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Abstract

:

Augmented reality and virtual reality technologies are witnessing an evolutionary change in the 5G and Beyond (5GB) network due to their promising ability to enable an immersive and interactive environment by coupling the virtual world with the real one. However, the requirement of low-latency connectivity, which is defined as the end-to-end delay between the action and the reaction, is very crucial to leverage these technologies for a high-quality immersive experience. This paper provides a comprehensive survey and detailed insight into various advantageous approaches from the hardware and software perspectives, as well as the integration of 5G technology, towards 5GB, in enabling a low-latency environment for AR and VR applications. The contribution of 5GB systems as an outcome of several cutting-edge technologies, such as massive multiple-input, multiple-output (mMIMO) and millimeter wave (mmWave), along with the utilization of artificial intelligence (AI) and machine learning (ML) techniques towards an ultra-low-latency communication system, is also discussed in this paper. The potential of using a visible-light communications (VLC)-guided beam through a learning algorithm for a futuristic, evolved immersive experience of augmented and virtual reality with the ultra-low-latency transmission of multi-sensory tracking information with an optimal scheduling policy is discussed in this paper.
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1. Introduction


1.1. Background and Motivation


With the enormous growth in commercialized fifth-generation (5G) cellular systems and 6G technology on the horizon by 2030 [1], there is an increase in the demand for ultra-reliable low-latency communications (URLLC) [2,3] to provide an end-to-end latency of 1–5 milliseconds or less to replace the traditional connectivity techniques. Moreover, considering the infinite possibilities of augmented/virtual reality (AR/VR) enabled by 5G networks, the maintenance of a millisecond to sub-millisecond latency threshold is of utmost importance to unlock many game-changing technologies in AR/VR applications such as in industrial applications, holographic displays, and the touch Internet, i.e., the Tactile Internet [4], just to name a few. Due to the most-significant characteristics of 5G, namely its multi-radio access technology (multi-RAT) nature, 5G has the capability to cooperate with other radio technologies such as WiFi, a license-free technology deployed up to 200 Mbps [5]. WiFi is being claimed as the most-popular unlicensed wireless technology for providing access to high-speed Internet over wireless local area networks (WLANs), and it is estimated to support   9.5   billion devices for emerging AR/VR applications. The current generation, WiFi 6, technically known as WiFi 802.11ax, performs better due to its higher throughput of reaching   9.6   Gbps. Although 5G provides huge flexibility in deployment by supporting an enormous range of users and services, WiFi is comparatively easier to deploy through wireless routers and access points for full network coverage. Two frequency bands, namely sub-6G with a bandwidth of 100 MHz and mmWave with a bandwidth of 400 MHz, are utilized by 5G networks, whereas three non-overlapping channels with a bandwidth of 60–80 MHz are utilized by WiFi 6 access points to obtain a high performance and immersive environment in AR/VR [6]. Moreover, 5G offers immense advantages compared to WiFi 6, which is limited to a finite bandwidth per user, by providing full end-to-end connectivity due to its combined merits achieved from the mid-band and low-band and an ultra-low latency environment from the high-band in mmWave [7]. The expected theoretical latency of WiFi 6 stands at 36 ms, whereas the desired theoretical latency for 5G is within the range of 6–9 ms [6].



The end-to-end latency requirements for an AR/VR system include an interactive remote environment with a latency often ranging between   40  ms   and   300  ms  , thus providing richer visual content with a higher resolution, a higher frame rate, a high dynamic range (HDR), and 360° spherical six-degree-of-freedom (DoF) content [8]. Though enhanced Mobile Broadband (eMBB) in 5G plays a pivotal role in supporting a bandwidth that is higher than that of 4G, it is capable of offering much less improvement to low-latency without compromising on the bandwidth [9]. Therefore, this issue demands the requirement of ultra-wideband (UWB) wireless technologies [10] in enabling a low-latency system for optimized use in high-quality audio and emerging AR/VR applications by allowing timely transmission with a higher throughput. This UWB system requires an appropriate antenna design to cover both traditional LTE and sub-6G bands simultaneously [11]. Such a design requires an interface covering both line-of-sight (LOS) and non-LOS (NLOS) scenarios [12] coupled with novel hardware designs for supporting the bandwidth requirements of 6G networks by utilizing radio-frequency (RF) micro-electromechanical-system (MEMS)-empowered terahertz switches to handle a wider range of spectrum with a reduced response time [13].



There are several factors responsible for the association of delays with the simulation environment and the AR/VR devices while presenting an enhanced view of the surroundings to the users in the virtual world. The low end-to-end delay in AR/VR devices arises due to the steps involved in sensor sampling, data processing and fusion, image rendering and encoding, transmission and decoding, and displaying of each frame. These are some of the main causes for the occurrence of the motion-to-photon (MTP) latency, as shown in Figure 1. Therefore, innovative network designs, technologies, methods, and devices must be considered to improve the traditional AR/VR systems by providing an immersive seamless VR experience with extremely low end-to-end latency. However, it is required to keep the MTP latency under   20  ms   as the VR cloud services are extremely sensitive to low latency, which may cause dizziness for the users. It is challenging to maintain a low MTP latency as VR terminals have to undergo a serial process of motion capture, logic computing, picture rendering, and screen display. Hence, despite the extensive advances in AR/VR technologies, MTP latency [14] acts as the greatest barrier by holding back AR/VR adoption from proving a fully immersive experience and offers limitations in the field of view due to occlusion, as well as poor display quality. A very minimal MTP latency of less than   7  ms   for head-mounted display (HMD) users is required to avoid having an unrealistic experience of the virtual world [15]. It has been proven [16] that a latency of   5  ms   or less for both AR and VR should be experienced to have a decent effect on users without causing any motion sickness. When the data from the HMDs fail to register spatially and temporally with the user’s view of the surroundings, an effect called misregistration occurs. This phenomenon is a result of a mismatch in measuring the time consistency in tracking data displayed on the HMD considering the location and orientation of the controllers [17]. Figure 1 presents a brief description of the various types of errors arising from MTP latency in AR/VR devices. Three types of major errors, namely alignment, tracking, and rendering error, arising from MTP in HMDs along with their quantity and the technique needed to mitigate these errors are mentioned in this figure. Some hardware devices, such as optical see-through (OST) virtual headsets and simulator systems, are commonly used to translate the virtual content into the real world. However, they can also be affected by latency in the form of misregistration. Several techniques, such as time warping [17] or post-render warping [18], have been proven to improve the average quality, as well as the consistency of latency on both the display and the rendering engine.



With the unprecedented growth of VR HMDs following the announcement of the Meta Oculus [15], there still exists a gap between the end-to-end delay and a reliable wireless connection in AR/VR technology. As the latency measured in the Oculus Quest 2 is around 50–70 ms [19], people usually resort to Air Link, which is an external USB cable, to minimize the latency by 10 ms. The latency for hand gestures while playing games, even after using Air Link, remains at 29 ms, making the delay seem pretty high.




1.2. Vision and Insight


To meet the latency requirements of various AR and VR applications, a comprehensive discussion and quantitative analysis of the specifications are required. Novel communication designs with ultra-high speed, low power, and ultra-low latency specifications should be envisioned and developed. This paper discusses existing technologies, as well as several breakthrough solutions and advancements in ultra-low-latency communications in the 5G and Beyond era. Technologies such as WiFi 7, mobile edge computing (MEC), and the Tactile Internet will unlock new possibilities in remote control, mobility, automation, and industrial control, motivating communications service providers to further upgrade users’ experiences in real-time use-cases such as cloud gaming and AR/VR applications. Using such wireless technologies for network design, low-latency connectivity can also be achieved by focusing on finding an optimal end-to-end packet transmission path from transmitter’s Packet Data Convergence Protocol (PDCP) to the receiver’s PDCP from the device all the way to the application, wherever it is located (e.g., in a data center or cloud provider), and back. This leads to a necessity to meet all the requirements of an optimal message transmission [20], technologies, and the topology of the overall network architecture. Additionally, these technologies require an intelligent wireless network design by utilizing the mmWave-based technologies to support their requirements of an ultra-reliable and low-latency connection for delivering a realistic and seamless spatially aware experience to the user. Several technological challenges, such as video delivery through the mobile network and balancing the trade-offs with the gesture/head movement of AR/VR headsets, contribute to the delay in VR/AR technologies. Based on these requirements, this visionary paper focuses on providing an insight into the usage of several hardware and software requirements with the integration of 5G technology towards the upcoming 5GB networks. We illustrate a learning-based framework for enabling an evolved experience of using AR/VR with a focus on ultra-low-latency communications.




1.3. Paper Overview


The remainder of this paper is organized as follows. In Section 2, we discuss the AR/VR applications in different verticals. In Section 3, we explore the requirements for ultra-low latency from the AR/VR software and hardware perspectives. In Section 4, we present the various trade-offs associated with the performance parameters to ensure a reliable and low-latency communication. In Section 5, we provide a brief discussion on the challenges and the possible directions for future research. Finally, in Section 6, we conclude the paper. Figure 2 depicts the organization and overview of the paper. The acronyms used in the paper are listed in Table 1 along with their respective definitions.





2. AR/VR Applications


In this section, we review the main categories of applications that are using AR and VR technology as summarized in Figure 3. In Section 2.1, we highlight the benefits gained by Industry 4.0 from the implementation of virtual reality and augmented reality. In Section 2.2, we describe the ways in which AR and VR are transforming the entertainment industry by making it more immersive and engaging for the users. Section 2.3 discusses several possibilities for the use of AR/VR technology in healthcare and its evolution. In Section 2.4, the contribution of AR and VR to the automotive industry by creating a safe environment for the driver and making the assembly of cars more efficient is discussed. Section 2.5 presents the ways in which the increasing demand for or awareness of AR/VR technologies is benefiting the travel and tourism industry. In Section 2.6, the applications of virtual education to provide personalized learning or regulated environments for the learners in creative, innovative, and fun ways are highlighted.



2.1. Industry 4.0


With the need for a new approach to the modern economy, the concept of Industry 4.0 has been introduced for innovation and technological development in the next industrial revolution by utilizing machines/robots to mimic the work of humans [21]. Industry 4.0 plays a pivotal role in building modern industries with the integration of several disruptive technologies such as the Internet of Things (IoT), machine learning, computing platforms, cyber-security, robotics, simulation, additive manufacturing [22,23], and AR/VR. The main goals of Industry 4.0 are to apply advanced IT-based technology for mass customization of manufactured products and to foster the adaptive flexibility of the production chain by tracking the growth of parts and products by applying the human–machine interaction (HMI) paradigm [24]. Industry 4.0 makes use of IoT-enabled technology for optimized production in smart factories and develops business models of interaction in the value chain. The technologyperforms the role of a skilled operator such as a robot aided by a machine.



AR/VR plays an important role in industrial innovations and contributes to their increased growth by bridging the existing gaps between the physical and virtual spaces by allowing people to exist in multiple different realities, mediums, and forms. Recently, investors have accelerated their interest in the AR/VR industry, and it is predicted that the industry will grow by more than USD 125 billion by 2024 [25]. Initially, AR and VR were utilized by retailers for the promotion of their products and services to customers. With the advancement of software algorithms and cutting-edge hardware in AR/VR, they are widely used in industry as a primary resource in supervising and training industry workers to be efficient enough to tackle challenging tasks [26]. In AR, viewers get to experience some prominent scenes of the real world by overlaying the virtual things on real-world objects. AR/VR plays a pivotal role in production growth by enabling a real-time interactive visualization of production line operations and constantly supervising various phenomena affecting them. With the help of extreme computing power and low latency in sensor data provision, processing, analysis, and visual rendering, AR/VR has been able to overcome all the shortcomings of Industry 4.0 [27]. Some of the advantages of AR and VR’s usage in Industry 4.0 include their capability to generate a virtual 3D character or the user’s avatar by recording his/her physical movements. AR/VR can contribute to the maintenance and repair process by helping workers with the generation of a multimedia-based instruction manual or handbook when they are engaged in some complicated and time-consuming tasks. AR/VR has the capability to increase the work’s efficiency and reduce the cognitive load [28] of the workers by assisting them with the display of procedural information using HMDs. Recently, Industry 5.0 has been introduced to complement the Industry 4.0 paradigm with extensive advancement in research for innovative transformation in a human-centric, sustainable, and resilient manner. Industry 5.0 [29] will witness a huge shift from a technology-oriented approach to a human-centric and society-centric approach to improve the decision-making process.




2.2. Entertainment


AR and VR provide maximum benefit in the entertainment industry with their applications based on improving the gaming experience and enhancing cinema, events, shows, and museums, hence attracting more customers. The gaming industry is investing a massive amount to deploy virtual environments in entertainment as the gaming market size is expected to grow at a compound annual growth rate of   30.2  % from 2020 to 2027, as provided by Grand View Research [30]. The use of VR and AR creates an immersive environment for the gaming audience. We can consider the example of VR gaming in Ace Combat 7, where the game utilizes detailed aircraft and photorealistic scenery to provide a realistic simulation experience to the players as if they were really flying in a fighter jet [31]. AR/VR provides the realistic experience of attending live concerts while saving time by building an audience with the help of the Metaverse [32]. Artists can develop a three-dimensional virtual environment to showcase their work or ideas to the audience. The audience can experience nostalgic and insightful histories and culture without visiting a museum with the 3D interactive modules and the VR space provided by the AR/VR technologies [33].



The authors in [34] provided an explanation of a novel framework known as Harmonize to show the applications based on shared environments (SEs) for AR and VR users. Harmonize was an innovative app built with the intention of utilizing the advantages of a free and powerful engine used for animation and scene creation. In order to test and evaluate the validity of Harmonize, an immersive game was developed to offer a similar gameplay experience to both AR and VR users. The headset HTC Vive, which was made in collaboration with PC games giant Valve, was packed with 70 sensors to offer 360-degree head-tracking, as well as a 90 Hz refresh rate to the reduce latency that is responsible for causing motion sickness. Due to this issue, VR headsets with higher refresh rates are required. There is a high possibility that VR headsets with high data rates could result in a low screen resolution and low headset refresh rates. Therefore, the need for intensive computational capability and a massive communication bandwidth with ultra-low latency to transmit high-resolution/high-frame-rate videos to VR headsets arises. These demands for a massive communication bandwidth with ultra-low latency can be fulfilled with the usage of edge caching and mobile edge computing [35], which provide content and computing resources to the users with reduced latency, which are not supported by current wireless mobile networks.




2.3. Healthcare


AR/VR is gaining popularity in the healthcare sector, and the market for AR/VR in healthcare isexpected to reach nearly USD   9.7   billion in value in the next 5 years [36]. The usage of HMDs, such as goggles or headsets, enables users to interact with a computer-generated environment responsible for stimulating multiple sensory modalities, including visual, auditory, or haptic experiences [37]. The introduction of an entirely new perspective in AR/VR in the practice of medicine has enabled a systematic strategy for training physicians and other medical professionals. Medical professionals highly benefit from the AR/VR training procedure because it augments their ability to practice medicine through telehealth and telemedicine. The trainee can gain surgical experience using a VR surgical simulation system [37,38] that generates the scenario of performing an actual operation and is highly proven to reduce the error during an actual operation in the future. With the steady growth of three-dimensional avatars in the VR industry, they can be used to represent three-dimensional stereoscopic visual effects to gain an understanding of the positional relationship between objects and simulations. They can simulate the process of intravenous injection to deliver knowledge related to human anatomy [39] to medical professionals or students. Recently, the Autism Glass Project has been initiated by the Medical School of Stanford University, which uses the Google Glass AR technology to help interpret the emotions of children with autism to help them develop normal social relationships [40]. While performing surgery or during any severe injuries, pain can be controlled by a less complicated adjunctive pain control mechanism performed in the clinic on an outpatient basis provided by VR [41]. These AR/VR techniques rely on cognitive–behavioral techniques by generating VR environments to relieve pain [42].




2.4. Automotive Industry


AR/VR technology has a huge impact on the entire end-to-end process involved in the design, production, sale, and even marketing of automobiles. Moreover, the usage of the 5G network makes the adoption of these futuristic AR/VR technologies for high-speed data transfers through smartphones and Internet penetration with very low latency easier. The classical robotics methods used for risk assessment in road safety have been dominated by the usage of AR/VR technologies in autonomous vehicles to enhance road safety and improve the general driving experience [43]. Three types of AR displays, namely heads up displays (HUDs), HMDs, and heads down displays (HDDs), have been deployed for car navigation systems to guide the users with navigation information [44]. To develop autonomous vehicles (AVs), an extensive amount of training and testing of various AI approaches is required, which are expensive and time-consuming. AR/VR has been considered as the most-innovative tool to overcome these limitations due to the requirement of different simulation models to generate extensive data and test the developed AI algorithms. Their models replace existing simulation-based research on AV platforms such as MATLAB and CarSim for the evaluation human behaviors and road environments to estimate the potential safety issues of AVs [45,46]. With the advancement of VR devices, multiple implementations of HMDs were shown in [34,47,48]. To imitate the human driver’s decision-making when driving an AV, reinforcement learning (RL) has been used to evaluate risky scenarios by finding the optimized steering angles and velocity to reduce the risk of collision.




2.5. Travel and Tourism


As the outbreak of COVID-19 has resulted in a huge loss in revenue for the tourism industry, leaders are resorting to AR/VR devices as a powerful tool for boosting the post-pandemic tourism industry [49]. With the rise in demand for travel and hospitality services, travel companies are willing to invest in AR/VR technology to provide an immersive experience to their customers. VR has been proposed as a substitution for travel, which implies that it can be used as a replacement for physically visiting certain destinations, thus providing numerous benefits [50]. AR/VR technologies generate a realistic, easy, and detailed navigation of the tourism places and enable travelers to experience a bird’s-eye view of their desired destination [51]. VR can be used as an effective tool in planning a trip by allowing the tourist to communicate with other members via social media apps to gain insights into the destination through feedback from other travelers regarding their previous experiences. An AR-/VR-based application known as VirtualCruiseTour [52] is a technology dedicated to promoting shore excursions by allowing future customers to experience virtual 360° pictures or videos either in an immersive VR or non-immersive mode of their sites of interest while on a cruise. This technology has an AR module that augments a map to help the customers with the cruise route and by locating their current position and the next stop at the desired location. A marker-based approach has been used to create this AR module, where the marker (typically an ad hoc 2D image) is in the camera frame to locate the virtual content superimposed on the real world. According to Accord Marketing [53], a marketing agency, VR tourism has been rated as the third-most-popular virtual activity after virtual museum visits and virtual gaming. Many luxury hotels and properties have the option of virtual tours of hotel rooms and luxury suites so that customers can view these before making their purchase.




2.6. Virtual Education


AR and VR have gained popularity by providing students an enhanced authentic classroom experience equipped with instructions from the educator. Utilizing AR/VR technologies in classrooms has been proven to be successful in engaging students with truly unique and quality content with 360-degree views. VR tools are used to supplement the materials of the educators by helping them enhance classroom instruction by overcoming discipline restrictions and offering the students an immersive learning experience. CAVE, an immersive virtual reality environment, is considered a suitable choice for classrooms as it can be easily used inside a room whose walls, ceilings, and floors may have projection screens [54]. CAVE has a significantly lower price compared to the other HMDs and makes it easier for the teachers to assist the students in performing experiments [55]. A novel framework known as ScoolAR [56] was designed as an autonomous content creation tool for AR/VR applications by allowing the teachers to plan structured and tailor-made didactic proposals involving the students and also to avoid content that is misleading in nature. A mobile augmented reality (MAR) game named Alien Contact was designed by Dunleavy, Dede, and Mitchell for teaching mathematics, language, arts, and scientific literacy to middle and high school students. An MAR game called Explore! [57] was presented by Ardito and others to support middle school students in the exploration of archaeological sites in Italy. Google Expeditions Footnote1 [58] is a virtual application mainly used for educational purposes, which allows the users to be a part of several virtual visits to the most-evocative locations around the world including virtual travel to the depths of the oceans and space. Recently, the Air Force has introduced a virtual-reality-based flight simulator [59] designed to train pilots to have adequate flying skills in a safe environment. This flight simulator provides an immersive and natural experience for the pilot of a real aircraft by replicating the movements of a real-world control joystick in a cockpit.





3. AR/VR Hardware and Software Requirements


In this section, we review the major requirements for enabling a low-latency immersive experience from the hardware and software perspective of AR/VR technologies, as shown in Figure 4. In Section 3.1, we describe the requirements of AR/VR displays and headsets to enable a low-latency connection. Section 3.2 provides a brief idea about how to satisfy the low-latency requirements of AR/VR HMDs. In Section 3.3, we highlight the design and prototyping of several components of hardware integrated with AR/VR devices to reduce the latency of the system. Section 3.4 shows the advantages of Next-Gen WiFi in ensuring low-latency communication for AR/VR applications. Section 3.5 presents the low-latency requirements of powerful technologies such as edge computing and the Tactile Internet to support 5G and the IoT in different emerging AR/VR applications.



3.1. Low-Latency Displays and Headsets for AR/VR


The AR/VR industry has witnessed an evolution with the release of several consumer-grade VR headsets (e.g., Oculus Rift CV11, HTCVive2, and PlayStation VR3) in recent years [60]. These devices are responsible for linking the users with an environment created by the coexistence of the real and virtual world in real-time. They require a registration [61] that is both spatial and temporal in nature with very few errors so as to maintain this coexistence of the real world with the virtual one. However, some errors [62] occur in the registration due to system latency, which results in the distraction of the users due to the lag in the virtual imagery arriving at the intended position. The system latency is caused by the change in the imagery in response to the user’s movement while using the VR headset. When the rendering of the imagery occurs frame by frame with the transmission of the data to the display in the conventional manner, the registration errors cause latency. To minimize the system latency caused by waiting for the vertical synchronization, Nvidia introduced a head-worn display system known as G-Sync   TM  , where the delay can be reduced with the maximization of the input responses by allowing the display to accept the frames immediately after being rendered by a graphics processing unit (GPU) [63].



Motion-to-photon (MTP) latency is the difference between the time of the motion captured by the headset sensor and the time of the appearance of the image on the headset’s display. Long MTP latency can cause various side-effects for users, such as nausea or motion sickness. Inertial measurement unit (IMU) sensors play an active role in sampling the motion data consisting of the user’s pose information, which will be later transmitted to the rendering engine to generate a framebuffer [64]. A time lag is observed when the framebuffer is sent to the headset to display the rendered imagery. Therefore, a post-render warping approach has been introduced [65] for this type of headset to optimize the latency. This technique uses homography transformation to transform an image captured at a specific camera pose into an image at a new camera pose. The addition of a post-rendering stage with the usage of a light-weight, low-cost, optical-see-through (OST) HMD has also been shown to be highly beneficial to overcome the temporal inconsistency of registration [61]. This leads to an updated rendered imagery with the most-recent data based on head tracking. This display provides an average end-to-end latency of 80  μ s and can present binary frames to the user up to   16  kHz  . The processing of post-render warping is performed by a field programmable gate array (FPGA) for just-in-time tracking of the updates by utilizing a novel pseudo-random pulse density modulation (PDM) [61] technique for the conversion of binary pixels into a perceived grayscale format. A tracking system to report the updates frequently can be utilized to reduce the perceived latency to the sum of that tracking latency for about 80  μ s to 124  μ s of display latency. In addition to the OST display technology for post-render warping, an open-source mixed reality headset, supporting both virtual and augmented reality applications [66], provides a better MTP latency of   13.4  ms   on average and delivers an immersive experience to the user by using the post-render warping technique along with a   240  Hz   digital light projector (DLP). The Xilinx Ultrascale+ ZCU102 System-on-Chip [67] has been used to prototype the hardware architecture, and the post-render warping accelerators are processed by the FPGA of the ZCU102 to design the system of the headset. The liquid crystal displays (LCDs) of headsets are being replaced with the Texas Instruments DLPs as the projectors for AR/VR displays.



A new strategy to determine total system latency was introduced in [68] to measure the cognitive latency using video see-through devices when it becomes hard to instrument the input to measure its corresponding output signals. It was verified in [68] that the delay of humans performing a rapid motor task using different video see-through devices and also in front of a computer would correspond to the system latency. A hardware instrumentation-based technique for benchmarking has been used to measure some types of latency. Such a new form of latency measurement through human cognitive performance can be reliable and comparable to hardware-instrumentation-based measurement. A standardized canonical test was introduced to perform cognitive latency tests to measure multiple latencies [69] successfully, which included the photon-to-photon latency and the tracking latency. The test was performed on four HMDs, where the first device was an ad hoc system, known as Prism, and the rest of them were the Oculus Quest, which is an untethered VR system, the Oculus Rift S, and the Valve Index, which are both tethered VR HMDs. The Prism ad hoc system [70] with a pair of color cameras connected to an Acer Windows Mixed Reality device with a display resolution of 1440 × 1440 per eye at   90  Hz   was designed to generate a close-to-optimal see-through low-latency AR experience and minimize the amount of re-projection between the cameras and the display. The pair of cameras attached to the Prism device had sensors configured to capture video at   90  Hz   at a resolution of 1704 × 1440 pixels, which were custom-built using Omni Vision’s 4689 sensors. The latency of the system was measured with a hardware-instrumentation-based method based on a sub-millisecond accuracy clock. To measure cognitive latency, a rapid task similar to [71] was performed several times until the completion of 10 error-free trials for each HMD. It was found that the performance of the users directly impacted the latency, as the standard deviation of the error had a direct impact on the users’ behavior due to the occurrence of an error arising from releasing a button too early.




3.2. Designing Low-Latency AR/VR Simulators


The selection of an optimal simulation platform plays a pivotal role the analysis and study of different types of latency. For the modeling of a simulation platform, adequate training is required by interacting with various complicated or costly scenarios of real outdoor environments. The simulator utilizes VR to simulate a complete AR system, which reduces the latency of the system. The simulator creates an arrangement responsible for precisely controlling the registration of virtual objects and allowing testing for the presence of registration error [72]. An approach was introduced in [72] for the evaluation of a perfect registration using VR systems through complete control to isolate and independently manipulate different types of registration errors for a low-latency system. An approach for confirming the relation between latencies obtained from the investigation of registration errors and task performance was given by Ellis [66] using an actual AR system. The setup consisted of an augmented virtual tube along with the rendering of an ARToolKit marker on a table in a simulated real-world environment. They used a virtual ring that was superimposedon another marker by attaching it to the end of a stick, and they moved the ring from one end of the tube to the other while keeping the tube inside the ring to investigate the relationship with the latency based on the task performed. Using this approach, the registration errors causing latency and jitter were controlled. Latency errors of 0, 176, 352, and 528 ms were simulated by controlling the frame delays for the simulated virtual ring experiment. In [73], the effects of different types of latency obtained from representative simulations for AR training on various tasks were studied. A simulation setup was prepared for both the real environment, as well as all AR augmentations in a high-fidelity VR environment to isolate the effects of different latency parameters on task performance.




3.3. AR/VR Hardware: Designing and Prototyping


AR/VR utilizes 3D lifelike virtual avatars known as codec avatars [74] to mimic human behavior in the virtual world. They are implemented using two main building blocks, i.e., encoding and decoding [75,76]. These two blocks work simultaneously to virtually represent faces in a realistic fashion. Firstly, the encoding captures the facial expression data of one user for continuous transmission to the other user, and then, the decoding is performed by rendering a lifelike avatar on the other user’s headset. However, the need to achieve high frame rates with frequent updating of the status in the encoding and decoding blocks to have a low latency for the codec avatars for realistic interactions arises. As a result, these mobile AR/VR devices should possess the capability to provide high visual computing requirements to reach a target frames per second (fps). To overcome these limitations of the workload of the codec avatars on mobile AR/VR devices, a silicon solution has been designed to achieve the requirements of a low-latency system [77].



A small-scale system-on-a-chip (SOC) prototype was presented in [78] for low-latency energy-efficient performance and to enable eye gaze extraction of the codec avatar model, which used a test chip, fabricated in   7  nm   technology, featuring a neural network (NN) accelerator consisting of a 1024 multiply–accumulate (MAC) array, a 2 MB on-chip SRAM, and a 32-bit RISC-V CPU. This VR-based prototype system used a low-power deep neural network (DNN) accelerator test chip to offload some of the workload. To meet the challenging mobile AR/VR SoC specifications for a codec avatar demonstration, a convolutional-NN (CNN)-based eye gaze extraction model was utilized to mitigate the system-level energy and latency costs for the entire model to fit on the chip. This approach enabled the prototype SoC to achieve 30 fps, satisfying the requirements for a system with low latency and low power consumption. To estimate the 3D pose, i.e., translation and orientation in a 6-DoF pose, of the observer, visual–inertial odometry (VIO) was utilized to measure the motions from the images of the camera(s) and linear acceleration and angular velocity from the IMUs. A lower pose update latency was required for the estimation of the 6-DoF pose of the HMD to achieve a latency of less than 20 ms for a motion-sickness-free immersive experience. The noisy data obtained from the camera were analyzed by a maximum likelihood estimator to estimate the system dynamics or the state in a typical VIO processing pipeline [79]. There are some VIO systems whose functioning is similar to an extended Kalman filter (EKF) [80] to update their states and decide the best pose estimate available. The best pose is decided immediately upon receiving the sensory inputs, including the image frame or IMU sample, without waiting for an optimal solution via local or global optimization based on past estimates. The acceleration of EKF-based monocular VIO [81] was modeled in [79], by a flexible, scalable, and power-efficient micro-architecture. This enabled direct processing of IMU samples without pre-integration to obtain an ultra-low latency and accurate instantaneous pose updates. This micro-architecture was designed to be adaptive and easy to integrate with a host CPU or micro-controller, enabling software-based configuration control while retaining programmability. This hardware architecture, denoted as VIO HWA [79], was integrated in a typical embedded vision SoC in which the identified acceleration candidates were partitioned into the VIO HWA as specialized modules interfacing an on-chip Shared L2 SRAM (SL2) sub-system. They utilized some intelligent pre-fetching techniques to make all the modules of the micro-architecture flexible and tolerant to the data fetch latency by leveraging decoupling first-in, first-out (FIFO) in order to hide the latency of data access to SL2. There was a feature detection module that implemented FAST9 feature detection with a 16 pixels per cycle throughput [82] using a novel 2D sliding window pixel buffer. The functionality of the feature sorter module was to generate a list of a configurable N-number of the strongest features by sorting the detected feature points according to their strength. The feature tracker module also performed the task of prediction-based tracking, where the predicted positions of feature points were calculated using the most-recent EKF state. By using the newest EKF center to define the search center of a configurable search window, the best-matching image patch center was computed as the tracking result from the normalized cross-correlation (NCC) score over the 7 × 7 image patch. As a result, the latency due to tracking was directly impacted by vision path update latency. Therefore, the feature tracker was considered a reliable choice to reduce the latency as it used the high-throughput FAST9 corner point selection logic for the detection of candidate FAST9 corner points within the search window to prune down the number of NCC evaluations. The NCC computation was achieved by an unbiased rounding method on all the intermediate subtraction, multiplication, and accumulation of integer pixel values with the aim to maintain a fully integer-based processing pipeline for the entire NCC computation supporting a fully pipelined NCC computation logic with only a 16 cycle latency and 3 cycles per NCC throughput.




3.4. WiFi for AR/VR


Both 5G and the WiFi 6 enhancements are acting as potential technologies to satisfy the market demands with their increased throughput and quality of service (QoS) requirements. The limitations of capacity and coverage occurring in 5G technology due to the lack of resources can be overcome by utilizing the free unlicensed spectrum in WiFi technology. Orthogonal frequency-division multiplexing (OFDM) modulation facilitates the coexistence of both technologies to enable higher speeds, high capacity, and low latency for enhanced QoS performances [83]. WiFi is a powerful wireless communication technology for connectivity in AR/VR applications. Qualcomm announced new WiFi 6E wireless chips, known as the FastConnect 6900 and 6700 chips [84], designed for mobile devices. They support VR-class latency for streaming VR over WiFi. These WiFi 6E Qualcomm chips are an extension of the previous WiFi 6 (based on 802.11ax), open up more channels and bandwidth up to   3.6   Gbps, and provide a latency of less than 3 ms. Innovative applications such as wireless backhauling, AR/VR, 8K video streaming, and sensing are enabled by 5GB communications focusing on the performance analyses of wireless protocols and standards. With the progress of IEEE 802.11be, expected to be marketed as WiFi 7 by the WiFi Alliance, the IEEE standard association is investigating the possible upgrades for the “Beyond be” or “Next-Gen WiFi”, potentially touted as WiFi 8. WiFi 7, known for its full-duplex nature, aims at overcoming the challenges faced by the half-duplex communication system in WiFi 6 and earlier generations of WiFi. WiFi 7 has many advantages such as the utilization of available resources for increased flexibility in dense deployments, the usage of hybrid automatic repeat request (HARQ) in enabling a reliable and low-latency transmission, and the addition of time-sensitive networking (TSN) for a jitter-free, seamless AR/VR environment [85]. WiFi 7 is projected to have an extremely high throughput by supporting a higher peak data rate of 30 Gbps per AP, which is four-times faster than WiFi 6 [9]. An improvement beyond WiFi 7’s technological advancements is required for more innovative solutions to reduce latency and support data rate demands for AR/VR applications apart from the usage of WiFi 7 for the Internet of Things (IoT), high-resolution video streaming, low-latency wireless services, etc. Artificial intelligence (AI) and machine learning (ML) are among the fundamental solutions for Next-Gen WiFi to ensure the ultra-reliability and low latency of the service.



A task group to enable AR/VR applications known as IEEE 802.11bf [86] has been introduced by the IEEE as an extension to the current IEEE 802.11ay for WLAN sensing with high throughput functionalities and centimeter-level sensing resolution. IEEE 802.11bf defines WLAN sensing technology as the WiFi signals used for performing sensing tasks by making use of the wireless signals received from WLAN-sensing-capable stations. The obtained wireless signals are then examined to determine the features (e.g., range, velocity, angular, motion, presence or proximity, gesture) of the intended targets in the surrounding environment. The key performance indicator (KPI) requirements for WLAN sensing as defined by IEEE 802.11bf include:   ( i )   a coverage range to be set for the successful detection of targets by WLAN sensing, where the maximum allowable range of the signal-to-noise ratio (SNR) between the sensing stations and the targets should be above a pre-defined threshold (conventionally taken as 10dB or 13dB);   ( i i )   a field of view (FOV) and resolution range to be set to estimate the angle of the coverage area through which the STA performs sensing to find the minimum distance between two targets in the same direction, respectively;   ( i i i )   the latency and refresh rate to be defined to estimate the time to complete the related WLAN sensing process and the frequency for refreshing the sensing task, respectively;   ( i v )   the ratio of the number of correct predictions to the number of all possible predictions. The prediction tasks can be: (a) gesture detection, where a pre-defined set of gestures and/or motions shall be identified; (b) presence detection; (c) a specific body activity detection, such as breathing; (d) real person detection, distinguishing human beings from other objects.




3.5. Edge Computing and the Tactile Internet


With the proliferation of the IoT for many sensing devices in AR/VR applications, these devices suffer from limitations regarding the data, resources for computing, and communications [87]. It has been estimated by Cisco that the data generated by machines, IoT devices, and people are likely to exceed by 500 zettabytes (ZB) [88]. Edge cloud computing is considered a solution to overcome the above-mentioned challenges. This also reduces latency for end users due to the capability of providing computational and storage resources at the edge of the radio access network (RAN). In order to satisfy the VR/AR ultra-low latency requirements, there should be a suitable reduction in communication distance, which can be achieved by multi-access mobile edge computing (MEC) by bringing the applications closer to the end users [89,90]. MEC acts as a key enabler of 5G technology due to its main functionalities of computation and storage at edge hosts located close to the radio access network nodes (e.g., gNodeBs in 5G) in a distributed manner. Due to the distributed nature of the network, MEC enables low-latency services with the requirement of a very low and bounded delay between the end user devices and the server hosting the application. Due to the challenges faced by the stringent requirements of AR/VR technologies, the 5G-enabled Tactile Internet (TI) with computation-intensive tasks on edge computing servers is considered as the most-reliable solution to obtain ultra-reliable and sub-millisecond latency communication [91].



The TI is an innovative tool used for AR/VR applications comprising sensors, actuators, robotics, computation components, and dedicated hardware (e.g., wearable devices) to empower tactile and haptic (e.g., touch, visual, and auditory) feedback in Internet-based applications [92]. The TI is assumed to be the next evolutionary phase of the Internet of Things (IoT) utilizing machine-to-machine (M2M) and human-to-machine (H2M) interactions to incorporate a wide range of application scenarios in the industrial, eHealthcare, education, and entertainment sectors. With the usage of 5G communications, the TI has turned into an evolutionary technology for the IoT and Society 5.0 by providing delay mitigation and enabling real-time interaction with haptic data over the Internet to address complex issues in our current society [93]. Three different layers of the TI, namely the master, network, and slave layers, should be analyzed carefully while integrating 5G with the TI for ultra-reliable low-latency applications. The master layer has an important role in the conversion of the human input or haptic feedback (from a communication perspective) into tactile data by using a human–system integration present at the layer. Then, the HSI transmits the tactile data created by suitable tactile encoding techniques over the controlled domain via the network layer. The controlled domain provides all the haptic feedback signals including audio/visual feedback signals to the master layer connected over the network domain via a two-way communication link. With its integration with 5G, low-latency communication is achieved by incurring a round-trip time (RTT) of less than   5  ms  , which will support haptic communication [94].





4. Trade-Offs among Performance Parameters


In this section, we describe several factors that are responsible for maintaining the performance parameter trade-offs in order to enable a low-latency and reliable wireless network for AR and VR applications. In Section 4.1, we discuss the contribution of an innovative and smart wireless network design towards a low-latency and reliable wireless network by balancing the trade-off of the latency measures with other performance factors. Section 4.2 presents a few ways to ensure a balanced trade-off between reliability and latency for the wireless scenario of AR/VR network design. Section 4.3 shows the importance of quality of experience (QoE) in affecting the latency to satisfy the low-latency requirements of AR/VR HMDs.



4.1. Design of 5G Wireless Network Architecture


The design of a smart 5G wireless network, as shown in Figure 5, is an innovative solution to enable ultra-low-latency and reliable communications in emerging and near-real-time applications such as augmented and virtual reality, remote surgery, self-driving cars, and multi-player online gaming. For an interactive VR gaming arcade, a smart network design was shown in [95] to realize the performance of immersive VR gaming scenarios, characterized by reliable and minimal latency. This setup of an indoor VR gaming arcade requires very low latency for synchronization of the location and the interactions among a group of players. The HMDs of the players in [95] were equipped with multiple mmWave band access points (mmAP) connected to an edge computing network having an operational bandwidth of around   60  GHz  . The edge computing network consisted of multiple edge computing servers and a cache storage unit to offload the player’s tracking data and predict poses from a prediction window for every user’s HD frames obtained from their real-time tasks. This network design arrangement helps maintain a trade-off between communication latency and computation latency with efficient task offloading decisions built for efficient server placement and server selection. The need to design a cellular control plane for core networks to avoid the delay experienced by end-user applications arises. This led to the design of Neutrino, a cellular control plane [96] for providing an abstraction of reliable access to cellular services by connecting the IP backbone to the base stations while ensuring lower latency at the same time. By regularly updating the user state to the user’s data access established to the Internet or to other operator services, the cellular control plane overcomes the challenge of providing low latency and reliable access to the cellular core network by enabling connectivity sessions for each device. The control plane follows a consistency protocol to minimize service disruption under failures to verify if the devices are always able to receive read-your-writes consistency [97]. The latency of control plane had a direct impact on the data latency shown in the study [98], where the control functions contributing a 72.5–99.6  ms  latency in session establishment can cause up to a   1.9  ms   delay in data access. The Neutrino test setup utilized two dual-socket servers running Ubuntu 18.04.3 with Kernel 4.15.0-74-generic, with 18 cores per socket and a total memory of 128 GB. Further optimizations were performed of Neutrino to satisfy the acceptable bandwidth trade-off for the cellular providers and to reduce the issues of increasing overhead in messages to profit from the latency benefits.



A UAV-aided wireless network design [99] can be utilized to reduce over-the-air delay through channel condition improvement techniques at both the transmitter and receiver by reducing the packet error probability to enable a reliable and low-latency communication channel in AR/VR. A remote VR gaming setup was presented in [100] using a low-latency edge rendering scheme. It utilizes two gaming laptops equipped with an Nvidia GTX 1070 GPU and Intel i7 7820HK CPU, with both connected using Gigabit Ethernet for low-latency communication. This scheme allows the execution of a VR game by off-loading the information from an end user device to a cloud edge server to render the game based on the feedback obtained from the headset and the controller network. This setup is able to achieve an end-to-end latency of 30  ms  with a bit rate of 20 Mbps for the stereo 1080p30 format. VLC, emerging as a powerful interface solution for 6G, has the potential to boost the transmission rate by utilizing a micro-LED-based photodetector [101] in AR/VR-based HMDs. This detector uses a receiver fabricated on a Si substrate that can achieve a transmission rate of more than 10 Gbps with visible light communication. The Si substrate LED-based transmitter with multiple superlattice interlayers [102] also possesses the capability to increase the transmission rate beyond 24 Gbps. A free-space optical stealth communication system was introduced in [103] to accelerate the data rate and secure the user’s information in wireless communication networks. Photonics technology coupled with the W band also has the capability to improve the transmission rate by   47.45   Gbps for signal delivery over a 10 km single-mode fiber-28 (SMF-28) and   4.6   km wireless free-space link [104]. A latency-driven MEC-VR design was highlighted in [105] to locally render at a high refresh rate, and the evaluation was performed at an MEC node. A remote server was used by the MEC-VR users to generate larger scenes compared to the client’s FoV as the size of the margin area of the FoV was adaptively adjusted for the prediction of the next head movements according to the observed system latency. The MEC server [106] is considered as a promising solution to achieve ultra-low-latency communication by reducing the additional time required for collecting and analyzing data when placed closer to the users at the network’s edge.




4.2. Reliability


The reliability of the traffic behavior of information or video frames is being questioned in the wireless scenario of AR/VR network design due to the temporary outages occurring from the impairments in the signal-to-interference-plus-noise ratio (SINR). However, increasing the reliability always results in additional delay as re-transmission to send the rectified frames at the physical layer by using the parity increases the latency. The most-important reliability aspect in 5G to ensure a smooth and immersive AR/VR experience is obtaining an ultra-high success rate of tracking message signaling with a maximum packet error rate (PER) of   10  − 5   . Hence, these packets have to be delivered with ultra-high reliability to ensure a smooth VR service. Based on these requirements, a scheduling optimization framework was shown in [95] to satisfy the trade-offs between stringent latency and reliability constraints for an immersive VR gaming experience in the case of an unsuccessful frame delivery. The HD frames corresponding to the user’s upcoming movement and head rotation are rendered by a joint proactive computing and caching scheme following different priority levels for real-time computing. To allocate the mmWave transmission resources to users by prioritizing their requests with tight latency deadlines, a matching algorithm based on the deferred acceptance (DA) matching [107] was considered for matching preferences to meet the requirements for the reliability and latency constraints.




4.3. Quality of Experience


Several studies have been conducted to analyze the quality of experience (QoE) [108], which implies the detailed subjective experience of the effects observed during task completion with the use of a VR simulator. It has been found that the latency has a huge impact on the QoE from the subjective studies performed on a log-loading task [109] of a forestry crane with a VR simulator. These subjective studies were performed on the VR system by adding a controlled delay to the display update and the joystick update. The added delays observed from the task were the controlled delays ranging from 0 to   30  ms   for the display update and from 0 to   800  ms   for the hand controller when referred to the delays in the crane control interface. The simulator used for performing the task was VR goggles (Oculus Rift) [110], providing stitched stereo camera views, joysticks for controlling the crane, and a simulation environment required for lifting logs onto the truck. The delays obtained by the simulator software developer baseline system for the VR simulator were estimated to be   25  ms   in the screen update based on the movement of the head for rendering and about   80  ms   for the motion of the joysticks to the visual feedback on the screen. No significant delay effects were observed in the task performance in the joystick delay study within a range of 200 ms. In addition to delays in the task, the delay range was recorded as less than 30–35  ms  for the latency of the joysticks or hand controllers. With the evolution of the high speed of the fifth-generation communication technology, Multi-access MEC technology has been proven as a potential tool to satisfy the ultra-low latency requirements of 360° video delivery to promote users’ QoE [111].





5. Discussion and Future Scope


With the advancement of 5G technology, AR/VR requires significant resources for real-time processing, i.e., rendering, vision, and physics engines, at end user devices to maintain its ubiquitous nature across heterogeneous networks, including 4G, 5G, and WiFi. Usually, in mission-critical networks, the delivery of small information packets (32 to 200 bytes) within a latency of 1 ms [112] results in a huge computation delay with the traversal of each packet undergoing the procedure of processing, queuing, and transmitting through multiple routers, where each router contributes 10 ms of computation delay [14]. However, the adoption of high-end hardware and processing approaches such as the Multi-Path Transmission Control Protocol (MPTCP) [113] to reduce the computational complexity and transmission instability can only reduce the latency by 5–6 ms for time-sensitive AR/VR applications. These challenges highlight the need for innovative solutions to enable ultra-low-latency and reliable transmission for real-time updating across 5GB networks [114]. Though existing networks are able to offer significant enhancements for rich content delivery, they cannot meet the demand for up to a   5.2  Gbps   data rate per user and an end-to-end RTT of   1  ms   [115]. The requirement of achieving <1  ms  for the transmission of information from the total end-to-end RTT on the networks is still a challenging task as the latency between end users continues to increase with distance. As traditional communication systems focusing mostly on error-free transmission cannot satisfy the transmission rate requirements of AR/VR due to the limitation of Shannon’s capacity, we require a semantic communication approach to achieve end-to-end latency through a novel transmission protocol or algorithm. Considering the above-mentioned requirements, we propose a semantic-communication-based delay-aware algorithm, which adopts an intelligent routing protocol to extract the semantic level features such as   ( i )   the selection of the most-optimal or the shortest path to ensure the instant packet delivery of prioritized information and   ( i i )   the accurate prediction of the routing decision by evaluating the subflow’s delivery performance in sending prioritized content with the lowest latency. With the motivation to improve the traffic capacity requirement, which plays an integral role in the 6G era, our proposed approach can be capable of identifying/predicting the accurate route for the transmission of selected information while maintaining a low-latency communication [116]. With the integration of AI/ML techniques similar to a few existing wireless B5G networks [117,118] to increase the transmission rate beyond Shannon’s capacity, we introduced an AI/ML integrated learning algorithm to enable the proposed end-to-end semantic communication approach.



To implement delay-aware semantic communication involving a proactive transmission strategy of data packets for high delivery rates of video frames (VFs), interference-aware directional beamforming technology is an essential tool to generate highly optimized directional beams. Moreover, this approach requires some preprocessing steps to overcome the bandwidth limitations when handling packet overloading [119], which causes complications in the external sensing environment. By utilizing optimized directional beams as the preprocessing steps followed by the transmission strategy, the selection of a suitable spectrum becomes necessary to handle the recent bandwidth congestion. To overcome the problem of spectrum congestion due the explosive growth of data traffic generated by mobile devices and users, a new license-free optical spectrum, known as visible light communication (VLC), can be envisioned [120,121]. VLC, known for its secure transmission compared to traditional radio frequency (RF) communications, can be enabled through a setup of optical wireless interfaces at the HMDs. Hence, the use of VLC can reduce latency by its capability to simultaneously enhance illumination and communication to the users through a single device. MIMO structures [20] are required to ensure higher reliability and data throughput to provide a reduced latency and increased robustness to the VLC system. We can utilize a holographic MIMO [122] as a part of this novel beamforming technology to enable the evolution of wireless networks by allowing pervasive communications between humans and AR/VR devices. Such MIMO structures designed for 5GB have an intelligent and software-reconfigurable paradigm responsible for fulfilling the visions of ultra-low-latency communications, high throughput, and high connectivity. This holographic MIMO structure, consisting of an intelligent reflecting surface (IRS), known to increase transmission efficiency and generate radiation in the desired direction, is highly recommended to reduce the interference arising from the simultaneous transmission of packets. Then, tracking is performed by the mmWave/THz/VLC bands through the highly focused directional beams of the proposed beamforming technology to exploit user information (6 DoF), which includes location (up to 1 mm) and orientation (up to 0.5°). As the position and motion of the user over time are unknown to the radio access network (RAN) due to the dynamic nature of the headsets and wireless channel, the beam faces difficulties in adjusting its alignment according to the posture of the user through the HMD. As several AI-/ML-based techniques [123,124] relying mostly on synthetic datasets for training and testing for performance verification produce unrealistic results due to the huge difference between the simulation settings and real network environments, we propose a learning algorithm for interacting with the dynamic and random virtual environment where the information packets can be successfully transmitted using an optimal scheduling policy. Furthermore, an optimal transmission queuing strategy can be utilized for the user’s information based on the tracking results for their timely delivery, as presented in Figure 6. This figure shows the usage of several advanced technologies such as the deployment of a MIMO-based mmWave beamformer coupled with an intelligent reflecting surface (IRS) to produce guided beams to the users for low-latency packet processing. We would like to highlights the requirement for a novel learning approach of an optimal routing protocol or scheduling policy through beam alignment to meet the ultra-low-latency requirements in AR/VR. There are different techniques involved in obtaining an effective scheduling policy based on the AR/VR applications to avoid video buffering. The steps involved in the learning algorithm for different scenarios are as follows:




	
We divide the environment into simple scenarios (watching movies, attending virtual meetings, etc.) and hard scenarios (playing games, virtual training, etc.) based on the movement of the user’s HMD.



	
For simple scenarios, we can consider reinforcement learning [125], where the the environment is defined by utilizing highly focused directional beams to track the posture of the HMD. Then, the action is based on the selection of the optimal beam for data transmission by learning (exploiting) the user’s environment, i.e., the posture tracking of the user. Finally, the reward is decided by the action, which is an optimal scheduling policy that minimizes the delay during data delivery.



	
For hard scenarios, we can apply the combination of reinforcement learning and supervised learning, known as imitation learning (IL) [126], to tackle the rapid loss of the buffer packets as a result of frequent multi-modal interactions in such scenarios. This includes a preprocessing step, which involves generating an expert dataset through supervised training based on the possible outcome of the guided beams given that the pose of tracking (feedback) is known to the user. The action is based on learning a policy through behavior cloning [127] by mapping the multi-sensory information with the respective optimal beam based on the pre-trained dataset. The reward is then determined from the action to select the best scheduling policy for a low-latency data delivery. Hence, the goal of achieving the trade-off between beam alignment and data transmission in such scenarios for low-latency communication in AR/VR is made possible by IL.
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Figure 6. The block diagram depicts a futuristic approach that employs several advanced 5G/5GB technologies for instant packet delivery of prioritized information in AR/VR to ensure ultra-low-latency transmission. The 5GB beamforming technology is introduced by utilizing a holographic MIMO to produce guided beams to track the multi-modal sensory information of the user. Then, the tracking information will undergo a learning algorithm based on the scenario to decide the optimal route for the timely delivery of the buffer packets to reduce the latency. 
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The algorithms as shown in Figure 7 will help to decide the priority-based transmission scheduling policy based on the user’s behavior determined by multi-modal interactions. Multi-modal interactions, involving unimodal inputs such as visual-based, sensor-based, kinetic-based, and audio-based inputs, are widely analyzed based on human behavior for immersive communication in a virtual environment. The TI can be considered with 5G/5GB technology for the transmission of multi-modal sensory information to increase the perceptual performance. However, the latency, transmission rate, and sampling rate are affected due to their asynchronous nature, which leads to the requirement of an effective multiplexing scheme to integrate these different modalities. The investigation of suitable AI/ML techniques to improve the timeliness of data delivery should be performed to deploy various multiplexing schemes and facilitate the transmission over the packet-switched networks in AR/VR wireless TI networks. Even the advancement of such ML techniques can be used to enable highly accurate predictions of channels, traffic, states, and other key performance indicators in an URLLC wireless virtual environment [128].




6. Conclusions


This article provided insights into the various contributions of technological advancements in 5G and B5G networks to enable ultra-low latency for a high-quality immersive experience in AR/VR technologies. The main categories of AR/VR applications along with their benefits in each category were discussed. The major requirements of the powerful technologies in different emerging AR/VR use cases were highlighted from the hardware and software perspectives to enable a low-latency AR/VR system. Several factors responsible for maintaining the trade-offs of the performance parameters in order to enable a low-latency and reliable wireless network were presented. An innovative wireless network design integrated with ground-breaking technologies such as WiFi 7, the Tactile Internet, and edge computing were shown as the key enablers of 5G and the IoT in AR/VR applications. The usage of these technologies was highlighted as the most-powerful tools to perform intensive tasks while operating through an ultra-reliable and sub-millisecond-latency communication to enable a high-connectivity ecosystem. Future directions with a focus on high update rates for package delivery for low latency transmission were explored in this article. An optimal transmission queuing strategy was described with the use of several advanced technologies, such as the deployment of MIMO-based mmWave beamformers and intelligent reflecting surfaces for the timely delivery of the user’s tracking information. Moreover, the combination of VLC with holomorphic MIMO was presented as a potential solution to enable high reliability and data throughput in an AR/VR wireless architecture. An accurate route for transmission can be obtained by using this optimal strategy by exploring the semantic level of features by selecting or predicting the shortest path for high delivery of video frames. Visionary solutions, including the introduction of learning algorithms using RL and IL based on different scenarios, were described to achieve an optimal selection of the best scheduling policy for an evolved and extremely immersive AR/VR experience.







Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicablet.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Henrique, P.S.R.; Prasad, R. 6G: The Road to the Future Wireless Technologies 2030; CRC Press: Boca Raton, FL, USA, 2022. [Google Scholar]

	



Physical Layer Enhancements for NR Ultra-Reliable and Low Latency Communication (URLLC), Document 3GPP RP-191584, TSG-RAN#84, 2019. Rel-16. Available online: https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?specificationId=3498 (accessed on 12 February 2023).

	



Popovski, P.; Stefanović, Č.; Nielsen, J.J.; De Carvalho, E.; Angjelichinoski, M.; Trillingsgaard, K.F.; Bana, A.S. Wireless access in ultra-reliable low-latency communication (URLLC). IEEE Trans. Commun. 2019, 67, 5783–5801. [Google Scholar] [CrossRef]

	



Park, J.; Samarakoon, S.; Shiri, H.; Abdel-Aziz, M.K.; Nishio, T.; Elgabli, A.; Bennis, M. Extreme ultra-reliable and low-latency communication. Nat. Electron. 2022, 5, 133–141. [Google Scholar] [CrossRef]

	



Rekoputra, N.M.; Tseng, C.W.; Wang, J.T.; Liang, S.H.; Cheng, R.G.; Li, Y.F.; Yang, W.H. Implementation and Evaluation of 5G MEC-Enabled Smart Factory. Electronics 2023, 12, 1310. [Google Scholar] [CrossRef]

	



Oughton, E.J.; Lehr, W.; Katsaros, K.; Selinis, I.; Bubley, D.; Kusuma, J. Revisiting wireless Internet connectivity: 5G vs. WiFi 6. Telecommun. Policy 2021, 45, 102127. [Google Scholar] [CrossRef]

	



Zreikat, A. Performance evaluation of 5G/WiFi-6 coexistence. Int. J. Circuits Syst. Signal Process. NAUN 2020, 14, 904–913. [Google Scholar] [CrossRef]

	



Qualcomm Technologies, Inc. VR and AR Pushing Connectivity Limits. October, 2018. Available online: https://www.qualcomm.com/content/dam/qcomm-martech/dm-assets/documents/presentation_-_vr_and_ar_are_pushing_connectivity_limits_-web_0.pdf (accessed on 11 February 2023).

	



Garcia-Rodriguez, A.; López-Pérez, D.; Galati-Giordano, L.; Geraci, G. IEEE 802.11be: WiFi 7 Strikes Back. IEEE Commun. Mag. 2021, 59, 102–108. [Google Scholar] [CrossRef]

	



Bonci, A.; Caizer, E.; Giannini, M.C.; Giuggioloni, F.; Prist, M. Ultra Wide Band communication for condition-based monitoring, a bridge between edge and cloud computing. Procedia Comput. Sci. 2023, 217, 1670–1677. [Google Scholar] [CrossRef]

	



Ding, C.; Sun, H.H.; Zhu, H.; Guo, Y.J. Achieving wider bandwidth with full-wavelength dipoles for 5G base stations. IEEE Trans. Antennas Propag. 2019, 68, 1119–1127. [Google Scholar] [CrossRef]

	



Levanen, T.; Pirskanen, J.; Valkama, M. Radio interface design for ultra-low latency millimeter-wave communications in 5G era. In Proceedings of the 2014 IEEE Globecom Workshops (GC Wkshps), Austin, TX, USA, 8–12 December 2014; pp. 1420–1426. [Google Scholar]

	



Bansal, D.; Kaur, M.; Kumar, P.; Kumar, A. Design of a wide bandwidth terahertz MEMS Ohmic switch for 6G communication applications. Microsyst. Technol. 2023, 29, 271–2777. [Google Scholar] [CrossRef]

	



Torres Vega, M.; Liaskos, C.; Abadal, S.; Papapetrou, E.; Jain, A.; Mouhouche, B.; Kalem, G.; Ergut, S.; Mach, M.; Sabol, T.; et al. Immersive Interconnected Virtual and Augmented Reality: A 5G and IoT Perspective. J. Netw. Syst. Manag. 2020, 28, 796–826. [Google Scholar] [CrossRef]

	



Rubin, P. The Inside Story of Oculus Rift and How Virtual Reality Became Reality. 20 May 2014. Available online: https://www.wired.com/2014/05/oculus-rift-4/ (accessed on 2 August 2022).

	



Zabels, R.; Smukulis, R.; Fenuks, R.; Kučiks, A.; Linina, E.; Osmanis, K.; Osmanis, I. Reducing motion to photon latency in multi-focal augmented reality near-eye display. In Proceedings of the Optical Architectures for Displays and Sensing in Augmented, Virtual, and Mixed Reality (AR, VR, MR) II, Virtual, 28–31 March 2021; Kress, B.C., Peroz, C., Eds.; International Society for Optics and Photonics, SPIE: Bellingham, WA, USA, 2021; Volume 11765, p. 117650W. [Google Scholar] [CrossRef]

	



Van Waveren, J.M.P. The Asynchronous Time Warp for Virtual Reality on Consumer Hardware. In Proceedings of the 22nd ACM Conference on Virtual Reality Software and Technology, VRST′16, Munich, Germany, 2–4 November 2016; Association for Computing Machinery: New York, NY, USA, 2016; pp. 37–46. [Google Scholar] [CrossRef]

	



Smit, F.A.; van Liere, R.; Fröhlich, B. An Image-Warping VR-Architecture: Design, Implementation and Applications. In Proceedings of the 2008 ACM Symposium on Virtual Reality Software and Technology, VRST′08, Bordeaux, France, 27–29 October 2008; Association for Computing Machinery: New York, NY, USA, 2008; pp. 115–122. [Google Scholar] [CrossRef]

	



Holzwarth, V.; Gisler, J.; Hirt, C.; Kunz, A. Comparing the accuracy and precision of steamvr tracking 2.0 and oculus quest 2 in a room scale setup. In Proceedings of the International Conference on Virtual and Augmented Reality Simulations, Melbourne, VIC, Australia, 20–22 March 2021; pp. 42–46. [Google Scholar]

	



Sejan, M.A.S.; Rahman, M.H.; Aziz, M.A.; Kim, D.S.; You, Y.H.; Song, H.K. A Comprehensive Survey on MIMO Visible Light Communication: Current Research, Machine Learning and Future Trends. Sensors 2023, 23, 739. [Google Scholar] [CrossRef] [PubMed]

	



Ślusarczyk, B. Industry 4.0-Are We Ready? Pol. J. Manag. Stud. 2018, 17, 232–248. [Google Scholar] [CrossRef]

	



Choudhari, A.; Talkar, S.; Rayar, P.; Rane, A. Design and Manufacturing of Compact and Portable Smart CNC Machine. In Proceedings of the International Conference on Intelligent Manufacturing and Automation, Wuhan, China, 16–18 October 2020; Vasudevan, H., Kottur, V.K.N., Raina, A.A., Eds.; Springer: Singapore, 2020; pp. 201–210. [Google Scholar]

	



Gupta, A.; Choudhari, A.; Kadaka, T.; Rayar, P. Design and analysis of vertical vacuum fryer. In Proceedings of the International Conference on Intelligent Manufacturing and Automation, Zhuhai, China, 17–19 May 2019; Springer: Berlin/Heidelberg, Germany, 2019; pp. 133–149. [Google Scholar]

	



Dalenogare, L.S.; Benitez, G.B.; Ayala, N.F.; Frank, A.G. The expected contribution of Industry 4.0 technologies for industrial performance. Int. J. Prod. Econ. 2018, 204, 383–394. [Google Scholar] [CrossRef]

	



Gonzalez, W. How Augmented and Virtual Reality Are Shaping a Variety of Industries. Available online: https://www.forbes.com/sites/forbesbusinesscouncil/2021/07/02/how-augmented-and-virtual-reality-are-shaping-a-variety-of-industries/ (accessed on 2 July 2021).

	



Khan, A.; Sepasgozar, S.; Liu, T.; Yu, R. Integration of BIM and Immersive Technologies for AEC: A Scientometric-SWOT Analysis and Critical Content Review. Buildings 2021, 11, 126. [Google Scholar] [CrossRef]

	



Yousefpour, A.; Fung, C.; Nguyen, T.; Kadiyala, K.; Jalali, F.; Niakanlahiji, A.; Kong, J.; Jue, J.P. All one needs to know about fog computing and related edge computing paradigms: A complete survey. J. Syst. Archit. 2019, 98, 289–330. [Google Scholar] [CrossRef]

	



Yin, J.H.; Chng, C.B.; Wong, P.M.; Ho, N.; Chua, M.; Chui, C.K. VR and AR in human performance research―An NUS experience. Virtual Real. Intell. Hardw. 2020, 2, 381–393. [Google Scholar] [CrossRef]

	



Nahavandi, S. Industry 5.0—A Human-Centric Solution. Sustainability 2019, 11, 4371. [Google Scholar] [CrossRef]

	



Size, G.M. Video Streaming Market Size, Share & Trends Analysis Report by Streaming Type, by Solution, by Platform, by Service, by Revenue Model, by Deployment Type, by User and Segment Forecasts, 2020–2027; Grand View Research: Pune, India, 2020. [Google Scholar]

	



McLellan, H. Virtual realities. Handbook of Research for Educational Communications and Technology; Springer: Berlin/Heidelberg, Germany, 1996; pp. 457–487. [Google Scholar]

	



Narin, N.G. A content analysis of the metaverse articles. J. Metaverse 2021, 1, 17–24. [Google Scholar]

	



Karuzaki, E.; Partarakis, N.; Patsiouras, N.; Zidianakis, E.; Katzourakis, A.; Pattakos, A.; Kaplanidi, D.; Baka, E.; Cadi, N.; Magnenat-Thalmann, N.; et al. Realistic virtual humans for cultural heritage applications. Heritage 2021, 4, 4148–4171. [Google Scholar] [CrossRef]

	



Oriti, D.; Manuri, F.; De Pace, F.; Sanna, A. Harmonize: A shared environment for extended immersive entertainment. Virtual Real. 2021, 1–14. [Google Scholar] [CrossRef]

	



Sukhmani, S.; Sadeghi, M.; Erol-Kantarci, M.; El Saddik, A. Edge Caching and Computing in 5G for Mobile AR/VR and Tactile Internet. IEEE Multimed. 2019, 26, 21–30. [Google Scholar] [CrossRef]

	



Zukin, S. The Innovation Complex: Cities, Tech, and the New Economy; Oxford University Press: Oxford, UK, 2020. [Google Scholar]

	



Dascal, J.; Reid, M.W.; Ishak, W.W.; Spiegel, B.M.R.; Recacho, J.; Rosen, B.; Danovitch, I. Virtual Reality and Medical Inpatients: A Systematic Review of Randomized, Controlled Trials. Innov. Clin. Neurosci. 2017, 14, 14–21. [Google Scholar] [PubMed]

	



van Krevelen, D.W.F.; Poelman, R. A Survey of Augmented Reality Technologies, Applications and Limitations. Int. J. Virtual Real. 2010, 9, 1–20. [Google Scholar] [CrossRef]

	



Lee, S.; Lee, J.; Lee, A.; Park, N.; Lee, S.; Song, S.; Seo, A.; Lee, H.; Kim, J.I.; Eom, K. Augmented reality intravenous injection simulator based 3D medical imaging for veterinary medicine. Vet. J. 2013, 196, 197–202. [Google Scholar] [CrossRef]

	



Daniels, J.; Schwartz, J.N.; Voss, C.; Haber, N.; Fazel, A.; Kline, A.; Washington, P.; Feinstein, C.; Winograd, T.; Wall, D.P. Exploratory study examining the at-home feasibility of a wearable tool for social-affective learning in children with autism. NPJ Digit. Med. 2018, 1, 1–10. [Google Scholar] [CrossRef]

	



Wright, J.L.; Hoffman, H.G.; Sweet, R.M. Virtual reality as an adjunctive pain control during transurethral microwave thermotherapy. Urology 2005, 66, 1320.e1–1320.e3. [Google Scholar] [CrossRef]

	



Eckhoff, D.; Sandor, C.; Cheing, G.L.Y.; Schnupp, J.; Cassinelli, A. Thermal pain and detection threshold modulation in augmented reality. Front. Virtual Real. 2022, 3, 952637. [Google Scholar] [CrossRef]

	



Shanu, S.; Narula, D.; Pathak, L.K.; Mahato, S. AR/VR Technology for Autonomous Vehicles and Knowledge-Based Risk Assessment. In Virtual and Augmented Reality for Automobile Industry: Innovation Vision and Applications; Springer: Berlin/Heidelberg, Germany, 2022; pp. 87–109. [Google Scholar]

	



Narzt.; Pomberger.; Ferscha.; Kolb.; Muller.; Wieghardt.; Hortner.; Lindinger. Pervasive information acquisition for mobile AR-navigation systems. In Proceedings of the Fifth IEEE Workshop on Mobile Computing Systems and Applications, Monterey, CA, USA, 9–10 October 2003; pp. 13–20. [Google Scholar] [CrossRef]

	



Yang, H.; Shen, Y.; Hasan, M.; Perez, D.; Shull, J. Framework for Interactive M3 Visualization of Microscopic Traffic Simulation. Transp. Res. Rec. 2018, 2672, 62–71. [Google Scholar] [CrossRef]

	



Perez, D.; Hasan, M.; Shen, Y.; Yang, H. AR-PED: A framework of augmented reality enabled pedestrian-in-the-loop simulation. Simul. Model. Pract. Theory 2019, 94, 237–249. [Google Scholar] [CrossRef]

	



Schwebel, D.C.; Gaines, J.; Severson, J. Validation of virtual reality as a tool to understand and prevent child pedestrian injury. Accid. Anal. Prev. 2008, 40, 1394–1400. [Google Scholar] [CrossRef]

	



Banducci, S.E.; Ward, N.; Gaspar, J.G.; Schab, K.R.; Crowell, J.A.; Kaczmarski, H.; Kramer, A.F. The Effects of Cell Phone and Text Message Conversations on Simulated Street Crossing. Hum. Factors 2016, 58, 150–162. [Google Scholar] [CrossRef] [PubMed]

	



Rosselló, J.; Santana-Gallego, M.; Awan, W. Infectious disease risk and international tourism demand. Health Policy Plan. 2017, 32, 538–548. [Google Scholar] [CrossRef] [PubMed]

	



Koohang, A.; Nord, J.; Ooi, K.; Tan, G.; Al-Emran, M.; Aw, E.; Baabdullah, A.; Buhalis, D.; Cham, T.; Dennis, C.; et al. Shaping the metaverse into reality: Multidisciplinary perspectives on opportunities, challenges, and future research. J. Comput. Inf. Syst. 2023. [Google Scholar]

	



Guttentag, D.A. Virtual reality: Applications and implications for tourism. Tour. Manag. 2010, 31, 637–651. [Google Scholar] [CrossRef]

	



Arlati, S.; Spoladore, D.; Baldassini, D.; Sacco, M.; Greci, L. VirtualCruiseTour: An AR/VR Application to Promote Shore Excursions on Cruise Ships. In Proceedings of the Augmented Reality, Virtual Reality, and Computer Graphics, Otranto, Italy, 24–27 June 2018; De Paolis, L.T., Bourdot, P., Eds.; Springer International Publishing: Cham, Switzerland, 2018; pp. 133–147. [Google Scholar]

	



Çeltek, E. 12 Gamification: Augmented Reality, Virtual Reality Games and Tourism Marketing Applications. Gamification Tour. 2021, 92, 237–260. [Google Scholar]

	



Ardiny, H.; Khanmirza, E. The Role of AR and VR Technologies in Education Developments: Opportunities and Challenges. In Proceedings of the 2018 6th RSI International Conference on Robotics and Mechatronics (IcRoM), Tehran, Iran, 23–25 October 2018; pp. 482–487. [Google Scholar] [CrossRef]

	



Chen, C.H.; Yang, J.C.; Shen, S.; Jeng, M.C. A Desktop Virtual Reality Earth Motion System in Astronomy Education. J. Educ. Technol. Soc. 2007, 10, 289–304. [Google Scholar]

	



Puggioni, M.P.; Frontoni, E.; Paolanti, M.; Pierdicca, R.; Malinverni, E.S.; Sasso, M. A content creation tool for ar/vr applications in education: The scoolar framework. In Proceedings of the International Conference on Augmented Reality, Virtual Reality and Computer Graphics, Lecce, Italy, 7–10 September 2020; Springer: Berlin/Heidelberg, Germany, 2020; pp. 205–219. [Google Scholar]

	



Ardito, C.; Buono, P.; Costabile, M.F.; Lanzilotti, R.; Piccinno, A. Enabling interactive exploration of cultural heritage: An experience of designing systems for mobile devices. Knowl. Technol. Policy 2009, 22, 79–86. [Google Scholar] [CrossRef]

	



Kljun, M.; Geroimenko, V.; Čopič Pucihar, K. Augmented reality in education: Current status and advancement of the field. In Augmented Reality in Education: A New Technology for Teaching and Learning; Springer: Berlin/Heidelberg, Germany, 2020; pp. 3–21. [Google Scholar]

	



Lele, A. Virtual reality and its military utility. J. Ambient. Intell. Humaniz. Comput. 2013, 4, 17–26. [Google Scholar] [CrossRef]

	



Caserman, P.; Garcia-Agundez, A.; Göbel, S. A survey of full-body motion reconstruction in immersive virtual reality applications. IEEE Trans. Vis. Comput. Graph. 2019, 26, 3089–3108. [Google Scholar] [CrossRef]

	



Lincoln, P.; Blate, A.; Singh, M.; Whitted, T.; State, A.; Lastra, A.; Fuchs, H. From Motion to Photons in 80 Microseconds: Towards Minimal Latency for Virtual and Augmented Reality. IEEE Trans. Vis. Comput. Graph. 2016, 22, 1367–1376. [Google Scholar] [CrossRef]

	



Holloway, R.L. Registration Error Analysis for Augmented Reality. Presence Teleoperators Virtual Environ. 1997, 6, 413–432. [Google Scholar] [CrossRef]

	



NVIDIA Reflex Now Reducing System Latency in Shadow Warrior 3 & Ready or Not. 15 March 2022. Available online: https://www.nvidia.com/en-us/geforce/news/march-2022-reflex-game-hardware-updates/ (accessed on 13 February 2023).

	



Heckbert, P. Color image quantization for frame buffer display. ACM Siggraph Comput. Graph. 1982, 16, 297–307. [Google Scholar] [CrossRef]

	



Jiang, H.; Padebettu, R.R.; Sakamoto, K.; Bastani, B. Architecture of Integrated Machine Learning in Low Latency Mobile VR Graphics Pipeline. In SIGGRAPH Asia 2019 Technical Briefs; Association for Computing Machinery: New York, NY, USA, 2019; pp. 41–44. [Google Scholar]

	



Ellis, S.; Breant, F.; Manges, B.; Jacoby, R.; Adelstein, B. Factors influencing operator interaction with virtual objects viewed via head-mounted see-through displays: Viewing conditions and rendering latency. In Proceedings of the IEEE 1997 Annual International Symposium on Virtual Reality, Albuquerque, NM, USA, 1–5 March 1997; pp. 138–145. [Google Scholar] [CrossRef]

	



Mack, J.; Arda, S.E.; Ogras, U.Y.; Akoglu, A. Performant, multi-objective scheduling of highly interleaved task graphs on heterogeneous system on chip devices. IEEE Trans. Parallel Distrib. Syst. 2021, 33, 2148–2162. [Google Scholar] [CrossRef]

	



Gruen, R.; Ofek, E.; Steed, A.; Gal, R.; Sinclair, M.; Gonzalez-Franco, M. Measuring System Visual Latency through Cognitive Latency on Video See-Through AR devices. In Proceedings of the 2020 IEEE Conference on Virtual Reality and 3D User Interfaces (VR), Atlanta, GA, USA, 22–26 March 2020; pp. 791–799. [Google Scholar] [CrossRef]

	



Blissing, B.; Bruzelius, F.; Eriksson, O. Effects of visual latency on vehicle driving behavior. ACM Trans. Appl. Percept. TAP 2016, 14, 1–12. [Google Scholar] [CrossRef]

	



Shajin, F.H.; Rajesh, P. Trusted secure geographic routing protocol: Outsider attack detection in mobile ad hoc networks by adopting trusted secure geographic routing protocol. Int. J. Pervasive Comput. Commun. 2022, 18, 603–621. [Google Scholar] [CrossRef]

	



Eriksen, B.A.; Eriksen, C.W. Effects of noise letters upon the identification of a target letter in a nonsearch task. Percept. Psychophys. 1974, 16, 143–149. [Google Scholar] [CrossRef]

	



Ragan, E.; Wilkes, C.; Bowman, D.A.; Hollerer, T. Simulation of Augmented Reality Systems in Purely Virtual Environments. In Proceedings of the 2009 IEEE Virtual Reality Conference, Lafayette, LA, USA, 14–18 March 2009; pp. 287–288. [Google Scholar] [CrossRef]

	



Nabiyouni, M.; Scerbo, S.; Bowman, D.A.; Höllerer, T. Relative effects of real-world and virtual-world latency on an augmented reality training task: An ar simulation experiment. Front. ICT 2017, 3, 34. [Google Scholar] [CrossRef]

	



Ma, S.; Simon, T.; Saragih, J.; Wang, D.; Li, Y.; De La Torre, F.; Sheikh, Y. Pixel codec avatars. In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition, Nashville, TN, USA, 20–25 June 2021; pp. 64–73. [Google Scholar]

	



Lombardi, S.; Saragih, J.; Simon, T.; Sheikh, Y. Deep appearance models for face rendering. ACM Trans. Graph. ToG 2018, 37, 1–13. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, D.; Chuang, P.; Ma, S.; Chen, D.; Li, Y. F-CAD: A Framework to Explore Hardware Accelerators for Codec Avatar Decoding. In Proceedings of the 2021 58th ACM/IEEE Design Automation Conference (DAC), San Francisco, CA, USA, 5–9 December 2021; pp. 763–768. [Google Scholar] [CrossRef]

	



Abrash, M. Creating the future: Augmented reality, the next human-machine interface. In Proceedings of the 2021 IEEE International Electron Devices Meeting (IEDM), San Francisco, CA, USA, 11–15 December 2021; IEEE: Piscataway, NJ, USA, 2021; pp. 1–2. [Google Scholar]

	



Sumbul, H.E.; Wu, T.F.; Li, Y.; Sarwar, S.S.; Koven, W.; Murphy-Trotzky, E.; Cai, X.; Ansari, E.; Morris, D.H.; Liu, H.; et al. System-Level Design and Integration of a Prototype AR/VR Hardware Featuring a Custom Low-Power DNN Accelerator Chip in 7 nm Technology for Codec Avatars. In Proceedings of the 2022 IEEE Custom Integrated Circuits Conference (CICC), Newport Beach, CA, USA, 24–27 April 2022; pp. 1–8. [Google Scholar] [CrossRef]

	



Mandal, D.K.; Jandhyala, S.; Omer, O.J.; Kalsi, G.S.; George, B.; Neela, G.; Rethinagiri, S.K.; Subramoney, S.; Hacking, L.; Radford, J.; et al. Visual inertial odometry at the edge: A hardware-software co-design approach for ultra-low latency and power. In Proceedings of the 2019 Design, Automation & Test in Europe Conference & Exhibition (DATE), Florence, Italy, 25–29 March 2019; IEEE: Piscataway, NJ, USA, 2019; pp. 960–963. [Google Scholar]

	



Einicke, G.A.; White, L.B. Robust extended Kalman filtering. IEEE Trans. Signal Process. 1999, 47, 2596–2599. [Google Scholar] [CrossRef]

	



Tanskanen, P.; Naegeli, T.; Pollefeys, M.; Hilliges, O. Semi-direct EKF-based monocular visual-inertial odometry. In Proceedings of the 2015 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Hamburg, Germany, 28 September–2 October 2015; pp. 6073–6078. [Google Scholar] [CrossRef]

	



Šoberl, D.; Zimic, N.; Leonardis, A.; Krivic, J.; Moškon, M. Hardware implementation of FAST algorithm for mobile applications. J. Signal Process. Syst. 2015, 79, 247–256. [Google Scholar] [CrossRef]

	



Avallone, S.; Imputato, P.; Redieteab, G.; Ghosh, C.; Roy, S. Will OFDMA improve the performance of 802.11 WiFi networks? IEEE Wirel. Commun. 2021, 28, 100–107. [Google Scholar] [CrossRef]

	



Lang, B. Qualcomm Says New WiFi 6E Chips Support VR-Class Low Latency for VR Streaming. 2020. Available online: https://www.roadtovr.com/qualcomm-wifi-6e-fastconnect-vr-streaming-latency/ (accessed on 12 February 2023).

	



Deng, C.; Fang, X.; Han, X.; Wang, X.; Yan, L.; He, R.; Long, Y.; Guo, Y. IEEE 802.11 be WiFi 7: New challenges and opportunities. IEEE Commun. Surv. Tutorials 2020, 22, 2136–2166. [Google Scholar] [CrossRef]

	



Du, R.; Xie, H.; Hu, M.; Narengerile; Xin, Y.; McCann, S.; Montemurro, M.; Han, T.X.; Xu, J. An Overview on IEEE 802.11bf: WLAN Sensing. arXiv 2022, arXiv:2207.04859. [Google Scholar] [CrossRef]

	



Zhang, J.; Chen, B.; Zhao, Y.; Cheng, X.; Hu, F. Data security and privacy-preserving in edge computing paradigm: Survey and open issues. IEEE Access 2018, 6, 18209–18237. [Google Scholar] [CrossRef]

	



Andrae, A.S. Comparison of several simplistic high-level approaches for estimating the global energy and electricity use of ICT networks and data centers. Int. J. 2019, 5, 51. [Google Scholar] [CrossRef]

	



Hu, Y.C.; Patel, M.; Sabella, D.; Sprecher, N.; Young, V. Mobile edge computing—A key technology towards 5G. ETSI White Pap. 2015, 11, 1–16. [Google Scholar]

	



Liyanage, M.; Porambage, P.; Ding, A.Y.; Kalla, A. Driving forces for multi-access edge computing (MEC) IoT integration in 5G. ICT Express 2021, 7, 127–137. [Google Scholar] [CrossRef]

	



Sachs, J.; Andersson, L.A.; Araújo, J.; Curescu, C.; Lundsjö, J.; Rune, G.; Steinbach, E.; Wikström, G. Adaptive 5G low-latency communication for tactile Internet services. Proc. IEEE 2018, 107, 325–349. [Google Scholar] [CrossRef]

	



Fettweis, G.P. The Tactile Internet: Applications and Challenges. IEEE Veh. Technol. Mag. 2014, 9, 64–70. [Google Scholar] [CrossRef]

	



Mourtzis, D.; Angelopoulos, J.; Panopoulos, N. Smart Manufacturing and Tactile Internet Based on 5G in Industry 4.0: Challenges, Applications and New Trends. Electronics 2021, 10, 3175. [Google Scholar] [CrossRef]

	



Al Ridhawi, I.; Aloqaily, M.; Karray, F.; Guizani, M.; Debbah, M. Realizing the tactile Internet through intelligent zero touch networks. IEEE Network. 2022, 36, 243–250. [Google Scholar] [CrossRef]

	



Elbamby, M.S.; Perfecto, C.; Bennis, M.; Doppler, K. Toward Low-Latency and Ultra-Reliable Virtual Reality. IEEE Netw. 2018, 32, 78–84. [Google Scholar] [CrossRef]

	



Ahmad, M.; Jafri, S.U.; Ikram, A.; Qasmi, W.N.A.; Nawazish, M.A.; Uzmi, Z.A.; Qazi, Z.A. A low latency and consistent cellular control plane. In Proceedings of the Annual Conference of the ACM, Special Interest Group on Data Communication on the Applications, Technologies, Architectures, and Protocols for Computer Communication, Virtual Event, 10–14 August 2020; pp. 648–661. [Google Scholar]

	



Tanenbaum, A.S.; Steen, M.V. Distributed Systems: Principles and Paradigms, 1st ed.; Prentice Hall PTR: Hoboken, NJ, USA, 2001. [Google Scholar]

	



Li, Y.; Yuan, Z.; Peng, C. A Control-Plane Perspective on Reducing Data Access Latency in LTE Networks. In Proceedings of the 23rd Annual International Conference on Mobile Computing and Networking, MobiCom ′17, Snowbird, UT, USA, 16–20 October 2017; Association for Computing Machinery: New York, NY, USA, 2017; pp. 56–69. [Google Scholar] [CrossRef]

	



Masaracchia, A.; Li, Y.; Nguyen, K.K.; Yin, C.; Khosravirad, S.R.; Da Costa, D.B.; Duong, T.Q. UAV-enabled ultra-reliable low-latency communications for 6G: A comprehensive survey. IEEE Access 2021, 9, 137338–137352. [Google Scholar] [CrossRef]

	



Viitanen, M.; Vanne, J.; Hämäläinen, T.D.; Kulmala, A. Low Latency Edge Rendering Scheme for Interactive 360 Degree Virtual Reality Gaming. In Proceedings of the 2018 IEEE 38th International Conference on Distributed Computing Systems (ICDCS), Vienna, Austria, 2–5 July 2018; pp. 1557–1560. [Google Scholar] [CrossRef]

	



Shi, J.; Xu, Z.; Niu, W.; Li, D.; Wu, X.; Li, Z.; Zhang, J.; Shen, C.; Wang, G.; Wang, X.; et al. Si-substrate vertical-structure InGaN/GaN micro-LED-based photodetector for beyond 10 Gbps visible light communication. Photonics Res. 2022, 10, 2394–2404. [Google Scholar] [CrossRef]

	



Hu, F.; Chen, S.; Li, G.; Zou, P.; Zhang, J.; Hu, J.; Zhang, J.; He, Z.; Yu, S.; Jiang, F.; et al. Si-substrate LEDs with multiple superlattice interlayers for beyond 24 Gbps visible light communication. Photonics Res. 2021, 9, 1581–1591. [Google Scholar] [CrossRef]

	



Qi, Y.; Li, J.; Wei, C.; Wu, B. Free-space optical stealth communication based on wide-band spontaneous emission. Opt. Contin. 2022, 1, 2298–2307. [Google Scholar] [CrossRef]

	



Li, W.; Yu, J.; Wang, Y.; Wang, F.; Zhu, B.; Zhao, L.; Zhou, W.; Yu, J.; Zhao, F. OFDM-PS-256QAM signal delivery at 47.45 Gb/s over 4.6-kilometers wireless distance at the W band. Opt. Lett. 2022, 47, 4072–4075. [Google Scholar] [CrossRef]

	



Shi, S.; Gupta, V.; Hwang, M.; Jana, R. Mobile VR on Edge Cloud: A Latency-Driven Design. In Proceedings of the 10th ACM Multimedia Systems Conference, MMSys ′19, Amherst, MA, USA, 18–21 June 2019; Association for Computing Machinery: New York, NY, USA, 2019; pp. 222–231. [Google Scholar] [CrossRef]

	



Wang, Y.; Yu, T.; Sakaguchi, K. Context-Based MEC Platform for Augmented-Reality Services in 5G Networks. In Proceedings of the 2021 IEEE 94th Vehicular Technology Conference (VTC2021-Fall), Virtual Conference, 27 September–28 October 2021; pp. 1–5. [Google Scholar] [CrossRef]

	



Hałaburda, H. Unravelling in two-sided matching markets and similarity of preferences. Games Econ. Behav. 2010, 69, 365–393. [Google Scholar] [CrossRef]

	



Vlahovic, S.; Suznjevic, M.; Skorin-Kapov, L. A survey of challenges and methods for Quality of Experience assessment of interactive VR applications. J. Multimodal User Interfaces 2022, 16, 257–291. [Google Scholar] [CrossRef]

	



Brunnström, K.; Dima, E.; Qureshi, T.; Johanson, M.; Andersson, M.; Sjöström, M. Latency impact on Quality of Experience in a virtual reality simulator for remote control of machines. Signal Process. Image Commun. 2020, 89, 116005. [Google Scholar] [CrossRef]

	



Desai, P.R.; Desai, P.N.; Ajmera, K.D.; Mehta, K. A review paper on oculus rift-a virtual reality headset. arXiv 2014, arXiv:1408.1173. [Google Scholar]

	



Hsu, C.H. MEC-Assisted FoV-Aware and QoE-Driven Adaptive 360° Video Streaming for Virtual Reality. In Proceedings of the 2020 16th International Conference on Mobility, Sensing and Networking (MSN), Tokyo, Japan, 17–19 December 2020; pp. 291–298. [Google Scholar] [CrossRef]

	



Feng, D.; Lai, L.; Luo, J.; Zhong, Y.; Zheng, C.; Ying, K. Ultra-reliable and low-latency communications: Applications, opportunities and challenges. Sci. China Inf. Sci. 2021, 64, 1–12. [Google Scholar] [CrossRef]

	



Chen, M.; Dreibholz, T.; Zhou, X.; Yang, X. Improvement and implementation of a multi-path management algorithm based on MPTCP. In Proceedings of the 2020 IEEE 45th Conference on Local Computer Networks (LCN), Sydney, Australia, 16–19 November 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 134–143. [Google Scholar]

	



Milovanovic, D.; Bojkovic, Z.; Indoonundon, M.; Fowdur, T.P. 5G Low-latency communication in Virtual Reality services: Performance requirements and promising solutions. WSEAS Trans. Commun. 2021, 20, 77–81. [Google Scholar] [CrossRef]

	



Coutinho, R.W.; Boukerche, A. Design of Edge Computing for 5G-Enabled Tactile Internet-Based Industrial Applications. IEEE Commun. Mag. 2022, 60, 60–66. [Google Scholar] [CrossRef]

	



Wang, C.; Yu, X.; Xu, L.; Wang, Z.; Wang, W. Multimodal semantic communication accelerated bidirectional caching for 6G MEC. Future Gener. Comput. Syst. 2023, 140, 225–237. [Google Scholar] [CrossRef]

	



Lokumarambage, M.; Gowrisetty, V.; Rezaei, H.; Sivalingam, T.; Rajatheva, N.; Fernando, A. Wireless End-to-End Image Transmission System using Semantic Communications. arXiv 2023, arXiv:2302.13721. [Google Scholar]

	



Manolova, A.; Tonchev, K.; Poulkov, V.; Dixir, S.; Lindgren, P. Context-aware holographic communication based on semantic knowledge extraction. Wirel. Pers. Commun. 2021, 120, 2307–2319. [Google Scholar] [CrossRef]

	



Huang, M.; Zeng, Y.; Chen, L.; Sun, B. Optimisation of mobile intelligent terminal data pre-processing methods for crowd sensing. CAAI Trans. Intell. Technol. 2018, 3, 101–113. [Google Scholar] [CrossRef]

	



Bawazir, S.S.; Sofotasios, P.C.; Muhaidat, S.; Al-Hammadi, Y.; Karagiannidis, G.K. Multiple access for visible light communications: Research challenges and future trends. IEEE Access 2018, 6, 26167–26174. [Google Scholar] [CrossRef]

	



Almadani, Y.; Plets, D.; Bastiaens, S.; Joseph, W.; Ijaz, M.; Ghassemlooy, Z.; Rajbhandari, S. Visible light communications for industrial applications—Challenges and potentials. Electronics 2020, 9, 2157. [Google Scholar] [CrossRef]

	



Huang, C.; Hu, S.; Alexandropoulos, G.C.; Zappone, A.; Yuen, C.; Zhang, R.; Di Renzo, M.; Debbah, M. Holographic MIMO surfaces for 6G wireless networks: Opportunities, challenges, and trends. IEEE Wirel. Commun. 2020, 27, 118–125. [Google Scholar] [CrossRef]

	



Zhang, S.; Zhu, D. Towards artificial intelligence enabled 6G: State of the art, challenges, and opportunities. Comput. Netw. 2020, 183, 107556. [Google Scholar] [CrossRef]

	



Taleb, T.; Nadir, Z.; Flinck, H.; Song, J. Extremely interactive and low-latency services in 5G and beyond mobile systems. IEEE Commun. Stand. Mag. 2021, 5, 114–119. [Google Scholar] [CrossRef]

	



Arulkumaran, K.; Deisenroth, M.P.; Brundage, M.; Bharath, A.A. Deep reinforcement learning: A brief survey. IEEE Signal Process. Mag. 2017, 34, 26–38. [Google Scholar] [CrossRef]

	



Hussein, A.; Gaber, M.M.; Elyan, E.; Jayne, C. Imitation learning: A survey of learning methods. ACM Comput. Surv. CSUR 2017, 50, 1–35. [Google Scholar] [CrossRef]

	



Bloem, M.; Bambos, N. Ground delay program analytics with behavioral cloning and inverse reinforcement learning. J. Aerosp. Inf. Syst. 2015, 12, 299–313. [Google Scholar] [CrossRef]

	



Angjelichinoski, M.; Trillingsgaard, K.F.; Popovski, P. A Statistical Learning Approach to Ultra-Reliable Low Latency Communication. IEEE Trans. Commun. 2019, 67, 5153–5166. [Google Scholar] [CrossRef]








[image: Sensors 23 03682 g001 550] 





Figure 1. The block diagram shows the main categories and various types of errors associated with MTP latency in AR and VR HMDs. 
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Figure 2. Outline of the paper. 
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Figure 3. The major use cases of AR/VR. 
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Figure 4. This figure details the requirements for various types of latencies associated with AR/VR technologies from the hardware, software, and design perspectives in order to enable a low-latency connection in an immersive environment. 
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Figure 5. This diagram depicts the capabilities of a 5G-enabled network design that employs cutting-edge technologies such as edge computing and the Tactile Internet to enable low-latency communication for AR and VR use cases. 
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Figure 7. This diagram describes different methodologies involved in the proposed learning algorithm to decide the optimal scheduling policy for low-latency data delivery. Two main categories of scenarios were assumed, and reinforcement learning (RL), as well as imitation learning (IL) are tailored to them accordingly. 
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Table 1. The acronyms used in the paper with their respective meanings.
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	Acronym
	Definition
	Acronym
	Definition





	5GB
	5G and Beyond
	MEMS
	Micro-electromechanical systems



	AR
	Augmented reality
	MTP
	Motion-to-photon



	AV
	Autonomous vehicles
	NCC
	Normalized cross-correlation



	DNN
	Deep neural network
	NLOS
	Non-line-of-sight



	DoF
	Degree of freedom
	OFDM
	Orthogonal frequency-division multiplexing



	EKF
	Extended Kalman filter
	OST
	Optical see-through



	eMBB
	Enhanced Mobile Broadband
	PDCP
	Packet Data Convergence Protocol



	FOV
	Field of view
	PER
	Packet error rate



	fps
	Frames per second
	QoE
	Quality of experience



	HARQ
	Hybrid automatic repeat request
	QoS
	Quality of service



	HDD
	Heads down display
	RTT
	Round-trip time



	HDR
	High dynamic range
	SOC
	System-on-a-chip



	HMD
	Head-mounted display
	TI
	Tactile Internet



	HUD
	Heads up display
	URLLC
	Ultra-reliable low-latency communication



	IoT
	Internet of Things
	UWB
	Ultra-wideband



	IMU
	Inertial measurement unit
	VIO
	Visual–inertial odometry



	KPI
	Key performance indicator
	VLC
	Visible-light communication



	MAC
	Multiply–accumulate
	VR
	Virtual reality



	MAR
	Mobile augmented reality
	WLAN
	Wireless local area network



	MEC
	Mobile edge computing
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