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Abstract:

Significance  The edge intelligence-enhanced sixth-generation (6G) mobile networks aim to build an integrated
architecture that combines sensing, communication, and computation, continuing the trend of 5G’s rapid
expansion into vertical industries. Looking ahead, Industry 5.0—defined by human-centric design and large-
scale personalized customization—requires 6G-enabled industrial networks to simultaneously meet the demands
of sensing, transmission, and control. The efficient interconnection, communication, and intelligent management
of large-scale Industrial Internet of Things (IIoT) devices remains fundamental to the digital, networked, and
intelligent transformation of the manufacturing sector and its high-quality development. However, limited
device resources, complex industrial environments, and the fragmented design of sensing, transmission, and
control systems present major challenges. These include limited capability for comprehensive and accurate
information sensing, inefficient interaction among heterogeneous devices and systems, and difficulties in
achieving intelligent closed-loop collaboration across sensing, transmission, and control. Integrating Intelligent
Sensing, Transmission, and Control (ISTC) is essential to enabling intelligent communications in industrial
scenarios, facilitating the intelligent interconnection of humans, machines, objects, and environments, and
enhancing intelligent management and control across production lines.

Progress  Achieving semantic interoperability across heterogeneous industrial systems is the core barrier to
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the integrated design of sensing, transmission, and control, and is also critical to enabling agile interaction
between diverse systems, reducing subsystem development and deployment costs, and building autonomous,
self-managing industrial networks. Modern IloT systems typically integrate parallel subsystems across
Information Technology (IT) and Operational Technology (OT) domains, each with independent data models
and semantic specifications, resulting in natural interoperability barriers. These barriers restrict efficient
interaction and expected collaborative operation across vendors and platforms, significantly limiting large-scale
interconnection and data sharing. Therefore, comprehensive and accurate information sensing, reliable and
efficient transmission, and responsive feedback control have become key requirements for future IIoT networks.
Specifically: (1) Intelligent Sensing: Overcoming the limitations of the Nyquist sampling theorem through
interpretable intelligent sensing is a prerequisite for ISTC. (2) Semantic Transmission: The effective extraction
and unified representation of industrial semantics, combined with intelligent semantic-level interaction, are
critical to ensuring interoperability in heterogeneous systems while maintaining operational efficiency and
sustainable performance. (3) Integrated ISTC: Joint design of edge-intelligent sensing, efficient transmission,
and optimal control enables streamlined workflows in industrial scenarios, reducing system response time,
improving control accuracy, and optimizing energy efficiency.

Conclusions  This paper proposes an intelligent collaborative architecture for IIoT networks comprising edge
nodes or terminals, intelligent gateways, and industrial cloud platforms. The focus is placed on three key
technologies within Integrating ISTC: (1) Intelligent sensing methods for IIoT networks: These methods
enhance sensing efficiency and accuracy by applying interpretable, physics-informed deep compressed sensing
approaches to IIoT devices and systems. (2) Robust Industrial Semantic Communications (ISC) driven by
cognitive intelligence: This technology combines industrial knowledge graphs with semantic communication
mechanisms to improve semantic interoperability and transmission efficiency across heterogeneous industrial
systems. (3) Joint design of edge-intelligent sensing, efficient semantic transmission, and optimal control: By
clarifying the intrinsic coupling among sensing, transmission, and control processes, this approach optimizes the
collaborative service capability of heterogeneous industrial networks and systems.

Prospects  Despite progress, ISTC still faces considerable challenges. Future research may focus on the
following directions: (1) Industrial large models and intelligent agents: The development of specialized AI
models remains essential, particularly in core industrial domains where implicit knowledge is concentrated. (2)
Industry 5.0: Achieving efficient, semantic-level human-machine collaborative interaction will be a key
breakthrough for future industrial scenarios. (3) Industrial cross-modal collaborative interaction: Integrating
data across modalities and mining knowledge from diverse sources present significant challenges but are
essential for enabling advanced collaborative interaction in IIoT networks. (4) Industrial digital twins: For
complex industrial environments and physical systems, continued advances in digital twin technology—
particularly in high-precision semantic perception, real-time efficient interaction, and adaptive fault-tolerant
control, will play a critical role in accelerating ISTC development.

Key words: Industrial IoT Networks; Integrating Sensing, Transmission, and Control (ISTC); Industrial

semantic communications; Deep Compressed Sensing



