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Platforms (LsDT), highlighting how this technological convergence can substantially enhance real-time broadcasting experiences. Digital Twins serve as virtual replicas of physical systems, utilizing real-time data from various sensors and Internet of Things (IoT) technologies to not only simulate but also predict real-world behaviors and outcomes accurately. This capability becomes critically important in livestreaming environments, where immediate data analysis and interaction are paramount.
Web Appendix 1 focuses on explicating the fundamental concepts and applications of DT in general and their specific adaptations in livestreaming scenarios. Here, we explore how Digital Twins can revolutionize live broadcasts by providing broadcasters with tools to predict and resolve issues proactively, ensuring high-quality streaming and personalized viewer engagement.
Web Appendix 2 extends this discussion by listing detailed references that support the advanced applications of DT in live broadcasting mentioned in the first appendix. This includes scholarly references and practical case studies that exemplify the successful implementation of these technologies in diverse industries.
Together, these appendices aim to provide a comprehensive understanding of how Digital Twins can be leveraged to not only foresee and mitigate streaming issues but also to enhance the interactive experience for viewers, making livestreaming platforms more engaging and responsive.

Web Appendix 1. More on DT and LsDT
A digital twin is a virtual representation of a real-world entity or a system; in other words, a counterpart of a physical object and a process powered by technologies like machine learning (ML), the Internet of things (IoT), and analytics. When developing expensive hardware like a cellphone, car, or fighter jet, a virtual model enables virtual collaboration, simulation, or data acquisition for better iterative design. It helps you understand the system’s performance and behavior in a real-world scenario. The virtual replication gives you the answers to the “what if” methods without breaking the prototype. One of the main advantages of a digital twin is that the physical system and its digital twin can co-exist, communicate, and use real-life data from the physical system to improve the simulation.  The DT solution has many layers: For example, the major layer is the IoT edge that can connect a sensor with IoT cloud services.  Sensors can be connected using a WiFi gateway and a Message Queuing Telemetry Transport (MQTT) message broker. DT technology enables the creation of interactive 3D models within a virtual space, opening up a world of new possibilities for designers, managers, and researchers (Attaran et al., 2024). Indeed, it is considered the core digital technology for realizing cyber-physical systems (CPS). Digital twins are used across industries in several ways. For example, healthcare utilizes this capability for clinical diagnoses, learning, and training, while sectors such as automotive use the ability to optimize the manufacturing value chain, supply chain, product innovation, and enhancements. 
Why are digital twins important? Hardware-software partitioning in a parallel design cycle development environment accelerates design schedules. An integrated emulation and prototyping solution can maintain the design integrity that enables iterative and simultaneous verification, which can handle tasks of varied sizes and execution lengths, from smaller IP blocks to subsystems up to the system on a chip (SoC) level. It is also essential to extend this verification effort across the enterprise to other designs being developed concurrently. When managing multiple SoC design projects, it is critical to have a platform that bridges the verification productivity gap to accelerate the verification of SoCs, subsystems, IP blocks, and system-level validation. It is also essential to take a holistic view of the parameters when evaluating emulation throughput. Using a digital twin allows you to verify a chip and the software on that chip. The combined use of the Dynamic Duo emulation and prototyping platforms makes it possible to transition quickly and effortlessly from debugging a chip on the emulation platform to debugging the software running on that chip with the prototyping platform. Digital twins play a crucial role in redefining the emulation architecture with microprocessor-based technology. With digital twin deployments, customers immediately realize improved access to data. As a digital twin matures, other benefits include reduced maintenance costs, more informed process change decisions with large potential savings, and improvements in maintenance and operational efficiency. Having better designs from the start pays dividends over a project’s lifetime, as 80–90% of costs incurred during the production, use, and maintenance of a facility are determined at the design stage. Using digital twins in marketing can improve multiuser collaboration and communication. The ability to interact with data in real-time is changing the way marketing makes decisions. The power to visualize and simulate complex operations in real-time 3D has elevated how people interact with their assets, transforming the way virtually every physical space and asset on the planet is created, built, and operated. The logical design patters for DTs can be found in the article by Sanabria et al. (2022) also outline the integration levels of DTs:

LsDT
LsDT refers to a virtual representation or model of a smart interactions, incorporating various aspects of their physical, biological, and behavioral characteristics. This concept is part of the broader trend of creating cockpit digital twins, which are virtual replicas of real-world entities or systems. The goal of a LsDT is to simulate and analyze different facets of a smart product. This can be achieved by collecting and integrating data from various sources, including wearable devices, company records, social media activity, and more.
The LsDT concept has potential applications in an array of interactive marketing domains, including healthcare, and overall well-being. By creating an accurate and dynamic digital representation of a smart product, researchers and managers can gain insights into product status, predict potential issues, and tailor interventions or recommendations to specific needs. LsDT takes into account real-time data, simulation data, and the fusion of physical and virtual data to meet the needs for personalization and responsiveness. Based on abundant data and models, LsDT can construct multi-scale product models to fit different application scenarios and needs for fidelity.



Table 1. Major DT Characteristics
	Characteristics
	Description

	State
	The value of all parameters of both the physical and virtual twin in their environment

	Physical process
	The process in the real-system environment that will change or  
impact the state of the physical twin

	Virtual process                                  
	The process in the virtual environment (e.g., research) that will change or impact the state of the virtual twin

	Virtual environment
	The technology-based environment in which the virtual twin exists

	Physical entity (twin)
	The real entity (e.g., products, consumers, firms, devices)

	Virtuality
	The virtual digital twin synchronized with the physical entity at a twinning rate

	Synchronization & integration (twinning)	
	Real-time integration and convergence of physical systems and their digital counterparts

	Twinning rate
	The rate or frequency at which synchronization occurs

	Networking devices
	Physical or cloud-based communication devices for data exchange

	Cloud computing
	The delivery of computing services, including servers, storage, databases, networking, software, research, and intelligence—over the internet (“the cloud”) to offer faster innovation, flexible resources, and economies of scale

	Data storage
	Acquiring historic data of an entity for data comprehension

	Heterogeneous data 
	Ability to handle large amounts of data from different sources and formats

	Self-adjustment
	Self-adaptation and parameterization capabilities following changes in the system during its lifecycle

	Information selection
	Identifying, extracting, and storing useful information

	Pattern identification
	Identifying changes and trends via data analysis

	Physical-to-virtual connection
	Data transfer from the physical entity to the virtual environment

	Close-loop feedback
	Feedback is provided to the systems and other digital twins, using interfaces to assess the computing information

	Metrology
	Measuring the current state of the physical/virtual entity

	Optimization
	Achieving best outcomes while addressing data uncertainty

	Simulation
	Representing current status and what-if scenarios

	Location
	Enables users not co-located to collaborate in design and implementation
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