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ABSTRACT

Human digital twin (HDT) is expected to rev-
olutionize the future human lifestyle and prompt
the development of advanced human-centric
applications (e.g., Metaverse) by bridging physi-
cal and virtual spaces. However, the fulfillment of
HDT poses stringent demands on the pervasive
connectivity, real-time feedback, multi-modal data
transmission and ultra-high reliability, which urge
the need of enabling immersive communications.
In this article, we shed light on the design of an
immersive communication framework for HDT
by edge computing empowered tactile Internet
(namely IC-HDT-ECoTl). Aiming at offering strong
interactions and extremely immersive quality of
experience, we introduce the system architecture
of IC-HDT-ECoTl, and analyze its major design
requirements and challenges. Moreover, we
present core guidelines and detailed steps for sys-
tem implementations. In addition, we conduct
an experimental study based on our recently
built testbed, which shows a particular use case
of IC-HDT-ECoTl in physical therapy, and the
obtained results indicate that the proposed frame-
work can significantly improve the effectiveness
of the system. Finally, we conclude this article
with a brief discussion of open issues and future
directions.

INTRODUCTION

Human digital twin (HDT) is envisioned to per-
form as a hyper-realistic and hyper-intelligent
testbed for far-reaching fields of human-centric
services (such as Metaverse) [1]. HDT for each
individual consists of a pair of physical twin (PT)
and virtual twin (VT). Specifically, the VT in the
digital space can replicate its corresponding
human body in the physical space, i.e., PT, and
can also reflect the PT’s status both psychologi-
cally and physiologically in real time. For example,
HDT may be implemented to plan and assist
complex and high-risky surgeries, where doctors
can remotely observe patients’ physiological indi-
cators, operate medical equipments, conduct
accurate treatments and perform various tests
via physical-virtual synchronization. HDT obvi-
ously requires strong interactions and extremely
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immersive quality of experience (QoE) among
PTs and VTs, urging the need of enabling a new
communication paradigm in 6G, called immersive
communications [2]. Immersive communication,
by the definition, is the use of interactive, tech-
nology-driven environments to simulate real-world
experiences, making participants to feel fully
engaged and present in virtual or augmented con-
texts, and thus can become a powerful impetus
for HDT.

To realize immersive communications, one
intuitive technique is the tactile Internet (TI) [3].
By transmitting human skills through the network
and provides multisensory haptic feedbacks, Tl
allows users to interact with objects more intui-
tively and realistically. Furthermore, empowering
Tl by edge computing, forming ECoTl, real-time
communication and computing can be achieved,
facilitating more fast-responsive services. Hereaf-
ter, for convenience, we call this new framework
as IC-HDT-ECoTl. Subsequently, we discuss the
challenges of realizing immersive communica-
tions in HDT, review the limitations of traditional
frameworks, and explain the pivotal roles of
IC-HDT-ECoTl as a promising solution.

Realizing immersive communications in HDT is
challenging due to the frequent service interrup-
tions caused by unpredicted human activities and
limited resources. For the transmission of extensive
data within HDT, including high-definition video,
audio and diverse sensor data, the network needs
to be agile to swiftly accommodate the unpre-
dicted human activities. However, the traditional
framework (e.g., the Ethernet without tactile feed-
back and edge computing) are usually based
on fixed topologies and static routing strategies,
making it difficult to flexibly respond to sudden
traffic changes or network interruptions. Addi-
tionally, HDT requires a large amount of network
resources for data updates under strong interac
tions, while traditional frameworks may not be
able to guarantee sufficient resources to support
these high-load requirements. IC-HDT-ECoTlI can
potentially address this issue by providing perva-
sive and agile connectivity. On one hand, it can
support large-scale data collections, real-time data
processing and analysis, enabling data-driven HDT
applications. By flexibly deploying computing
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HDT for each individual consists of a pair of physical twin (PT) and virtual twin (VT).

nodes at the edge to cope with sudden network
traffics, it can quickly adapt to network changes.
On the other hand, it can adopt a distributed
approach to optimize resource allocations by
dynamically adjusting the number of requests allo-
cated to each edge server, improving availability,
scalability and fault tolerance.

Realizing immersive communications in HDT is
difficult when facing heavy and fluctuating traffics,
inducing delays and inconsistencies in feedbacks
across different data modalities (e.g., video, audio
and tactile). Traditional frameworks often treat all
types of data as homogeneous and do not take
into account the different latency, bandwidth, and
reliability requirements of different data modali-
ties. Transmitting multimodal data at a fixed rate
may exacerbate network congestions, increasing
the probability of packet loss, and result in incom-
plete or incorrect data received by the receiving
ends, leading to a decrease in the fidelity of HDT.
IC-HDT-ECoTI can potentially address this issue
by improving network efficiencies and qualities.
Particularly, data processing and analysis can be
transferred from the cloud to edge servers closer
to data sources and terminals. This reduces trans-
mission distances, ensuring effective management
of HDT. Moreover, it can also prioritize the pro-
cessing of different types of data streams, better
utilizing the computing resources while maintain-
ing information consistency, integrity, and security.

Realizing immersive communications in
HDT requires high-fidelity virtual-real interac-
tions while PT-VTs are hard to be seamlessly
exchanged and synchronized. HDT needs to be
updated frequently, relying on multimodal inter-
actions to mimic human behavioral, emotional,
and physiological characteristics for immersive
user experiences. While traditional frameworks
lack HDT management interfaces for high-fidel-
ity PT-VT synchronizations. Furthermore, haptic
data transmission requires higher sampling fre-
quency to capture rapidly changing HDT states,
while the lack of a haptic coding paradigm in
traditional frameworks may result in a waste of
network resources. IC-HDT-ECoTlI can potentially
address this issue by building systems over mul-
tiple dimensions. In the modeling dimension, it
can manage, analyze, mine and integrate multi-
source data collected from physical entities,
enabling real-time updates and interactions. In the
service dimension, it can support high-precision
modeling, optimal deployment of HDT, high-qual-
ity rendering performance of HDT multimodal
feedback by the edge computing, ensuring HDT
update consistency, providing desired functions
and services, e.g., human activity detection and
healthcare analysis, according to specific HDT
user requirements.

In summary, to be capable of offering strong
interactions and extremely immersive QoE in
facilitating advanced human-centric applications,
IC-HDT-ECoTl is not only attractive but also wor-
thy to be carefully studied. The main contributions
of this article are to provide a bold, forward-look-
ing vision on designing IC-HDT-ECoTl, and are
summarized as follows.

+ We propose a novel communication frame-
work, i.e., IC-HDT-ECoTI, aiming to provide
HDT with strong interactions and extremely
immersive QoE services. To the best of our
knowledge, this is the first framework that
manages holistic HDT functions empowered
by IC-HDT-ECoTl, including data collection,
processing and transfer.

+ We rigorously analyze key design require-
ments and challenges of implementing
IC-HDT-ECoTI, and present the key steps
and core guidelines.

+ We show a particular case study of
IC-HDT-ECoTl in physical therapy, demon-
strating the effectiveness of the proposed
framework. This use case may also be con-
sidered as a reference for other HDT appli-
cations that can improve human quality of
life.

+ We outline and discuss major open issues to
inspire future research directions.

FRAMEWORK OF IC-HDT-ECoTI

SYSTEM ARCHITECTURE

The system architecture of ICCHDT-ECoTI consists
of three domains, i.e., physical master domain,
edge interaction domain and HDT domain, as
illustrated in Fig. 1. PTs in the physical master
domain (i.e., physical space) can initiate human
skills, such as massage or acupuncture through
human teleoperators and tactile terminals, to con-
trol VTs in the HDT domain (i.e., digital space),
and obtain ultra-realistic feedback from the HDT
domain. As the bridge, the edge interaction
domain helps deliver commands and feedback
signals between the physical master and HDT
domains in real-time.

1) Physical Master Domain: The physical mas-
ter domain is to initiate control signals from the
physical space, while interfacing and rendering
feedback information. Broadly speaking, PTs in the
physical master domain can be equipped by vari-
ous haptic sensors, tactile terminals and display
devices to interact with VTs in the HDT domain
to complete specific applications. For example, a
doctor equipped with tactile gloves can control
his/her VT (i.e., the virtual hand) to massage the
patient’s VT within the HDT domain. The tactile
feedback will be encoded and transmitted back to
the doctor through the edge interaction domain.
In addition, tactile, video and kinesthetic informa-
tion may be imperative in this scenario, and thus
motion actuators and head-mounted VR glasses
may also be required to build a two-way round-
trip operation framework.

2) Edge Interaction Domain: Edge interac
tion domain is to transmit multimodal data (e.g.,
video, audio and tactile) to the HDT domain, and
conduct network resource management, analy-
sis, and scheduling based on user requirements.
Specifically, the edge interaction domain sup-
ports bidirectional communication links between
the physical master domain and HDT domain.
Besides the capability of information exchange,
edge computing can promote the data fusion and
reduction, supporting complex HDT tasks. Addi-
tionally, synchronizing multi-modal feedback by
analyzing the data at network edges can bring an
immersive multi-sensory experience to PTs.
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FIGURE1. The system architecture of IC-HDT-ECoTl, including the physical master domain, edge interaction domain and HDT domain.

3) HDT Domain: HDT domain is responsi-
ble for constructing HDT models, mapping user
behaviors and preferences, and other states
to create highly accurate user profiles. Particu-
larly, a PT is digitally modeled as a high-fidelity
VT located in the HDT domain, which can be
regarded as the digital executor of the PT, mean-
while reflecting the PT’s status in real time. After
receiving commands from the PT, its VT decodes
the information and executes actions indicated by
the decoded information. Based on this, the VT
then generates the multimodal feedback informa-
tion and transmit it back to the PT through the
edge interaction domain.

KEY DESIGN REQUIREMENTS AND CHALLENGES

The key design requirements and major chal-
lenges of implementing [C-HDT-ECoTl are
discussed as follows.

1) Strong Interactions Between Physical
and Virtual Twins: The interactions between a
pair of PT and VT typically involve information
exchange in a high frequency. For instance, for
the smoothness and fidelity of haptic perception
when a PT switches actions rapidly, haptic infor-
mation commonly needs to be updated at a rate
over 1000 times per second. These strong inter-
actions between PTs and VTs need the support of
pervasive connectivity under ubiquitous mobility,
real-time communication and computation with
feedbacks, and privacy protection and data secu-
rity for ethics and morality.

Pervasive Connectivity Under Ubiquitous
Mobility: The interactions between PTs and
VTs through IC-HDT-ECoT! inherently demand
seamless connectivity. HDT services may be

The interactions between a pair of PT and VT typically involve information exchange

in a high frequency.

interrupted when a PT moves to distant locations,
while its VT is still hosted at the original server.
Hence, the pervasive connectivity is required
for guaranteeing stable and continuous services
[4]. Nevertheless, this requirement brings several
challenges. First, when the PT moves to a place
with unpredictable network conditions, such as
high congestions and packet loss rates, the con-
nectivity between the PT and VT pair is hard to
be established. Second, if the PT moves from an
area with a low user density to other high-density
ones, the network workload will become more
unbalanced, and the topology will become more
complex to manage. Third, the mobility of PT is
significantly uncertain, depending on their sub-
jective consciousness. All these indicate that the
pervasive connectivity of PT-VT pair under ubiqui-
tous mobility is challenging.

Real-Time Communication and Computation
With Feedbacks: Intuitively, strong interactions
between PTs and VTs require the support of
real-time communications and computations [5].
First, feedbacks from VTs typically involve mas-
sive complex and multimodal information (e.g.,
audio, video and tactile signals) that requires large
bandwidth to be transmitted, and thus the net-
work resource needs to be optimized. However,
most of existing work devoted to the design of
uplink task offloading while ignoring the downlink
feedbacks [6], which results in the low quality of
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response. Second, if the distance between phys-
ical master domain and HDT domain is more
than 150 kilometers, it is generally known that
real-time communication requirements can
hardly be achieved [7]. This limitation hinders the
application of IC-HDT-ECoTl, such as for ultra-
long-distance surgery. Moreover, edge computing
nodes usually have limited computing capacity,
storage space, battery life and other resource
constraints, and may be seriously affected by net-
work congestions, equipment failures and attacks.
These motivate the enhancement of availability,
reliability, scalability and fault tolerance of edge
services.

Privacy Protection and Data Security With
Ethics and Morality: Massive data will be trans-
mitted and exchanged between PTs and VTs in
IC-HDT-ECoTI during the strong interactions. Pri-
vacy protection and data security are undoubtedly
required for preventing data from malicious leak-
ages or attacks. Different from the other general
applications, the data generated in IC-HDT-ECoTl
are human-related and highly sensitive. Any leak-
age of these data may result in serious ethical and
moral concerns. For example, in the treatment of
patients under such a framework, a large amount
of healthcare data may be circulated. Doctors tak-
ing actions and interacting with patients’ VTs is
vulnerable to malicious attacks on data transmis-
sion, processing and feedbacks, causing potential
data manipulations and eventually the mismatch
among PTs and VTs. These attacks may further
lead to misjudgement, wrong decisions and failure
of treatments, which are intolerable in any case
[8]. Moreover, the traditional data backup, recov-
ery, auditing schemes may not be sufficient for
this application, because the operation of IC-HDT-
ECoTI has to maintain relatively stable with few
jitters and service interruptions.

2) Extremely Immersive Quality of Experience:
The extremely immersive QoE of IC-HDT-ECoTl
can be achieved by providing PTs with com-
prehensive and ultra-realistic virtual senses and
actions generated by VTs. This requires the sup-
port of high fidelity virtual modeling, multimodal
data analysis, and the integration of subjective
and objective evaluations.

High Fidelity Virtual Modeling: High-fidelity
virtual scenes of objects, tasks and actions inter-
connecting the physical master domain and HDT
domain have to be established for ICCHDT-ECoTlI
between PTs and VTs. This helps ensure inter-
active effects in the design of prototypes, while
guaranteeing immersive QoE for users. However,
the realization of such high-fidelity virtual mod-
eling brings several challenges. First, most of the
existing tactile devices have not been fully devel-
oped to capture ultra-fine-grained information,
and may sometimes capture inaccurate or wrong
information, making the immersive QoE being
significantly degraded [9]. Second, the current
virtual scene modeling with offline preprocess-
ing cannot be easily migrated from one server
to another, meaning that it is not applicable for
high mobility services with quick motion changes
or scene switches. Last but not least, there is an
inherent tradeoff between the sampling frequen-
cies of tactile devices and the communication
traffics. To be more specific, the excessive sam-
pling frequency (e.g., 1 kHZ in the remote surgery

[1]) may lead to considerably high traffics occu-
pying large communication bandwidths, and thus
increasing the service latency due to potential
network congestions. In contrast, the over-low
sampling frequency may inevitably result in “unre-
alistic feeling.”

Multimodal Data Analysis: Multimodal data is
the fuel of IC-HDT-ECoTI, which normally contains
various types of data from multiple sources. How-
ever, the transmission and processing of such data
bring several open problems. First, multimodal
encoding schemes must be defined to support
different modalities, without compromising the
end-to-end service latency. Currently, although
visual and auditory information encoding has
been studied extensively, haptic encoding is still
very challenging [10]. Second, the processing of
multimodal data needs to be synchronous. Oth-
erwise, cybersickness may happen. Cybersickness
commonly refers to an issue that multiple sens-
ing data (e.g., audio, video and tactile sensation)
are incorporated in an interaction but their data
processing are notably asynchronous (e.g., the
time-lag between tactile and audio movement
exceeds 1 ms).

Integration of Subjective and Objective
Evaluations: Unlike the conventional systems,
IC-HDT-ECoTI requires both objective and sub-
jective metrics to evaluate the performance,
including not only the latency, reliability of com-
munication and computation, but also the true
experience in immersive interactions. However,
it is difficult, if not impossible, to design an inte-
grated evaluation method that can jointly capture
both subjective and objective aspects, as it may
involve interdisciplinary knowledge and complex
models. Furthermore, compared to the objective
evaluation, it is worth noting that users’ feedbacks
(e.g., error corrections) in subjective evaluation
require much longer response time, making the
real-time integration and analysis much more chal-
lenging [11].

KEY STEPS AND CORE GUIDELINES

To potentially tackle the requirements and chal-
lenges stated in the section “Framework of
IC-HDT-ECoTI,” we provide the key steps and
core guidelines for implementing IC-HDT-ECoTl,
as illustrated in Fig. 2, consisting of component
selection, tactile information encoding and
decoding, edge computing and collaborative pro-
cessing, auxiliary decision, and diverse feedback
and evaluation.

COMPONENT SELECTION

The successful implementation of IC-HDT-ECoTl
requires a careful selection of hardware and soft-
ware components. In this regard, the first step
is to select appropriate components to align
with the specific system requirements. Special
attentions have to be paid on the interface and
operating environment to ensure that the system
can operate seamlessly and without introduc-
ing excessive service latency. To obtain accurate
tactile data, advanced haptic devices, such as
Geomagic Touch [3] and tactile gloves may be
utilized. To ensure low latency and high reliability
in communication and computation (e.g., < 50 ms
delay and > 99.999% reliability in haptic interac-
tion-based rehabilitation [9], tactile data and VT’s
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FIGURE 2. Key steps and core guidelines for IC-HDT-ECoTl implementations.

status information can be distributed to nearest
edge servers to speed up processing. In order to
provide an immersive QoE, the scene rendering
can be accomplished using the unreal engine in
Unity/UE, while VR glasses (e.g., Pico4) to attain
an immersive feeling. For virtual modeling, the
aforementioned hardware and software are used
to capture and reproduce subtle changes in the
physical master domain, providing a sophisticated
and versatile HDT interfaces. To guarantee the
real-time transmission of large volume multimodal
data, the time sensitive network (TSN) [12] pro-
tocol can be employed within IC-HDT-ECoT],
allowing network traffic to be sent according to
a predetermined schedule, ensuring time syn-
chronization between different devices for further
enhancing the performance.

TACTILE INFORMATION ENCODING AND DECODING

To offer strong interactive and immersive user
experiences, multimodal information, such
as audio, video and tactile signals, should be
transmitted between PTs and VTs in IC-HDT-
ECoTl. While audio and video information are
relatively straightforward to collect, tactile infor-
mation usually involves complicated multimodal
data, including force area, angle and size. This
complexity makes the collection, encoding
and decoding significantly challenging. To this
end, deadband coding technology [13], which
encodes a tactile sample only if humans can
notice any changes in tactile perception, may
be employed to encode the collected infor-
mation into discrete values in bits for efficient
transmission and data processing. The encoded
information is then transmitted through the edge
interaction domain to the HDT domain, where it
undergoes recognition, classification and analy-
sis to be eventually decoded. Once executed in
the HDT domain, the resulting feedback is col-
lected and encoded, and in turn transmitted back
to the physical master domain for decoding. All
these complete the round-trip and closed-loop

To offer strong interactive and immersive user experiences, multimodal information, such as audio,

video and tactile signals, should be transmitted between PTs and VTs in [C-HDT-ECoTI.

interactions. For multimodal data analysis, it is
necessary to support interoperability between
multiple tactile devices to ensure the exchange
of tactile information between different modal
devices. The strong interaction of different modal
data (especially haptic data and video) between
PT and VT needs to be kept synchronized, while
haptic data is much smaller than video data, with
more stringent real-time and continuity require-
ments. Deadband coding technology can filter
out the unnecessary or repeated transmission of
data packets caused by noise or small changes
through Weber’s law, so that different modal
data synchronization can be achieved.

EDGE COMPUTING AND COLLABORATIVE PROCESSING

The edge interaction domain is the bridge
between the physical master domain and HDT
domain, while the most critical node is the
edge server. Handling a large amount of multi-
modal data (e.g., video and tactile) locally is
challenging due to its complexity and volume.
Edge computing provides a solution by allowing
users to offload data to edge servers, which not
only reduces communication bandwidth and
service delay but also enhances the processing
capabilities for real-time analysis of multimodal
data. Employing distributed and collaborative
approaches (e.g., distributed computing), ensures
that the vast and sophisticated multimodal data
streams can be processed in parallel, effectively
managing the computational load [14]. Devices,
such as tactile gloves and Geomagic Touch, can
also communicate and collaborate with edge
servers for alleviating their computation burdens.
The scheduler can apply the distributed coordi-
nation to perform the task collaboration based
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T In this case study, since the
built platform is a testbed
mainly for physical therapy
training, there is no real
patient to experience the
therapist’s actions, while the
patient’s feedback can be
virtually generated and sent
to the therapist.

on the network status, node requirements and
other network conditions. This approach, coupled
with end-edge collaborative processing methods,
facilitates seamless data sharing between local
devices, edge servers, and among adjacent edge
servers, creating a robust and fast-responsive
system capable of maintaining high QoE even
under the most demanding data processing sce-
narios. To further avoid user data leakages, and
the resulted threats on user privacy and security,
blockchain and federated learning can also be
integrated in edge computing.

AUXILIARY CALIBRATION

With strong interactions between each PT-VT
pair, IC-HDT-ECoTl is required to process various
data on network edges in real time. For exam-
ple, the tactile information of an individual, such
as human skin texture and hardness, is obtained
through real-time data collection. Afterwards, the
data should be analyzed to provide real-time feed-
back on human VTs, including their physiological,
appearance and behavioral characteristics. How-
ever, haptic feedback may be inaccurate (having
data drift, data noise, etc.) due to heterogeneous
network jitters, resulting in lag and misalignment
of haptic and video signal transmissions, mismatch
between PT and VT, and causing asynchronous
data feedbacks. To enhance the immersive QoE,
IC-HDT-ECoTl employs a cross-modal transmission
strategy with auxiliary calibration [15], including
an active packet loss scheme and a cross-modal
recovery procedure. The active packet loss
scheme obtains a tolerable packet loss probability
by quantifying the QoE and predicts the recovery
effect using a cross-modal reconstruction model,
which is a key step in assisted decision making to
correct various feedback signal deviations. Partic
ularly, in treatment procedures of healthcare, the
doctor first builds a VT of the patient based on
a large amount of collected historical data and
updates the VT by frequent information exchange,
then the doctor can use tactile feedback during
the operation (such as the amount of force and
the texture of scalpel) to predict and correct the
next action.

DIVERSE FEEDBACK AND EVALUATION

The versatility of feedback, including video, audio
and tactile signals, can offer extremely immersive
QoE. However, depending on the context, dif-
ferent types of feedbacks may be produced and
may cause different network overheads. Addition-
ally, the development of effective performance
metrics is also imperative. Unlike other systems,
performance metrics of ICCHDT-ECoTI should inte-
grate both objective and subjective evaluations.
On one hand, objective metrics, such as latency,
jitter, throughput, reliability and motion-to-photon
delay, must be precisely measured. On the other
hand, subjective metrics, focusing on capturing
the realism of haptic sensations, vividness of VTs
and motion sickness, have to be properly evalu-
ated. To well integrate subjective and objective
evaluations, systematic methods such as standard-
ized surveys, in-depth interviews, and behavioral
observations should be conducted to compre-
hensively capture users’ genuine experiences and
the actual system performance, quantifying this
feedback into a form that can be combined with

objective data. Rigorous analysis is then used to
elucidate the relationships between user feed-
back and technical metrics, providing a scientific
basis for the system optimization. This process
ensures the completeness and reliability of the
evaluation framework, effectively measuring the
performance of IC-HDT-ECoT].

A CASE Stuoy oF IC-HDT-ECoTl

In this section, we conduct a case study to
demonstrate the effectiveness of the proposed
IC-HDT-ECoT!l in a specific application, i.e.,
physical therapy, following the implementation
guidelines in the section “Key Steps and Core
Guidelines.” This can also be seen as a prelimi-
nary attempt to address the design requirements
and challenges mentioned in the section “Key
Design Requirements and Challenges.”

EXPERIMENTAL SETUP AND SYSTEM DESIGN

As shown in Fig. 3, we build a testbed platform
by applying IC-HDT-ECoTI in physical therapy,
where the physical master domain is controlled by
a therapist, the HDT domain contains a hand of
the therapist and a patient body (which is a virtual
model that maps a real patient based on his/her
true conditions), and the edge interaction domain
provides both communication and computing ser-
vices. The platform considers manual therapy as
the primary inputs, while the outputs including
video and tactile feedbacks for the therapist. A
virtual hand and a virtual body (i.e., VTs) are digi-
tally constructed to map the therapist and patient’
(i.e., PTs) based on the perceived user data.
IC-HDT-ECoTI enables the therapist to implement
tactile therapy actions to the patient, allowing
him/her to conduct high-density and highly inter-
active virtual-real operations (such as hitting and
massaging) according to different situations. The
platform also feeds back treatment operations to
the patient, letting them to experience immersive
and vivid therapies.

In the physical master domain, a Geomagic
Touch and a pair of tactile gloves with VR glasses
(i.e. Pico4) are adopted to initiate the tactile
operations and gain the feedback, respectively.
In the edge interaction domain, the embedded
devices, including NVIDIA TX2 and Raspberry
Pi, are utilized as edge servers for processing
multimodal data in real-time, while the industrial
TSN switch [E4320-10s is used to construct the
network. The HDT domain consists of virtual enti-
ties in the virtual world with action actuator, such
as the physical therapist’s virtual hand and the
virtual patient’s body that require physical ther-
apy for realizing the digital simulation. When the
system is running, the tactile information flow
will be first transmitted from the physical master
domain to switches, and then be relayed to the
HDT domain. The feedbacks (e.g., tactile, video
and audio) generated from the HDT domain
will be transmitted back to the physical master
domain via switches in return. Moreover, an inter-
ference stream generated randomly by Ostinato
is introduced to simulate the background traffics
in the core network for aligning with real-world
scenarios.

Note that, we have also draw a diagram at the
bottom of Fig. 3 to sketch the proposed IC-HDT-
ECoTI and the traditional framework. Compared
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FIGURE 3. A case study of IC-HDT-ECoTl in physical therapy.

to the traditional framework, IC-HDT-ECoTI can
encode, transmit, and decode tactile feedback sig-
nals while also providing edge computing services,
offering users (e.g., therapists) an unprecedented
immersive QoE, as verified by the following exper-
imental studies.

PERFORMANCE EVALUATION

In order to test the functions of our constructed
platform, we evaluate the performance under
two frameworks, i.e., i) HDT over the traditional
Ethernet (namely the traditional way), and ii) the
proposed IC-HDT-ECoTl. We compare their per-
formances using three indicators: a) immersive
interaction delay (TC), b) periodic stream delay
(PD), and ¢) subjective evaluation. As shown in
Fig. 4(a) with respect to the immersive interac-
tion, IC-HDT-ECoT!I outperforms the traditional
way in terms of the average latency (AD-TC),
maximum latency (MAX-TC), minimum latency
(MIN-TC) and jitter (J-TC). Fig. 4(b) shows the
results with respect to the periodic stream, and
similarly, IC-HDT-ECoT! has better performances
in terms of the average delay (AD-PD), maximum
delay (MAX-PD), minimum delay (MIN-PD) and
jitter (J-PD). Furthermore, we recruit 6 volunteers
to test the platform subjectively, whom acting

A Traditional way
EIC-HDT-ECoTI

AD-TC MAX-TC MIN-TC J-TC AD-PD MAX-PD MIN-PD  J-PD

(a) (b)

A Traditional way
EJIC-HDT-ECoTI
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FIGURE 4. An objective evaluation under two different frameworks.

as physical therapists, and provide them with
subjective evaluation criteria to assess the authen-
ticity of tactile and visual feedback based on
three experience dimensions, including fluency
of video stream, fidelity of tactile feedback, and
feeling of synchronization. As shown in Table 1,
the traditional way suffers from playback delays,
video interruptions and asynchronous motions,
while the proposed IC-HDT-ECoTI can perform
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Framework Video stream Tactile feedback Sync.

Traditional way Choppy None itter

|C-HDT-ECoTI Flugnt Responsive Ffficient

TABLE1. A subjective evaluation under two different
frameworks.

smoothly. All these indicate that, with the aim
of providing strong interactions and extremely
immersive QoE, our proposed framework is
feasible and superior under either objective or
subjective evaluations.

In summary, IC-HDT-ECoTI leverages its
immersive communication capability and edge
computing power to collect and process tactile
signals in HDT system for achieving real-time
communication, computation and control. For
the communication resource management, the
optimal routing and switching strategies are
employed to ensure efficient transmission of mul-
timodal information, enabling users to experience
more realistic feedback. For the high-fidelity vir-
tual modelling, the 3D Unity and Unreal engines
are respectively utilized to model and render
therapy scenes, aiming to achieve vivid services
and rapid scene switching. By incorporating such
visual modeling and video rendering technologies,
high-definition video, accurate tactile feedback
and a dynamically realistic VT based on PT can
be provided. In the multimodal data analysis,
IC-HDT-ECoTl adopts the fixed 1 kHz frequency
deadband encoding in tactile devices, i.e., gloves
and Geomagic Touch, to efficiently encode and
reduce collected tactile signals to transmit in
synchronization with the video data. Moreover,
by placing computational and storage resources
closer to end-users, collaborative edge computing
guarantees low-latency and parallelism of multi-
modal data processing. To evaluate the overall
effectiveness of physical therapy, subjective evalu-
ation criteria from volunteers, along with objective
measurements such as delay and jitter, are consid-
ered. The experimental results demonstrate that
from the technical perspective, by employing the
proposed IC-HDT-ECoTl, the constructed platform
excels in offering strong interaction and extremely
immersive QoE for HDT, while providing advan-
tages in real-world problem-solving and practical
implementations.

FUTURE RESEARCH DIRECTIONS

In this section, we discuss several future research
directions of IC-HDT-ECoTI to potentially inspire
more out-of-the-box works on this topic.

PREDICTIVE HAPTIC INTERACTION AND RESOURCE OPTIMIZATION

Caching feedbacks on edge servers based on pre-
dictions during immersive interactions has a great
potential to significantly reduce the HDT service
latency. However, unlike traditional content cach-
ing, caching multi-modal signals (particularly the
tactile ones) is much more challenging because
most of them are hard to be modeled, and hence
impossible to be properly cached. Therefore,
to ensure ultra-timely and accurate responses,
advanced algorithms, such as deep neural net-
works, along with the resource optimization are
imperative.

SECURITY AND PRIVACY WITH HUMAN-IN-THE-LooP

Security and privacy are always critical, especially
for IC-HDT-ECoT! with human-in-the-loop. This
may involve identifying potential vulnerabilities
and threats in both physical controlled and HDT
domains associated with data collection and pro-
cessing, and the development of novel security
and privacy mechanisms, such as differential pri-
vacy methods, to mitigate these risks. Moreover,
legal, ethical and moral considerations during the
implementation of HDT have to be also taken into
account.

ULTRA-HIGH QUALITY MODELING AND USER EXPERIENCE

The profoundly immersive QoE is essential to
IC-HDT-ECoTI. Enhancing QoE may involve inves-
tigating the adoption of various Al algorithms,
such as tensor holography, to personalize HDT
models and applications for individual users, as
well as exploring the potential for integrating
multi-sensory feedbacks (beyond video, audio
and tactile) into HDT interfaces to create immer-
sive and engaging user experience. This may also
prompt the development of Metaverse.

EDGE INTELLIGENCE ENHANCED VIVID FEEDBACKS

High-fidelity engagements and interactions require
vivid feedbacks. This can only be achieved if there
is almost no lag (e.g., T ms round-trip) between
PTs and VTs in HDT systems. By applying edge
intelligence, it is expected that complicated
haptic interactions can be predicted, filtered, com-
pressed and analyzed, such as using generative
Al, fundamentally enhancing the performance of
transmitting and processing feedback signals, and
eventually guide IC-HDT-ECoTI to conduct active
learning and self learning.

CONCLUSION

In this article, we study the design of an immer-
sive communication framework for HDT by edge
computing empowered tactile Internet (IC-HDT-
ECoTIl). We highlight major requirements and
challenges, particularly in the view of demanding
strong interactions and extremely immersive QokE.
We present core guidelines and detailed steps for
implementing such a system and conduct a case
study demonstrating IC-HDT-ECoTl in physical ther-
apy. Finally, open issues are outlined and discussed.
Overall, this work may contribute to ongoing efforts
towards realizing the full potential of HDT applica-
tions by applying IC-HDT-ECoTl, and pave the way
for future research studies in this exciting area.
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