork are listed below.
[bookmark: _Toc196321025]Digital Twins of the factory worker and station equipment 
Accurate models represent not only geometric information but also kinematic characteristics. Behavior models of them can react to events and will allow to better plan the manual assembly production cells and connect a digital twin to its real counterpart.
[bookmark: _Toc196321026]Smart Instruction generation 
Adequate, context-sensitive visualization of worker instructions is one of the challenges in the factory environment. Worker instructions will be derived using an automatic reasoning engine and a set of ground knowledge about processes, tools, and task sequences that cannot be directly reasoned from product structure and geometry. Finally, the connection between worker, process instructions, and digital twins should not be a one-way route, but the feedback and interaction of the user with the system should be incorporated in a safe und privacy preserving manner.
[bookmark: _Toc196321027]Worker feedback system
Product model combined with production processes models will be linked with the real-time measurement data provided by sensors. Part and tool identification and tracking in a work cell will be possible. This will allow automatic derivation of process instructions for workers adapted to the current context utilizing in the background the smart instruction generation module. Screens and augmented reality solutions will provide this information to the worker. Finally, user input based on natural speech recognition and gesture recognition will be implemented to provide user-friendly user interface.



[bookmark: _Toc196321028]State of the Art 
ARTWORK proposes a combination of hardware and software solutions that will provide part and tool identification and tracking in a work cell. In addition, user input based on natural speech recognition and gesture recognition will be implemented to provide a user-friendly user interface. Therefore, the following three areas are of importance and are relevant for considering state of the art
· Digital Twin of the factory worker and station equipment will be one of the key challenges for the project. Accurate model representing not only geometric information, but also kinematic characteristics, behavior models able to react to events, overall fatigue models and visual information (visual material models), will allow to better plan the manual assembly production cells and connect the digital twin to its real counterpart.
· Smart Instruction generation: Worker instructions will be derived using automatic reasoning engine and set of ground knowledge about process, tools, and task sequences that cannot be directly reasoned from product structure and geometry. Adequate, context-sensitive visualization of worker instructions is one of the challenges in the factory environment, on the one hand a set of screens and augmented reality solutions could provide this information, on the other, more direct interface like spotlights, laser pointers, or even multimedia projects indicating parts, tools, and features that require worker’s attention will be combined into a comprehensive support system.
· Worker feedback System: Product model combined with production processes models will be linked with the real-time measurement data provided by sensors, this will allow automatic derivation of process lists for workers. Those tasks and operations will be adjusted automatically to create worker instructions using environment information, knowledge base, worker personal preferences to adjust task representation and work instructions in real-time, based on selected task order execution chosen by the worker actions.



[bookmark: _Toc196321029]Smart Digital Twin of Tools, Equipment and Worker
[bookmark: _Toc196321030]Virtual Preparation of Manual Assembly Stations
Due to the increase in complexity of the product development process and the number of product variations, more digital tools within the production systems are required. Virtual preparation of manufacturing systems has been employed as a low-cost and low-risk way to provide quick analysis, experimentation, and evaluation in the early stages of production planning [vp1]. While this approach has been used extensively and successfully for automated systems, manual manufacturing systems are less supported in real-world cases. However, “Industry 4.0” requires a paradigm shift in manual production and a new type of factory worker: “Operator 4.0”. There will be a need for greater flexibility in manual manufacturing which raises the demand for earlier planning of factory layouts, assessment of workplace ergonomics, and more agile training solutions [vp2].
Digital Human Models (DHMs) have been utilized to virtually assess the ergonomics and logistics of a sequence of manual assembly tasks. Recent advancements have enabled a higher degree of automation within DHMs, but further development to supporting manufacturing with high variability and a diverse workforce [vp3] is required. Traditional factory layout planning tools range from advanced optimization algorithms to digital visualization and simulation-based planning, but a holistic solution is missing [vp4]. Recent developments show that utilizing DHMs in the loop may improve manual workstations in terms of walking paths and movement [vp5].
In ArtWork we aim to lower the threshold for using DHMs in the virtual preparation of dynamic manual assembly stations in terms of ergonomic assessment, load balancing, and station layout planning.
References:
[vp1] D. Mourtzis, Simulation in the design and operation of manufacturing systems: state of the art and new trends, Int. J. of Production Research Vol. 58 (7), pp. 1927–1949, 2020.
[vp2] D. Romero, J. Stahre, M. Taisch, The Operator 4.0: Towards socially sustainable factories of the future, Computers & Industrial Engineering, Vol. 139, 2020.
[vp3] L. Hanson, D. Högberg, E. Brolin, E. Billing, A.I. Pascual, M. Lamb, Current Trends in Research and Application of Digital Human Modeling, Proceedings of the 21st Congress of the International Ergonomics Association (IEA 2021), pp. 358–366, 2022.
[vp4] E. E. Aleisa and L. Lin, For effective facilities planning: Layout optimization then simulation, or vice versa?, in Proceedings of the Winter Simulation Conference, pp. 5–pp, 2005. 
[vp5] P. Mårdberg, J. Fredby, K. Engström, Y. Li, R. Bohlin, J. Berglund, J. S. Carlson, J. Vallhagen, A novel tool for optimization and verification of layout and human logistics in digital factories, Procedia CIRP, Volume 72, 2018, pp. 545-550.
[bookmark: _Toc196321031]Human Motion Simulation and Ergonomics
When it comes to human motion simulation, we can separate existing technology into four categories. 
· High-detailed DHMs model the human body as realistic as possible, using highly specialized tools [me1]. These tools are prominent in ergonomics evaluations but lack real-time performance and integrateability.
· Animation systems are widely used in the entertainment industry, where individual animation clips are combined based on manual configurations. These systems are highly optimized for real-time performance, but not for accurate simulations or ergonomic analysis. 
· Data-driven motion simulation is using neural networks trained on large motion capture databases to synthesize motion [me2, me3]. Compared to animation systems, less manual effort is required to achieve higher naturalness of motions.
· Physics-based motion simulation depicts the humanoid as a kinematic figure in a physics engine controlled by neural networks. These models try to cope with external stimuli [me4, m5] and can be combined with DHMs [me5], but often are running in more real-time optimized engines [me4]. 
These systems can be combined via co-simulation using for example the MOSIM+ Framework [me6].
In ArtWork, we are aiming to develop new technologies for the creation of smart motion models, improving the functionality of the MOSIM+ Framework and incorporating more insights from DHMs to the motion simulation. 
References:
[me1] Högberg, D., Hanson, L., Bohlin, R. & Carlson, J. S. Creating and shaping the DHM tool IMMA for ergonomic product and production design. Int. J. Digit. Hum. 1, 132 (2016).
[me2] Starke, S., Zhang, H., Komura, T., & Saito, J. (2019). Neural state machine for character-scene interactions. ACM Trans. Graph., 38(6), 209-1.
[me3] Taheri, O., Ghorbani, N., Black, M. J., & Tzionas, D. (2020, August). GRAB: A dataset of whole-body human grasping of objects. In European conference on computer vision (pp. 581-600). Springer, Cham.
[me4] Peng, X. B., Guo, Y., Halper, L., Levine, S., & Fidler, S. (2022). ASE: Large-Scale Reusable Adversarial Skill Embeddings for Physically Simulated Characters. arXiv preprint arXiv:2205.01906.
[me5] Lee, S., Park, M., Lee, K., & Lee, J. (2019). Scalable muscle-actuated human simulation and control. ACM Transactions On Graphics (TOG), 38(4), 1-13.
[me6] Sprenger, J., Gaisbauer, F., Klodowski, A., Antakli, A., Fischer, K. „The MOSIM+ Framework“, Available at: www.github.com/dfki-asr/MOSIM. (Accessed: 11.02.2022)
[bookmark: _Toc196321032]Behavior Models for Digital Twins
The (multi-) agent paradigm is an established approach to implement digital twins, especially in smart manufacturing [bh1, bh2, bh3]. A single software agent is described as an autonomous software unit which interacts with its environment via sensors and actuators in a goal-oriented manner using a decision-making process or behavior model. The behavioral model used in such an agent depends strongly on the agent environment, the goals pursued, and the capabilities of the real counterpart in case of a digital twin. For example, the behavior of a machine can be described by subprocesses that are processed sequentially. For parallel and choice process compositions as well as communication between systems, unified model language [bh4] or business process model and notation [bh5] can be utilized. In addition to finite state machines [bh6], behavior trees [bh7] are also playing a prominent role in realizing reactive behavior of human characters in games. To dynamically generate motion sequences, classical action planning [bh8] as well as answer set programming [bh9] can be used. [bh10] defines a behavior model that relies on the formalized natural language assembly process description of [bh11] to generate action sequences for simulating assembly processes. To realize probabilistic action planning in environments with uncertainty, Markov decision processes are suitable for modelling probabilistic behavior and have come more into focus with the advent of modern neural networks for implementing simulated human behavior [bh9], but also to control digital twins in manufacturing as in [bh12].


References:
[bh1] Zheng, X., Psarommatis, F., Petrali, P., Turrin, C., Lu, J., & Kiritsis, D. (2020). A quality-oriented digital twin modelling method for manufacturing processes based on a multi-agent architecture. Procedia Manufacturing, 51, 309-315
[bh2] Nie, Q., Tang, D., Zhu, H., & Sun, H. (2021). A multi-agent and internet of things framework of digital twin for optimized manufacturing control. International Journal of Computer Integrated Manufacturing, 1-22
[bh3] Lorente, Q., Villeneuve, E., Merlo, C., Boy, G. A., & Thermy, F. (2022). Development of a digital twin for collaborative decision‐making, based on a multi‐agent system: application to prescriptive maintenance. In INCOSE International Symposium (Vol. 32, pp. 109-117)
[bh4] Odell, J. J., Parunak, H., & Bauer, B. (2000). Representing agent interaction protocols in UML. In International Workshop on Agent-Oriented Software Engineering (pp. 121-140). Springer, Berlin, Heidelberg
[bh5] Kraiem, N., Kaffela, H., Dimassi, J., & Al Khanjari, Z. (2014). Mapping from MAP models to BPMN processes. Journal of Software Engineering, 8(4), 252-264
[bh6] Wagner, F. (2006). Modeling software with finite state machines: a practical approach. Auerbach Publications
[bh7] Dawe, M., Gargolinski, S., Dicken, L., Humphreys, T., & Mark, D. (2019). Behavior selection algorithms: an overview. Game AI Pro 360, 1-14
[bh8] Aineto, D., Jiménez, S., & Onaindia, E. (2018). Learning STRIPS action models with classical planning. In Proceedings of the International Conference on Automated Planning and Scheduling (Vol. 28, pp. 399-407)
[bh9]  Antakli, A., Vozniak, I., Lipp, N., Klusch, M., & Müller, C. (2021). HAIL: Modular agent-based pedestrian imitation learning. In International Conference on Practical Applications of Agents and Multi-Agent Systems (pp. 27-39). Springer, Cham
[bh10] Busemann, S., Steffen, J., & Herrmann, E. (2016) Interactive Planning of Manual Assembly Operations: From Language to Motion. Procedia CIRP, Research and Innovation in Manufacturing: Key Enabling Technologies for the Factories of the Future - Proceedings of the 48th CIRP Conference on Manufacturing Systems, 41: 224–29
[bh11] Manns, M., R. Wallis, & J. Deuse. (2015) Automatic Proposal of Assembly Work Plans with a Controlled Natural Language. Procedia CIRP, 9th CIRP Conference on Intelligent Computation in Manufacturing Engineering - CIRP ICME ’14, 33: 345–50
[bh12] Xia, K., Sacco, C., Kirkpatrick, M., Saidy, C., Nguyen, L., Kircaliali, A., & Harik, R. (2021) A digital twin to train deep reinforcement learning agent for smart manufacturing plants: Environment, interfaces and intelligence. Journal of Manufacturing Systems, 58, 210-230


[bookmark: _Toc196321033]Intelligent Generation of Intuitive Work Instructions
[bookmark: _Toc196321034]Update of Digital Twin Using Optical Tracking and Forecasting
Extensive research work is being carried out in the field of "computer vision" for object recognition/classification and pose estimation. Impressive results have been achieved here by advancing deep learning approaches using neural networks [ai1]. Among other challenges, AI systems still rely on large amounts of training data which are not easy to generate. Using synthetic data is a viable solution and such can be generated when digital twin models are available. 
Because humans exhibit complex behavior, automated planning for the online generation of work instructions requires online tracking and behavior forecasting of all dynamic objects and thus online measurements as well [ai4, ai5, ai6]. State-of-the-art approaches for tracking, pose estimation, and forecasting are today mainly based on deep neural networks [ai2]. Any real system will require robustness to many perturbations, including sensing, detection, and tracking deficiencies. Existing literature on (human) trajectory prediction most commonly evaluates deterministic approaches. Due to the stochastic nature of human motion and the inherent uncertainty of the future, probabilistic approaches such as mixture density networks [ai7] are promising and can predict multiple future scenarios. Furthermore, despite the advances in software testing, machine learning based systems have introduced unprecedented challenges, since their behavior is closely defined both by the code that implements them, and the data used for training them [ai8]. In this project, we aim to include the operator in the loop and use the digital twin together with automated planning techniques that deliver context-based work instructions.
References:
[ai1] Sundermayer et al. Augmented autoencoders: Implicit 3d orientation learning for 6d object detection., ECCV 2019 
[ai2] Rudenko A, Palmieri L, Herman M, Kitani KM, Gavrila DM, Arras KO. Human motion trajectory prediction: a survey. The International Journal of Robotics Research. 2020;39(8):895-935. doi:10.1177/0278364920917446
[ai3] Yucheng, Chen & Tian, Yingli & He, Mingyi. (2020). Monocular human pose estimation: A survey of deep learning-based methods. Computer Vision and Image Understanding. 192. 102897. 10.1016/j.cviu.2019.102897.
[ai4] Ali Ahmad Malik, Alexander Brem, Digital twins for collaborative robots: A case study in human-robot interaction, Robotics and Computer-Integrated Manufacturing, Volume 68, 2021.
[ai5] Chinesta, F., Cueto, E. Empowering engineering with data, machine learning and artificial intelligence: a short introductive review. Adv. Model. and Simul. in Eng. Sci. 9, 21 (2022).
[ai6] A. Hanna, K. Bengtsson, M. Dahl, E. Erős, P. -L. Götvall and M. Ekström, "Industrial Challenges when Planning and Preparing Collaborative and Intelligent Automation Systems for Final Assembly Stations," 2019 24th IEEE International Conference on Emerging Technologies and Factory Automation (ETFA), 2019, pp. 400-406, doi: 10.1109/ETFA.2019.8869014.
[ai7] Z. Zhang, E. Dean, Y. Karayiannidis and K. Åkesson, "Motion Prediction Based on Multiple Futures for Dynamic Obstacle Avoidance of Mobile Robots," 2021 IEEE 17th International Conference on Automation Science and Engineering (CASE), 2021, pp. 475-481.
[ai8] Riccio, V., Jahangirova, G., Stocco, A. et al. Testing machine learning based systems: a systematic mapping. Empir Software Eng 25, 5193–5254 (2020).
[bookmark: _Toc196321035]Automated Generation of Plans and Work Instructions
Automated planning is typically used for highly automated systems [p3] to support manufacturing of products with many variants. However, automated planning for generating work instructions for humans with high variability and modern assembly line structures is a much less explored area [p6]. Many real-world situations are not covered by current research approaches. Automation of assembly line planning including product sequencing, assembly line station balancing, and generation of intuitive work instructions has low uptake in the industry due to the gap between theory and practice [p1, p2, p5]. One explanation is that the models are too restrictive and lack generality and flexibility to represent real-world problems where many factors come into play such as worker ergonomics, workplace safety, logistics, and the factory layout to name a few. Our experience concurs: real-world assembly line planning is still mostly a manual process where plans are set and fixed days or weeks in advance while planning must be done with several stakeholders in the loop.
In ArtWork we aim to advance the SotA: 
· The existing theory focuses on finding optimality for a fixed set of constraints, while ArtWork focuses on flexibility when variability is great, market demands change, and there are unforeseen supply disturbances. Finding acceptable solutions to plan ahead and modify plans quickly and reliably under changing conditions is more important than optimality.
· The existing theoretical models use simplifications to solve the problem algorithmically without human intervention. ArtWork puts humans in the loop, providing essential decision support to accommodate needed flexibility and complicating factors such as ergonomics and logistics. [p4, p6].
· There is a lack of software solutions for automatic decision support, where the engineer is in the loop for input, feedback, and final decisions. In ArtWork, the human aspects will be incorporated throughout engineering and production to accommodate operator desires and feedback in real time. 
References:
[p1] M. E. Salveson. “The Assembly-Line Balancing Problem”. In: Transactions of the American Society of Mechanical Engineers 77.6 (July 2022), pp. 939–947. 
[p2] N. Boysen, P. Schulze, and A. Scholl. “Assembly line balancing: What happened in the last fifteen years?” In: European Journal of Operational Research 301.3 (2022), pp. 797–814. issn: 0377-2217. https://doi.org/10.1016/j.ejor.2021.11.043
https://www.sciencedirect.com/science/article/pii/S0377221721009942
[p3] B. Lennartson, K. Bengtsson, C. Yuan, K. Andersson, M. Fabian, P. Falkman, and K. Åkesson., "Sequence Planning for Integrated Product, Process and Automation Design," in IEEE Transactions on Automation Science and Engineering, vol. 7, no. 4, pp. 791-802, Oct. 2010.
[p4] C. Fink, W. Krutrök, O. Schelén and U. Bodin, "Layout planning in assembly line kitting - a constraint programming approach," 2021 26th IEEE International Conference on Emerging Technologies and Factory Automation (ETFA ), 2021, pp. 1-8.
[p5] Y. Wang and Z. Wu, Model construction of planning and scheduling system based on digital twin. Int J Adv Manuf Technol 109, 2189–2203 (2020). 
[p6] M. Dahl, C. Larsen, E. Eros, K. Bengtsson, M. Fabian, and P. Falkman, “Interactive formal specification for efficient preparation of intelligent automation systems”, CIRP Journal of Manufacturing Science and Technology, Volume 38, 2022, Pages 129-138.
[bookmark: _Toc196321036]Intuitive Worker Instructions
With the integration of technology, robots, automated factory lines and intelligent manufacturing, the worker is required to use cognitive skills to work efficiently [ia1]. On-site assistance is necessary to help workers to become proficient in the required skills, to improve their productivity and effectiveness. Traditional training methods lack worker-centered considerations that are particularly in need when workers are facing great variation of needs, especially in high-mix production environments, with many product variants [ia2]. New approaches providing worker-centered instructions are needed, including multi-modal sensing techniques which perceive individual workers, together with solutions understanding the workers intention and behavior. Additionally, the detection and identification of parts/tools the worker is interacting with is required. From the aggregation of these approaches, adequate guidance instructions tailored to the cognitive state and specific demand of the user can be inferred and provided. Instructions should be available in different output modalities to best match the worker’s needs [ia3]. Moreover, they should be provided in an accessible way.
A specifically promising technology is multi-modal augmented reality or mixed reality.  The introduction of virtual elements blended with the real world has the potential to introduce improvements in several manufacturing areas (production, logistics, maintenance, etc.). Recent technologies in Extended Reality (XR) not only support this, but can also introduce new possibilities, such as the time-room flexibility [ia4]. Recent research in the field of worker instruction provision systems proposes the use of user-centered smart XR systems for providing on-site instructions (texts, videos, 3D animations with homography transformation). This can reduce assembly times and errors in more than 30% [ia5], showing enhanced intuitiveness and effectiveness. 
References:
[ia1] S. Doolani et al., ‘A Review of Extended Reality (XR) Technologies for Manufacturing Training’, Technologies, vol. 8, no. 4, Art. no. 4, Dec. 2020, doi: 10.3390/technologies8040077.
[ia2] W. Tao, Z.-H. Lai, M. C. Leu, Z. Yin, and R. Qin, ‘A self-aware and active-guiding training & assistant system for worker-centered intelligent manufacturing’, Manufacturing Letters, vol. 21, pp. 45–49, Aug. 2019, doi: 10.1016/j.mfglet.2019.08.003.
[ia3] P. Renner and T. Pfeiffer. ´AR-glasses-based attention guiding for complex environments: requirements, classification and evaluation. Proceedings of the 13th ACM International Conference on PErvasive Technologies Related to Assistive Environments. 2020.
[ia4] Å. Fast-Berglund, L. Gong, and D. Li, ‘Testing and validating Extended Reality (xR) technologies in manufacturing’, Procedia Manufacturing, vol. 25, pp. 31–38, Jan. 2018, doi: 10.1016/j.promfg.2018.06.054.
[ia5] Z.-H. Lai, W. Tao, M. C. Leu, and Z. Yin, ‘Smart augmented reality instructional system for mechanical assembly towards worker-centered intelligent manufacturing’, Journal of Manufacturing Systems, vol. 55, pp. 69–81, Apr. 2020, doi: 10.1016/j.jmsy.2020.02.010.


[bookmark: _Toc196321037]Context-Based Worker Assistance System
[bookmark: _Toc196321038]Worker Support Systems
By using fixed screens to display worker instructions, the worker is interrupted during the observation of the screen information. Augmented reality support, using for example special glasses, can provide instructions as a visual overlay, but have a high computational load due to the capturing, evaluation, and integration of objects from the perceived camera to the displayed visual overlay [ws1]. As there are many different technologies for providing assistive information during assembly [ws2], a systematic selection method for the decision-makers was presented [ws3]. 
Market-ready worker support systems focus on reducing training time [ws4] using head-mounted displays to display information in an ergonomic way [ws5] or RFID based loading of assembly instructions using projection displays [ws6]. A guideline for the development of similar XR systems has been introduced by [ws7]. Further development of such worker assistance systems should enable more comprehensive synchronization of the current activities of the worker with assembly instructions provided by the assistance system. Continuous tracking of the work activities is necessary to direct the workers focus to individual steps of the assembly plan. This includes repeating or jumping to future steps of the assembly plan or repeating them at a different pace. To save additional hand movements, the use of voice-controlled elements could be helpful. In addition, the current work progress should be coordinated with the work context, e.g., with internal logistics. This should result in a transition from a passive information-providing to an actively coordinating worker assistance.
References:
[ws1] Cedric Westphal: Challenges in Networking to Support Augmented Reality and Virtual Reality, Huawei, 2016.
[ws2] Mark, Benedikt G., Erwin Rauch, und Dominik T. Matt. „Worker Assistance Systems in Manufacturing: A Review of the State of the Art and Future Directions“. Journal of Manufacturing Systems 59 (April 2021): 228–50. https://doi.org/10.1016/j.jmsy.2021.02.017.
[ws3] Mark, Benedikt G., Erwin Rauch, und Dominik T. Matt. „Systematic Selection Methodology for Worker Assistance Systems in Manufacturing“. Computers & Industrial Engineering 166 (April 2022): 107982. https://doi.org/10.1016/j.cie.2022.107982.
[ws4] Senderek, R., Schnell, M.. Engineering und Mainstreaming lernförderlicher industrieller Arbeitssysteme für die Industrie 4.0, Available at: https://projekte.fir.de/elias/das-projekt. (Accessed: 14.11.22)
[ws5] R. Müller, M. Vette-Steinkamp, L. Hörauf, C. Speicher, and A. Bashir, ‘Worker centered cognitive assistance for dynamically created repairing jobs in rework area’, Procedia CIRP, vol. 72, pp. 141–146, Jan. 2018, doi: 10.1016/j.procir.2018.03.137.
[ws6] Bosch Rexroth AG. ActiveAssist assistance system - modular, connected, interactive. Available at: https://www.boschrexroth.com/en/xc/products/product-groups/assembly-technology/news/activeassist-assistance-system/index. (Accessed: 14.11.22)
[ws7] L. Gong, Å. Fast-Berglund and B. Johansson, A Framework for Extended Reality System Development in Manufacturing, IEEE Access Vol. 9, pp. 24796-24813, 2021
[bookmark: _Toc196321039]Usage of Sensors in Production
Modern production lines are designed to integrate in-series and/or single stations, including managed workplaces, and generate output data with the integration of sensors capturing information regarding positioning, equipment wear for maintenance prediction, and cycle times of the controlled production process. However, most of the gathered data is normally stored on the local process controller, i.e. PLC or local industrial PC, and not sent to a backend or server. Thus, the automated processing of data with specific algorithms required for additional awareness, such as process flow diagnosis or operator support, is not possible. Hence, the performance of industrial production lines strongly depends not only on the individual technical skills of the operator and components but also on their required engineering processes, monitoring and maintenance functionalities.
The above process control has almost no interaction with the operator regarding process flow, this means that it has not enough cyber-physical production systems to generate context-aware instructions, i.e. instruct/propose correct tools to use, deliver in-hand parts to operator, monitor work balance or measure operator posture to understand usability and efficiency issues.
An intelligent space should respond automatically to needs from the operator, meaning the activities of the operators must be identified by cameras, wearable positioning systems, or based on voice signals, and these multi-sensory data should be processed by artificial intelligence and machine learning solutions.
References:
[sp1] Tamás Ruppert, Szilárd Jaskó, Tibor Holczinger and János Abonyi, Enabling Technologies for Operator 4.0: A Survey, Appl. Sci. 2018, 8, 1650; doi:10.3390/app8091650.
[sp2] Marco Ehrlich, Lukasz Wisniewski and Jurgen Jasperneite, State of the Art and Future Applications of Industrial Wireless Sensor Networks, 2018, DOI: 10.1007/978-3-662-55232-2_3 .
[sp3] Pereira, A.; Romero, F. A review of the meanings and the implications of the Industry 4.0 concept. Procedia Manuf. 2017, 13, 1206–1214 .
[sp4] Tahera Kalsoom, Naeem Ramzan, Shehzad Ahmed and Masood Ur-Rehman, Advances in Sensor Technologies in the Era of Smart Factory and Industry 4.0, Sensors 2020, 20, 6783; doi:10.3390/s20236783.
[sp5] Castelo-Branco, I.; Cruz-Jesus, F.; Oliveira, T. Assessing Industry 4.0 readiness in manufacturing: Evidence for the European Union. Comput. Ind. 2019, 107, 22–32 
[sp6] Ghobakhloo, M. The future of manufacturing industry: A strategic roadmap toward Industry 4.0. J. Manuf. Technol. Manag. 2018, 29, 910–936.
[bookmark: _Toc196321040]Speech Recognition and Performance
Today, traditional speech recognition systems work in a hybrid fashion where the outputs of different machine learning models are merged in decoding time to output the uttered sentences [sr1]. These models are composed of models such as the pronunciation model, acoustic model, and language model, which are trained distinctively on different datasets [sr2]. One disadvantage of this method is that the optimal results for each model may not end in the optimal result when the models are merged in decoding time. Another disadvantage is each model needs lots of engineering and domain expertise to train. Recently end-to-end speech recognition systems, which overcame the disadvantages, captured lots of attention and started to produce state-of-the-art speech recognition outputs [sr3]. These models use a single deep neural network to map speech signals to written sentences by having a single optimization target. 
There is growing need to develop end-to-end speech recognition systems that are optimized for industrial needs in relevant languages: new state-of-the-art speech recognition performance for languages not supported by available cloud services, shared as SaaS via AI-on-Demand platform; language-independent acoustic event detection model, shared open source via AI-on-Demand platform; and most importantly, insights into designing systems with context and uncertainty-aware automatic speech recognition in human-AI hybrid-decision systems and context and uncertainty aware speech recognition [sr4].
References:
[sr1] Comparison and Analysis of New Curriculum Criteria for End-to-End ASR; Karakasidis, G., Grósz, T. & Kurimo, M., 2022, Proceedings of Interspeech'22. International Speech Communication Association, p. 66-70 5 p. (Proceedings of the Annual Conference of the International Speech Communication Association, INTERSPEECH).
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[bookmark: _Toc196321041]Link to Previous and/or Current Collaborative Research Projects:
Connection of the current project proposal to the other research projects closely related to the smart and connected worker topic is given in Table 2.
[bookmark: _Ref119338364]Table 2 Link to previous and/or current collaborative research projects
	Project name
	Collaborative programme
	Time period (approx.)
	Technical focus
	Relationship

	MOSIM
	ITEA
	2018 - 2021
	Modular simulation of human motions based on an extended FMU standard (MMU)
	Experience and components will be introduced by LUT, DFKI, DAIMLER, TWT, VOLVO, FCC, 

	AIToC
	ITEA
	2020 - 2023
	Usage of artificial intelligence in the engineering tool chain
	Experience and components will be introduced by partner DAIMLER, VOLVO, TWT, CHALMERS, FCC, LUT

	SPEAR
	ITEA
	2017-2020
	energy optimization of plants’ production processes, production lines and (industrial) buildings
	Experience and compo­nents will be introduced by partner TWT, VOLVO, CHALMERS, Sistrade

	ENTOC
	ITEA
	2016 - 2019
	3D modelling; engineering tool chain; component libraries; app store technologies
	Experience and compo­nents will be introduced by partner DAIMLER, TWT, IFAK, VOLVO, CHALMERS

	OPTIMUM
	ITEA
	2017 – 2021
	Engineering, commissioning, control and monitoring of "material handling" and "smart manufacturing" solutions based on distri-buted controls, use of IIoT concepts and consideration of context and location information.
	Context awareness and collaboration at runtime introduced by partner IFAK

	BaSys 4.2
	BMBF Germany
	2019 – 2022
	Representation of the digital twin as an Asset Administration Shell; Semantics of generic descriptions
	Implementation option of the digital twin introduced by partner IFAK

	Arrrowhead Tools
	Ecsel
	2019-2022
	Digitalization and automation in industry, including integration of IT and OT), run-time engineering of IoT and System of Systems (SoS).
	Automated kitting with human in the loop. Volvo, LTU, IFAK


	Productive 4.0
	Ecsel
	2017-2020
	Digital networking of manufacturing companies, production machines and products, by service-oriented architectures and IoT/CPS.
	Automated digital contract negotiation in production supply chain. Volvo, LTU
Industrial middleware. ISEP, IFAK, TWT

	SEED  
	Business Finland/Co-Innovation
	2019-2021
	Solid value of digitalisation in forest industry:  Operational excellence, digital twins & Productivity, Future work &Tacit know-ledge & Ecosystem orchestration in platform economy.
	Speech recognition, text analysis and machine translation by partner Lingsoft

 

	COACH
	Business Finland, Co-Innovation
	2022-2024
	Intelligent Human Technology Co-agency in Process Control. UC owners MetsäBoard& &Kemira, Valmet Automation
	User knowledge & training; speech recognition & machine translation. Technology enabler: Lingsoft   

	Microservices at Your Service  
	INEA CEF
	2021-2023
	Making natural language processing (NLP) tools freely and openly available in EU languages.
	Dockerising the language tools and expose a web service API to the tool, easily reusable for the interested parties, e,g,  industry. Co-ordinator: Lingsoft

	Valu3s
	Ecsel
	2020-2023
	Verification and Validation of Automated Systems’ Safety and Security

	Use of simulators and digital twins in verification of trained functionality

	DigiBuzz
	Business Finland, Co-Innovation
	2019 - 2022
	Digital twin-based decision-making, product life cycle management and IoT ecosystem creation and operation
	Digital Twin ecosystem for the manufacturing industry with commercialization concepts jointly with Wärtsilä, Sandvik, Raute and Process Genius.

	SANTTU
	Business Finland, Co-Innovation
	2022 - 2024
	Using sensors and simulation for automated mobile machinery to improve efficiency and operator wellbeing.
	Solutions to lessen the stress of machines and machine operators with LUT, Sandvik, Raute, Mantsinen and Ponsse.

	Remote Virtual Physiotherapist
	Academy of Finland, Research Council for Natural Sciences and Engineering
	2022 - 2026
	Using sensor signals to actuate dynamic biomechanical computer models based on multibody system dynamics 
	Developing real-time computation procedures to automate and optimize musculoskeletal rehabilitation
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