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In the 5G era and beyond, multi-modal services that integrate audio, visual, and haptic signals are expected
to become dominant applications. To support multi-modal services, the concept of cross-modal communications,
which involves collaborative audio-visual and haptic interactions, has emerged. Despite significant research about
cross-modal communication technology being conducted, a comprehensive literature review on this topic is lack-
ing. To fill this gap, this paper presents a detailed survey on cross-modal communication technology. First, it
provides a highly summarized description of representative research attempts in audio-visual and haptic commu-
nications, which serve as the foundation for cross-modal communications. Then, it delves into various aspects of
cross-modal communications, including architectural, cross-modal coding, cross-modal transmission, cross-modal
signal reconstruction, the essence of semantics, and prototype systems. Finally, it discusses conclusions and fu-
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Semantics
Audio-visual ture research directions. This paper is expected to promote the theoretical research and practical applications of
Haptics cross-modal communications.

1. Introduction

The convergence of wireless communications and multimedia tech-
nologies has led to the emergence of multi-modal services, which are
expected to become leading multimedia applications in the 5G era and
beyond [1,2]. Examples of these multi-modal services include industrial
manipulation, e-health care, remote education, etc. In industrial manipu-
lation, audio-visual and haptic signal feedback can help humans control
the teleoperator to fulfil various complicated tasks more accurately. In
e-health care, doctors can see and touch a patient’s targeted bones or or-
gans to conveniently implement tele-diagnosis or tele-surgery. In remote
education, students can be provided with virtual interactive learning re-
sources to improve their learning outcomes and immersive experience
during the COVID-19 pandemic. Compared with traditional multimedia
services, multi-modal services integrate both audio-visual and haptic
modalities, which also have temporal, spatial, and semantic relevance
(e.g., time of occurrence, spatial position, and represented content) and
can bring human interactive and immersive experience. Therefore, con-
structing new multimedia communication paradigm and technology to
support multi-modal services is necessary.

Historically, research in communications technology has prioritized
audio-visual communication, as it has been the dominant mode of com-
munication for existing multimedia services. The acquisition, transmis-
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sion, reception, and rendering of audio and visual information have
become well-established and mature technologies, with high levels of
quality such as high-definition and beyond [3]. In previous audio-visual
communications, there are audio/visual coding techniques with high
compression ratios, transmission strategies with high efficiency, and re-
ceiving and rendering schemes with high fidelity and user experience,
some of which have become international standards. Although audio-
visual communication can create a convincing sense of presence in a
remote environment, it is insufficient for effectively supporting phys-
ical interactions and manipulations, which are crucial components of
multi-modal services.

To enable physical human-machine and human-human interactions,
especially touch perception and feedback in a distant environment, hap-
tic communications have received much attention in recent years, be-
longing to a representative ultra-reliable and low-latency communica-
tions. Unlike audio-visual communications, haptic-enabled teleopera-
tion systems involve bidirectional exchange of haptic signals over a wire-
less communication network. It also involves humans and closes a global
control loop between the humans and the actuators/teleoperators.
Therefore, when regarding haptic communications, teleoperation qual-
ity and system stability are very sensitive to communication latency
[4]. To meet the requirements of ultra-low latency and ultra-high re-
liability in haptic communications, new methodologies and technolo-
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Fig. 1. Organization of this paper.

gies have been developed for the necessary infrastructure, such as
the Tactile Internet [5]. The Tactile Internet represents a paradigm
shift from content-delivery to skill-set delivery networks, and is ca-
pable of adding interactive capabilities to the existing multimedia
services.

Audio-visual communications and haptic communications are well
suited to audio-visual and haptic signal transmission and processing,
respectively. However, they do not affect multi-modal services where
audio-visual and haptic signals coexist because there are substantial dif-
ferences among audio-visual and haptic modalities. Typically, haptic
streaming supports an ultra-reliable low latency communications sce-
nario, while audio-visual streaming with a large volume needs adequate
bandwidth and belongs to the enhanced mobile broadband communica-
tions scenario. To effectively handle the above issues and support multi-
modal services, collaborative audio-visual and haptic communications,
named cross-modal communications, have been considered as an effec-
tive and promising paradigm [6,7]. Essentially, the core idea of cross-
modal communications is to thoroughly break barriers and fully lever-
age potential correlations (or “semantics”) among different modality sig-
nals. Taking the material surface detection in industrial manipulation as
an example, similar materials in the visual modality have the indistin-
guishable touch sensories for humans. Motivated by this, redundancy
elimination of the haptic modality before transmission can be realized
with the aid of visual modality. Moreover, after transmission, the quality
of visual signals is prone to unexpected packet loss and delayed arrival
of visual streams. Due to the potential correlations among visual and
haptic modalities for the same material surface, haptic-aided visual re-
covery can also be performed. Overall, the ultimate goal of cross-modal
communications is to realize ultra-reliable and low-latency communica-
tions for haptic streaming as well as high throughput for audio-visual
streaming, substantially and considerably improving humans’ immer-
sive experience.

Despite significant progress in audio-visual and haptic commu-
nications, a comprehensive literature review of cross-modal com-
munication technology and its relation to existing multimedia
communications has yet to be presented. This research gap has
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prompted the current paper to provide a detailed review of this
topic in response to the rapid development and pressing de-
mands of multi-modal services. This paper makes the following
contributions:

We present a summary of existing audio-visual communication and
haptic communication research works, which are the origin and basis of
cross-modal communications.

We provide an in-depth description of works on cross-modal com-
munications, including architecture, cross-modal coding, cross-modal
transmission, and cross-modal signal reconstruction. The description in-
dicates the essence of semantics in cross-modal communications. More-
over, it also provides several developed cross-modal communication
prototype systems.

Finally, we give the conclusion and several promising future research
directions about this topic.

The organization of this paper is shown in Fig. 1. First, audio-
visual communications and haptic communications are introduced in
Section 2 and Section 3, respectively. Then, the architecture, key tech-
niques, and prototype systems of cross-modal communications are intro-
duced in Section 4. Finally, the conclusion and future research directions
are given in Section 5.

2. Audio-visual communications

During audio-visual communications, video cameras and micro-
phones at source terminals capture ultra-high-definition content and
perform efficient audio and visual coding, achieving remarkable com-
pression. Then, the audio-visual streams are allocated appropriate re-
sources and delivered according to the transmission conditions. Finally,
high-resolution monitors or virtual reality head-mounted displays at
destination terminals provide a high-end auditory-visual experience.
Therefore, techniques such as audio-visual related coding, transmission,
and display are indispensable. As videos dominate in audio-visual com-
munications, we primarily focus on video communication techniques in
the following.
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2.1. Video coding

Over the past few decades, researchers have dedicated significant ef-
forts to developing efficient tools for video coding. In 2013, the ITU-T
VCEG and ISO/IEC MPEG’s Joint Video Team released the H.265/HEVC
standard [8]. Compared with its previous generation standard, H.265
particularly concerns issues about the increased video resolution and
the increased use of parallel processing architectures, essentially ad-
dressing all existing applications of the H.264/AVC standard. However,
the original H.265 does not fully consider the adaptation for dynamic
environments and flexibility demands for modern video transmission
systems. In response to this need, a scalable high-efficiency video cod-
ing (SHVC) standard for H.265 was proposed [9]. The term “scalable”
refers to the ability to remove parts of the video bitstream to adapt it
based on the varying needs of end users, as well as different terminal
capabilities or network conditions. For low user demands or bad trans-
mission environment, only part of the bitstream with a baseline profile
is delivered, while the other part of the bitstream belonging to high and
ultra-high profiles is dropped. Otherwise, all of the bitstream will be
transmitted. The most recent international standard, finalized in 2020,
is the versatile video coding (VVC) standard, which can achieve a signif-
icant reduction in the bit rate (approximately 50% compared to H.265)
while maintaining equal video quality [10]. By utilizing new features,
VVC provides greater versatility for video with resolutions beyond stan-
dard and high-definition, high dynamic range and wide colour gamut
video, adaptive streaming with resolution changes, computer-generated
and screen-captured video, ultra low-latency streaming, 360-degree im-
mersive video, and more.

2.2. Video transmission

Dynamic adaptive streaming over HTTP (DASH), developed by 3GPP
and MPEG, has become one of the most widely-used visual streaming
standards [11]. By defining the media presentation description, the seg-
ment formats and the control algorithm, DASH can change the video res-
olution according to the terminal’s network capacity. Based on DASH,
several improvements have been designed. In ref. [12], the delivery of
variable bit rate (VBR) video in on-demand streaming scenarios is exam-
ined. VBR delivery can effectively capture the fluctuating characteristics
of videos and implement an adaptive algorithm by utilizing the instant
bitrates of future segments. A framework called D-DASH, which com-
bines deep learning and reinforcement learning techniques to optimize
the performance of DASH, is proposed [13]. This framework can effec-
tively handle the complexity and variability of video content and mobile
wireless channels.

In addition, the explosive growth of mobile video services has pre-
sented a significant challenge to current cellular networks. To address is-
sues such as limited storage capacity, discrepant computational abilities,
dynamic communication environments, random network establishment,
and diverse services of large-scale video applications, device-to-device
(D2D) communication techniques are considered. An energy-efficient
video content delivery system via D2D communication is proposed [14].
By exploring the relationship between coding, storage, and transmis-
sion, the proposed system enables large-scale content delivery among
mobile devices with constrained energy, unpredictable demand, limited
storage, random mobility, and opportunistic transmission.

The video transmission schemes mentioned above are prone to suffer
from the cliff effect due to dynamic channel variations. To address this
problem, an uncoded (or pseudo-analog) linear-transformed transmis-
sion (ULT) strategy is born [15]. This strategy uses continuous num-
bers instead of discrete bits to represent video signals and employs
“analogue-like” amplitude modulation to pursue approximate delivery
of information variables, rather than exact delivery. By taking this mea-
sure, the ULT greatly reduces the transmission errors originating from
channel quality variations.
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2.3. Video display

Upon receiving video signals, metrics are utilized to evaluate the
quality of the displayed video. The two main conventional metrics for
video quality representation are signal quality metrics, such as peak-
signal-to-noise-ratio (PSNR), and system quality metrics, such as quality
of service (QoS). PSNR reflects the relative strength of noise or distor-
tion in video frames, while QoS mainly concerns factors during trans-
mission. However, these conventional metrics do not consider human-
related and context-related factors, and are therefore incapable of rep-
resenting a viewer’s true experience. As a result, quality of experience
(QoE) has become an important metric. In ref. [3], a review of selected
issues pertaining to QoE and its recent applications in video transmis-
sion is presented, including QoE modelling with various influencing fac-
tors, QoE assessment during video transmission, and QoE management
for video transmission optimization over networks. In ref. [16], the key
technologies and realizations of multimedia QoE evaluation are thor-
oughly investigated. The study indicates that QoE can be predicted from
both subjective and objective features, and serves as an effective tool for
guiding video communications.

3. Haptic communications

Compared with audio-visual communications, there exist significant
distinctions about haptic communications. For example, in bilateral tele-
operation systems, haptic signals are exchanged bidirectionally over the
network, enabling a global control loop between humans and actua-
tors/teleoperators. These systems transport touch and actuation in real
time via a medium supported by the Tactile Internet [5]. The IEEE “Tac-
tile Internet” standards working group, designated IEEE 1918.1, has un-
dertaken pioneering work in this area [17]. However, in order to realize
haptic communications and the Tactile Internet, several key issues need
to be addressed.

First, considering typical operations in bandwidth-limited networks,
techniques for haptic data compression by exploiting the limits of hu-
man haptic perception are needed. Moreover, whether the layered ap-
proaches in video coding (i.e., SHVC) can be introduced to haptic sig-
nals is worth consideration. Second, for haptic transmissions, ultra-
responsive connectivity, ultra-reliability, and security are key require-
ments. To guarantee haptic steering and control of real and virtual ob-
jects without creating cybersickness, a roundtrip latency of 1 ms is nec-
essary. Additionally, a fixed-line carrier-grade reliability of seven nines
(99.99999%) is critical to ensure packet losses are kept to a minimum
and the transparency of the system. Security must be integrated into
the physical transmission with a low computational overhead. Third,
lightweight and portable haptic devices need further development to al-
low users to touch, feel, and manipulate objects in both real and virtual
environments. Furthermore, the quality of the received haptic signals
and the user experience, from both subjective and objective aspects,
need to be carefully considered.

3.1. Haptic coding

Haptic data come from either kinaesthetic perception or tactile per-
ception. The former involves force, position, and velocity information
sensed by muscles, joints, and tendons of the human body. The latter
pertains to surface texture, friction, and other sensations detected by
different types of mechanoreceptors in the skin. In kinaesthetic coding,
the goal is to reduce data without introducing algorithmic delays due to
the strict requirements for transmission stability and low latency. The
primary challenge for real-time haptic interaction is how to reduce high
haptic packet rates, which is fundamentally different from video com-
pression. The work in ref. [18] proposes two main categories of haptic
coding algorithms. The first type is perceptual deadband-based, where
the perceptual deadband represents an area below the defined percep-
tion threshold. Haptic samples falling within the deadband can be elimi-
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nated, as the associated signal change is too small to be perceptible. The
second type is predictive coding, where an estimation algorithm is used
to predict future haptic sample values from previous data. Only the hap-
tic sample that has more than a barely noticeable difference from the
current predicted sample needs to be transmitted. Furthermore, these
two kinds of algorithms can be combined to reduce haptic data traffic
with little or no influence on the quality of haptic-enabled telepresence
interactions [19].

Different from the above works focusing on the compression of ki-
naesthetic information in the context of bilateral teleoperation systems,
Hassen et al. [20] makes an effort to perform vibrotactile signal com-
pression. Specifically, it presents PVC-SLP, a touch information cod-
ing approach that employs an acceleration sensitivity function. In this
scheme, a linear prediction with sparsity constraints is introduced on the
residual and the predictor coefficients. Experimental results show that
the PVC-SLP perceptually outperforms the competing schemes. It has
been selected as the haptic codec in the IEEE 1918.1 standard. Stein-
bach et al. [21] proposes two coding schemes for tactile signals. One
is the waveform-based scheme that transforms original tactile signals to
frequency domain (for single-point tactile interaction) or spatial domain
(for multi-point tactile scenarios) and then borrows ideas about audio
codecs [22]. The other is the parametric representation-based scheme
in which the transmitter extracts and sends tactile features (e.g. friction,
roughness, or hardness of the object surfaces), while the receiver repro-
duces the tactile impressions according to these features.

3.2. Haptic transmission

The majority of works in haptic communications are concerned with
low latency and high reliability haptic transmission. It can be further
divided into three main aspects according to the adopted techniques.

(1) Edge computing/intelligence: Reducing the geographical distance
between user-terminals and the tactile server through the use of mo-
bile edge clouds and cloudlets is an effective solution to address the
unprecedented low latency challenge in haptic transmission. Therefore,
edge computing and intelligence are promising techniques for haptic
stream forwarding and feedback [5]. Moreover, edge computing can
not only save energy through caching and computation offloading, but
also relieve security issues by processing original data at terminals or
edges.

Specifically, Xu et al. [23] tries to reduce latency by improving the
efficiency of edge caching. A hybrid edge caching scheme for the Tactile
Internet is proposed based on four representative caching methods (lo-
cal caching, D2D caching, micro-base station caching, and macro-base
station caching). Additionally, a replacement policy is proposed to es-
tablish rules for cache eviction based on the popularity of cached files.
By utilizing this caching scheme, the reuse of data and content is en-
hanced, while redundant transmissions can be effectively reduced.

Computing offloading is another way to alleviate congestion and re-
duce the transmission latency in the Tactile Internet. Xiao and Krunz
[24] constructs a fog cooperative computing framework. In this frame-
work, several fog nodes carry on computing and energy costs by cooper-
ating and performing offload forwarding. This scheme can improve the
efficiency of power usage and effectively reduce the service response
time. In our previous research [25], osmotic computing is selected as a
supporting technique to address the issue of computation offloading in
the cloud and edge integration. Osmotic computing allows for seamless
resource assignment and load balancing, which aligns with the goals of
the Tactile Internet.

Efficient routing is also a method to achieve ultra-low latency and
ultra-high reliability for establishing haptic communications. Fanibhare
et al. [26] proposes a fog-based traffic flow algorithm to effectively man-
age complex and critical network traffic to reduce extra processing and
waiting times at each level of cloud. By using multi-path communica-
tions, the traffic flow paths from the master to the slave domains are
reduced, leading to the round-trip time falling off.
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Moreover, intelligent algorithms can be introduced to form edge in-
telligence [27]. Mukherjee et al. [28], outline the main challenges to
leverage edge intelligence at the master, slave, and network domains of
the Tactile Internet. An intelligent communication framework for edge
computing is proposed, which consists of two building blocks: predic-
tion and decision-making [29]. This framework maximizes resource uti-
lization efficiency while ensuring latency and reliability constraints. To
address the limited resources of edge nodes and end-device privacy con-
cerns, a federated learning algorithm is utilized to guarantee that raw
haptic data are not transmitted from their origin. Partial task offloading
is considered in the Tactile Internet, where a portion of a task is pro-
cessed locally at the IoT device and the remaining part is offloaded to
the edge server [30]. It is important to note that the repeated interac-
tions are cached at edge nodes closer to end-terminals.

(2) Resource management: Transmission resource management has
a direct impact on latency, reliability, throughput, and QoS for haptic
communication systems. The authors exploit the burstiness of haptic
packet arrival to optimize bandwidth reservation in the Tactile Internet
[31]. Specifically, the packet arrival process of each user is first classi-
fied into high or low traffic states. Then, bandwidth reservation is real-
ized by carefully taking into account the classification errors. Compared
with works not aware of burstiness, this scheme can effectively save the
bandwidth and guarantee the latency and reliability requirements. Ra-
dio resource customization for haptic communications is investigated
[32]. Based on radio resource virtualization, a network-wide radio re-
source slicing strategy is first derived. Through heuristic resource allo-
cation with low complexity, radio resource customization can also be
provided.

In addition to the resource management schemes over cellular net-
works mentioned above, D2D resource management models have also
received much attention recently. Tang et al. [33] proposes a “resource-
centric” framework that enables joint sharing of communication, com-
putation, and caching resources among mobile edge devices, which gen-
eralizes existing D2D resource sharing models and potentially enhances
the reliability and intelligence of the Tactile Internet. In ref. [34], the au-
thors propose a cache-enabled D2D-assisted content sharing framework
for haptic communications, which can decrease transmission latency by
providing timely content delivery. They also model distributed cache
and power control as a multiuser content delivery game to maximize
individual benefits. This framework can effectively perform resource al-
location in D2D-based haptic communications.

(3) Radio access: To fulfil the strict requirement of delivering real-
time haptic feedback and control within 1 ms latency, radio access is also
important and needs careful consideration. A software-defined network-
ing controller can provide the functionality of programming the core
and radio access network. However, virtual network functions (VNFs)
bring flexibility at the expense of additional packet processing delays.
Xiang et al. [35] addresses this issue by developing, implementing, and
evaluating a chain-based low-latency VNF implementation, which is a
management framework for the distributed service function chains. This
proposed scheme executes VNF in a distributed manner, either in the
kernel space or user space, based on the processing complexity. It pro-
vides an efficient framework for haptic communications [36]. In this
framework, users in the network are allowed to share their connectiv-
ity, acting as access points for increasing the network capacity. In order
to motivate users’ devotion, an incentive and pricing mechanism can be
further utilized here.

In addition to meeting the low latency requirement, reliability is
also an important concern. High reliability is investigated in a cloud-
RAN system through erasure coding and multi-path transmission [37].
The central unit splits the original MAC frame into smaller blocks, en-
codes them, and transmits them over multiple paths, achieving reli-
able delivery and a reliability-latency trade-off. Chung et al. [38] pro-
poses a time-division multiplexing passive optical network that provides
optical connectivity to end users. This is achieved through the use of
multiple remote nodes with simple optical power splitters, supporting
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an easy-to-use optical connection anywhere in an optical distributed
network.

In addition to the above three aspects, security is another key is-
sue when designing haptic transmissions [39]. To handle this issue,
extra control and calculation may be supplied when considering var-
ious attacks, affecting the latency performance of the system. There-
fore, lightweight encryption algorithms and convenient information ex-
change schemes should be carefully designed. On the other hand, secu-
rity for haptic communications may be guaranteed with the help of the
other modalities, which is worth exploring in the future.

3.3. Haptic display

Input/output devices to display haptic signals or haptic-related prop-
erties can support a human’s touch sensation and further interactive ex-
perience. Current works aim at developing accurate, real-time, minia-
turized haptic display devices or interfaces. For kinaesthetic displays,
piezoelectric motors or electromagnetic actuators are usually taken as
core components of devices [40]. For tactile displays, the first represen-
tative display device was a haptic glove. In ref. [41], a scalable tactile
glove was used to identify individual objects, estimate their weights,
and explore typical tactile patterns. The glove assembles a sensor ar-
ray (containing 548 sensors) and can interact with 26 different kinds of
objects. To perceptually create relevant tactile cues, Strese et al. [42] de-
signed a tactile computer mouse equipped with a series of actuators. By
using this mouse, it can provide the human with major tactile dimen-
sions (hardness, friction, warmth, micro-scopic roughness, macro-scopic
roughness) during surface material perception. Yao et al. [43] designs
a soft, ultrathin, miniaturized and wireless electro-tactile system that
delivers current through the hand to induce tactile sensations as the
skin-integrated haptic interface. Sun et al. [44] proposes an augmented
tactile-perception and haptic-feedback ring. It contains triboelectric and
pyroelectric sensors for tactile and temperature perception, and vibra-
tors and nichrome heaters for vibro- and thermo-haptic feedback. These
display devices are promising for a more vivid touch experience in the
virtual world and in human-machine interactions.

Moreover, evaluation of the received haptic signal quality is of ut-
most importance and should be consistent with human perception. In
ref. [45], the SSIM index is used to compare the similarity between a
reference kinaesthetic signal and a compressed force-feedback signal.
Meanwhile, Liu et al. [46] and Hassen and Steinbach [47] focus on eval-
uating tactile signals. Liu et al. [46] proposes an objective metric that
combines the signal-to-noise ratio (SNR) and structural similarity (SSIM)
to assess the quality of time-varying vibrotactile data. Hassen and Stein-
bach [47] introduces the spectral temporal similarity (ST-SIM) that uses
a spectral measure and a temporal measure based on the human detec-
tion probability function and mean subtracted contrast normalized coef-
ficients, respectively. Experimental results show its effectiveness about
haptic display evaluation.

4. Cross-modal communications
4.1. Architecture

Based on existing audio-visual and haptic communication tech-
niques, traditional schemes try to mainly transmit audio-visual-haptic
streams through multiplexing. One example of a framework for the
adaptive application layer multiplexing is Admux [48]. Admux is de-
signed to adapt to the requirements of multi-modal services and incor-
porates haptic, visual, and audio data. It provides a synchronization
scheme among the different modalities and realizes efficient dynamic
bandwidth allocation by using an intelligent multiplexer. Another ap-
proach for the application layer multiplexing is proposed, which fo-
cuses on teleoperation systems with a multi-modal feedback [49]. In
this scheme, haptic signals are given high priority, and a preemptive-
resume scheduling strategy is used for audio-visual streaming. The main
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aim is to avoid delay-jitter of the received haptic signal and guarantee
fluent audio-visual streaming. However, these works treat audio-visual
and haptic streams separately, only belonging to multi-modal communi-
cations. The availability and efficiency of these communication systems
are relatively low due to the significant distinction of characteristics
and requirements about audio-visual and haptic modalities. Moreover,
in several multi-modal services, audio-visual modality signals dominate
and are more important than haptic modality signals. Therefore, always
giving haptic modality high priority is not suitable under these circum-
stances.

Different from previous multi-modal communication schemes, we
propose a cross-modal communication paradigm that can better support
multi-modal services [6]. It tries to break barriers and fully leverage po-
tential correlations among audio, visual, and haptic modality signals in
multi-modal services, enhancing human interactive and immersive ex-
perience after satisfying low latency, high reliability, and high through-
put requirements. The representative architecture of the cross-modal
communications is given in Fig. 2. This architecture mainly consists of
a master domain, a slave domain, and a network domain. Specifically, a
master domain (receiver) is composed of a human operator and a human
system interface. The human operator sends position-orientation com-
mands. The human system interface consists of haptic actuators receiv-
ing force-/vibro-/thermo-feedback by haptic devices depicted in Sec-
tion I1I-C, as well as audio-visual display devices such as PCs, and mobile
terminals. It is noted that several haptic actuators are assembled with
operators, such as Geomagic Touch and tactile gloves. A slave domain
(transmitter) contains haptic perception sensors installed at teleopera-
tors such as mechanical arms, robots, or virtually synthetic haptic re-
sources. It also contains audio-visual acquisition devices or resources. A
network domain serves as the connection between the master and slave
domains, providing a wireless communication medium. Devices in the
slave domain collect auditory, visual, and touch stimuli from the envi-
ronment or receive commands from the master domain, which are then
compressed through encoding techniques to form multi-modal streams.
These streams are transmitted through the network domain via wireless
channels to the master domain. Finally, the audio, visual, and haptic
signals received at the master domain are decoded, reconstructed, and
rendered.

According to diverse proportions and degrees of integration of au-
dio, visual, and haptic signals, multi-modal services can be further di-
vided into three categories. Haptic dominant services include remote
industrial manipulation, haptic-enabled telesurgery, etc. Audio-visual
dominant services include virtual interactive gaming or movies, holo-
graphic museum guides, etc. Equally-important services include online
immersive shopping, remote immersive education, etc. Different cate-
gories of multi-modal services have distinct demands. For example, in
haptic dominant services, the haptic modality has higher priority, while
low latency and high reliability requirements should be given more at-
tention. In audio-visual dominant services, high throughput should be
considered, while in equally-important services, latency, reliability and
throughput factors are all essential. Cross-modal communications at-
tempt to explore and leverage potential correlations among different
modality signals to satisfy the requirements of multi-modal services.
Therefore, there exist several key techniques when designing cross-
modal communication schemes and systems.

First, due to the limited communication resources, the system needs
to compress multi-modal signals at the slave domain before delivery.
Current multi-modal coding schemes typically employ separate codecs
for haptic, visual, and audio streams. For instance, H.265 is used for
video coding while [18] is used for haptic coding. However, perfor-
mance metrics, such as rate distortion of the audio-visual and haptic
streams, are greatly affected by this scheme. Therefore, it is important
to design a cross-modal coding technique to further compress audio-
visual-haptic signals and eliminate redundancy among modalities.

Second, due to the obviously distinct requirements among modal-
ities, the system needs to perform efficient multi-modal streaming.
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Fig. 2. Architecture of cross-modal communications.

Specifically, haptic streams require low latency and high reliabil-
ity during transmission, whereas audio-visual streams demand high
bandwidth and low jitter. Moreover, for different categories of multi-
modal services, the keystone of the corresponding transmission schemes
should also be distinguished, especially under dynamic transmission
environments. Therefore, constructing a cross-modal transmission
framework and scheduling resources are necessary.

Third, due to the transmission impairment and rendering demands,
comprehensive signal processing algorithms need to be designed and
the human’s immersive experience at the master domain require to be
evaluated. In multi-modal services, it can be known that the received
audio-visual and haptic signals have potential correlations (i.e., belong-
ing to the same content or having the common property). Therefore,
performing a cross-modal signal reconstruction strategy that cleverly ex-
tracts these correlations, realizes mutual assistance among modalities,
and satisfies immersive experience is worth exploring.

4.2. Cross-modal coding

To compress the amount of multi-modal signals during communica-
tions, Zhou and Yuan [50] proposes a cross-modal coding scheme by us-
ing the semantic correlation (side information) among different modal-
ity signals. In this scheme, video and haptic signals at the transmitter
are separately encoded into video and haptic packets. At the receiver,
haptic signals are decoded by the received haptic packets as well as
the side information from the received video packets. In other words,
side information is explored and utilized to realize cross-modal coding.
Moreover, several additional mechanisms such as stability control, hi-
erarchical coding, and cross-modal embedded synchronization can also
be applied. During stability control, the haptic arrival latency can be
predicted by using channel conditions from video streaming. In hierar-
chical coding, a scalable coding algorithm is adopted for video signals. In
cross-modal embedded synchronization, haptic bits are embedded into
the transform results of video frame residuals to guarantee synchro-
nization. Furthermore, Yuan et al. [51] investigates cross-modal cod-
ing based on information theory and fully considers side information. It
first considers the representation of symbol and semantic relationships
among multi-modal sources, defining semantic entropy. Then, the ben-
efit boundary and the minimum number of bits required to compress
haptic signals are derived under the rate conditions of video streams.
Using this theoretical guidance, a cross-modal codec has been designed
that employs Al-enabled cross-modal prediction and channel coding, as
shown in Fig. 3. The codec emphasizes the potential correlation between
pairs of haptic and video frames. Based on this correlation, the previ-
ously decoded video frame is used to estimate the corresponding haptic
reference frame during decoding. The experimental results show very
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Fig. 3. The framework of a cross-modal codec [51].

impressive coding efficiency and bit error ratio (BER). However, the
cross-modal coding technique is still in its infancy. A general codec with
compatibility, universality, and low complexity characteristics, close to
the theoretical compression limit, must be further investigated.

4.3. Cross-modal transmission

From the above analysis, various service scenarios (i.e., distinguished
contents and requests for different categories of multi-modal services),
heterogeneous streams (ie., different transmission requirements for
audio-visual and haptic modality streams), and dynamic network en-
vironments (i.e., varied channel conditions and limited transmission re-
sources) are three main issues when designing cross-modal transmission
strategies.

To address issues regarding distinguished contents and requests in
various multi-modal service scenarios, Zhou et al. [52] proposes a cross-
modal stream scheduling strategy. First, a hierarchical category frame-
work is constructed that has two motivations. The first is that different
applications typically have distinct priorities based on their requests and
contents. The other is that consistent with the audio and visual streams,
scalable coding can also be deployed for haptic streams. Different from
previous schemes with high priority haptic configurations, this frame-
work can flexibly set the priority of audio, visual, and haptic streams.
Second, a series of modal-aware scheduling schemes are designed. In
terms of haptic-dominant applications, resource multiplexing through
spatial diversity and multi-path transmission is deployed to reduce the
haptic amount and improve the efficiency of the network resources as
much as possible. For audio-visual dominant applications, a network
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slicing-based virtual resource is considered, which can be realized by
orchestrating, deploying, and arranging the visualized network func-
tion. It not only aims to guarantee the communication quality of audio-
visual signals with large amount but also tries to reduce the transmis-
sion resource occupation of haptic signals on the audio-visual signals.
For the equally-important services, mobile edge computing, including
unloading decisions and resource allocation, is considered a promising
technique. It fully considers the spatio-temporal-semantic relationships
among the modal streams and adaptively arranges communication, com-
puting, and caching to achieve the tradeoff among latency, reliability,
throughput, and complexity. Third, a scheduling switch strategy for flex-
ible and adaptive scheduling scheme decisions is proposed. It is devel-
oped from the semantic smooth perspective for improving the appli-
cation generality and reducing the performance fluctuation, finally en-
hancing user experience. Moreover, a dynamic transmission mode se-
lection for multi-modal services is proposed [53]. The combination of
three representative transmission modes (cellular, D2D, multiplexing) is
taken according to the categories of multi-modal services. Then, the core
indicators, such as bandwidth to be predicted for audio-visual streams,
latency threshold for haptic streams, are given. Finally, a joint mode
selection and resource allocation algorithm is presented, resulting in
improvements of throughput, energy utilization, and delay for various
multi-modal application scenarios.

To address issues about heterogeneous transmission requirements
among modalities, Yang et al. [54] proposes a scheduling scheme for
cross-modal transmission. On the one hand, haptic signals are sensi-
tive to transmission latency, which can cause discontinuity in the haptic
stream at the receiver. On the other hand, haptic streaming can impact
the delivery of audio-visual streams, resulting in reduced quality. As
latency and reliability often conflict, a linear model-based prediction
mechanism that leverages the correlation within haptic signals is pro-
posed to eliminate haptic stream discontinuity by predicting and send-
ing future haptic signals in advance. Furthermore, a direct D2D link
at the receiver’s side is established, utilizing the proximity feature of
the receivers. This mechanism can compensate for reliability loss re-
sulting from haptic prediction and ensure the transmission quality of
the audio-visual stream. The theoretical results are used to develop a
minimum power resource consumption search algorithm, obtaining the
optimal prediction horizon under the constraints of delay and reliabil-
ity. By utilizing this cross-modal transmission scheduling framework,
wireless resource consumption can be saved without requiring devices
to add additional interfaces. An adaptive stream scheduling strategy is
proposed, which can not only substantially decrease the stream traf-
fic, but also dramatically reduce the impact of the channel uncertainty
and the haptic signals’ stochastic arrival on the delay jitter and reli-
ability [55]. Meanwhile, for haptic transmission with higher priority,
a joint uplink and downlink resource allocation scheme based on a
prediction model is designed. For audio-visual stream transmissions, a
power-domain NOMA with LMDC-FEC scheme is presented to fully uti-
lize the remaining limited resources. Different from Yang et al. [54] and
Wu and Zhou [55], Wei et al. [56] proposes a cross-modal transmis-
sion strategy from the aspects of both reducing packets to be delivered
in advance and remedying the lost packets to be received afterwards.
The main concept behind this strategy is to create a symbiotic rela-
tionship between the visual and haptic modalities. At the transmitter,
a scheme is developed to reduce the haptic content by using visual
cues. This is accomplished by identifying areas where the haptic and
visual contents are similar and only transmitting the necessary haptic
frames, thus reducing the burden on the transmission. At the receiver,
when the visual packets are not available, degraded or delayed, a fine-
grained approach for haptic-to-visual synthesis is used to remedy the sit-
uation. It should be noted that this approach does not require the use of
paired visual-haptic data for model training, which expands its potential
uses. The performance of this strategy is evaluated through experiments
on a practical cross-modal communication platform, demonstrating its
superiority.
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To fundamentally address the dynamic network environment prob-
lem, artificial intelligence has been introduced in the design of cross-
modal transmission strategies. One approach proposed in [7] involves
using reinforcement learning to jointly optimize caching, communica-
tion, and computation to enable collaborative transmissions of audio,
visual, and haptic streams. Specifically, a cloud centre is replaced by
edge servers for implementing caching and computing tasks. A hybrid
transmission mode, containing mobile edge computing (MEC)-based
caching, D2D, and MEC-based computation offloading, is utilized for
variable transmission resource conditions. It is noted that for the hap-
tic streams with bursty properties, D2D is recommended with a higher
priority due to its characteristics such as low latency, conveniently sup-
porting bidirectional communications. The proposed hybrid transmis-
sion modes enable the derivation of caching, communication, and com-
putation costs based on delay, packet loss, jitter, and data rate indi-
cators. To achieve autonomous transmission optimization, deep rein-
forcement learning or broad reinforcement learning techniques [57] can
be applied using the cost functions, as depicted in Fig. 4. An edge
intelligence-based cross-modal streaming transmission architecture is
proposed for dynamic channel environments [58]. This architecture uti-
lizes the 4C capabilities (caching, computation, communication, con-
trol) to the fullest extent. A fast content popularity estimation and clus-
tering algorithm is first provided for content caching. Then, through
collaborations by user devices and edge servers, efficient computation
offloading can be supported. Subsequently, secure communication tech-
niques such as federated learning and blockchain are considered for pro-
tecting personal privacy and data security during transmissions. Finally,
an attention-based deep reinforcement learning solution is taken as a
control model to formulate the autonomous optimization mechanism
for efficient caching, collaborative computing, and secure communica-
tion. With this 4C-based autonomous strategy, a desirable cross-modal
transmission performance can be achieved.

4.4. Cross-modal signal reconstruction

To guarantee the completeness and quality of the received audio,
visual, and haptic signals, cross-modal signal reconstruction techniques
are designed by considering potential correlations among modalities. In
other words, it fully explores “semantics” within one or two normally-
received modality signals and helps reconstruct or generate the remain-
ing but desired modality signals.
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Fig. 5. The proposed audio-visual-aided haptic signal reconstruction approach [59].

Wei et al. [59] analyses two representative scenarios that need cross-
modal signal reconstruction techniques. Taking the haptic modality as
an example, the appearance of a haptic signal is sudden and unpre-
dictable in several applications, such as industrial control and haptic-
enabled telesurgery. It is very sensitive to interference and noise, lead-
ing to haptic signal degradation at the receiver. By considering the re-
ceived audio-visual signals and connecting their potential correlation
with the haptic modality, impaired haptic signal reconstruction can be
realized. The other scenario is that there are no haptic acquisition de-
vices at the slave domain. Real haptic signals do not exist, but humans at
the master domain have touch sensation demands. For example, by in-
troducing haptic information into online immersive shopping or virtual
interactive teaching, a multi-dimensional immersive experience can be
obtained. Under these circumstances, the desired haptic signals need to
be synthesized using the received audio and visual signals, effectively
promoting “virtual” touch sensation.

Considering the above demands, Wei and Zhou [7] proposes a
transfer learning-based cross-modal comprehensive signal processing
paradigm at the receiver. It contains a cross-database knowledge trans-
fer for handling insufficient training samples, cross-modal semantic
transfer among modalities for generating a desired modality, and intra-
modal characteristic transfer for further recovering or rendering the fi-
nal signals. Under this paradigm, Wei et al. [59] establishes an audio-
visual-aided haptic signal reconstruction (AVHR) approach based on
cloud-edge collaborative framework, shown in Fig. 5. Specifically, due
to the insufficient received data at the edge node, knowledge can be ob-
tained and transferred from a large-scale audio-visual auxiliary database
at the central cloud. The edge node then mines the intrinsic seman-
tic consistency and relevance across modalities, and finally realizes the
desired haptic signal reconstruction. It is noted that in this approach,
multi-level (signal, feature, and category) constraints are adopted for
fine-grained signal processing. An experiment on a constructed practi-
cal cross-modal communication platform evaluates the performance of
the AVHR.

In ref. [60], an approach for haptic signal reconstruction in cross-
modal communications is proposed to address the challenges of complex
operations or inefficient feature representations in the literature. The ap-
proach involves constructing a force reconstruction network using long
short-term memory (LSTM-FRN) to learn mapping correlations from the
data distribution, avoiding the need for complex analytical methods. In
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addition, a sparse attention module and a metric learning-based con-
straint are introduced to improve the reconstruction precision and la-
tency of the LSTM-FRN, resulting in a better performance compared to
traditional machine learning schemes. Moreover, by leveraging seman-
tics of multi-modal signals, Li et al. [61] presents a universe and robust
end-to-end cross-modal signal reconstruction framework. This frame-
work contains a feature extraction module for the source modality sig-
nals, a reconstruction module for the desired modality signals, and
an evaluation module for guiding further optimization of the other
two modules. Regarding reconstruction from video to haptic signals,
a 3D convolutional neural network (CNN)-based video extraction sub-
network, a fully convolutional network based generative adversarial net-
work (GAN) generation subnetwork, and a CNN-based GAN discrimina-
tion subnetwork are employed for the above three modules. From the
experimental results, the framework can achieve high accuracy and re-
liable reconstruction effects.

Different from existing ideas in cross-modal reconstruction works,
Wei et al. [62] proposes a cross-modal signal reconstruction strategy
from the perspective of human perceptual facts. The reason is that in
the human perception system, inherent interactions among auditory,
visual, and haptic sensories also exist, influencing or even constructing
a human’s experience. Therefore, the related human perceptual mech-
anisms can be borrowed during research on cross-modal communica-
tions. On the one hand, auditory and haptic sensories, belonging to two
representative non-visual perceptions, have many similarities, such as
small size, waveforms with little difference in time-frequency domain,
and analogous masking effects. This motivates the development of a
redundancy elimination mechanism for audio-haptic signals based on
time-frequency masking. On the other hand, according to psychological
theory, non-visual perceptions can improve visual experiences. Based on
this, the visual signals that are impaired or delayed at the receiver can
be reconstructed using the unimpaired audio and haptic signals. There-
fore, a simple yet effective approach named audio-haptic fused visual
signal restoration approach can be designed.

In addition to perform reconstruction from cross-modal signal gen-
eration and repairing, retrieval is another method with fast response
and high-reliability characteristics. Xu et al. [63] proposes an informa-
tion recovery technology for cross-modal communications. By retrieving
and taking the required data stored at the master domain, signals lost or
polluted by noise of a wireless channel during transmission can be recov-
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ered. To appropriate the different kinds of multi-modal services and spe-
cific scenarios, one-to-one intra-modal retrieval, one-to-one inter-modal
retrieval, and one-to-many inter-modal retrieval are designed. Experi-
mental results under various wireless channel conditions show that this
scheme has a strong information recovery ability across audio, visual,
and haptic signals. Although the premise is that the desired information
should be saved or cached at the cloud or edges near the receiving ter-
minals, it can still be taken as a complementary tool for promoting the
quality of the received signals.

4.5. The essence of semantics

From the existing works mentioned in above, potential correlations
between audio-visual and haptic modalities are vital when designing
communication schemes. In other words, these potential correlations
can be taken as “semantics” independent of modality, or “inter-modal
semantics”. In multi-modal services, semantics can be explored by three
main ways. First, meaningful semantic information can be annotated or
brought in audio-visual and haptic streams, e.g., category labels of ob-
jects in the related video and haptic signals. Under this circumstance,
inter-modal semantics can be obtained in a supervised manner. Second,
meaningful semantic information cannot be annotated or brought in
audio-visual and haptic streams. In other words, inter-semantics should
be explored in a unsupervised way. For instance, the delivered haptic
packets and audio-visual packets from the same terminal in a network,
or the received haptic and audio-visual signals have the same synchro-
nization time stamp, etc. This information can be utilized for explor-
ing semantics. Third, even though the audio-visual and haptic signals
at the edges or terminal devices have no semantics to leverage, useful
information may exist at other parts in the network, ie., at the cen-
tral cloud. Therefore, part of the important inter-semantics can also be
obtained and transferred from these nodes by artificial intelligent tech-
niques, such as transfer learning and knowledge distillation.

Owing to the exploration of inter-modal semantics, one modality
content can be effectively compressed from the other modalities when
designing cross-modal coding mechanisms. Subsequently, one modal-
ity stream can be efficiently scheduled from the other modalities when
constructing cross-modal transmission strategies. Finally, one modality
signal can be realistically generated or repaired from the other modali-
ties when designing cross-modal signal reconstruction algorithms.

On the other hand, with the advancements in 5G, micro-electronics,
and Al, semantic communications have been proposed as a more intel-
ligent communication paradigm that focuses on the meaning of trans-
mitted messages rather than just accurate transmission of bit streams
[65,66]. Compared with bit-based communications, there are five main
characteristics about semantic communications. i) The source is able to
extract and encode semantics of a raw message for transmission. The
destination should be able to “understand” and infer the message from
the received semantics. ii) There are two different types of noises: physi-
cal channel noise and semantic noise. It is noted that semantic noise may
seriously affect the performance of semantic communications, as ambi-
guity exists in words, sentences or symbols between extracting and inter-
preting messages at the source and destination. iii) A semantic communi-
cation system is based on knowledge. Background knowledge bases can
be established by self-learning at the source and destination. iv) There
are diverse metrics to measure the performance of semantic communica-
tion systems according to types of original messages or knowledge bases
(i.e., text, speech, image, video) [67]. v) Semantic communications can
support either full data reconstruction or direct task execution based on
the demands of services.

According to the modalities concerned, previous works focus on text,
speech, visual-related semantic communications. Specifically, Xie and
Qin [68] develops a lightweight distributed semantic communication
system for text transmission. Weng and Qin [69] proposes a squeeze-
and-excitation network with attention mechanisms for speech transmis-
sion. Jankowski et al. [70] proposes an image retrieval over wireless
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channels scheme, while [71] presents the first work on joint source-
channel coding for video signals over wireless channels. Essentially,
“meanings” obtained from respective modality signals, or named “intra-
modal semantics”, are utilized for executing semantic communications.

In general, semantic communications have several prominent advan-
tages. It can effectively compress original messages by filtering out the
useless, irrelevant, and unessential information and preserving mean-
ingful information [72]. In addition, a semantic communication system
is more robust to terrible channel environments such as low SNR region,
limited bandwidth, and high BER/sentence error rate (SER). However,
in semantic communications, ensuring high reliability remains a signif-
icant challenge due to the existence of polysemy and ambiguity issues.
After introducing “inter-modal semantics” in cross-modal communica-
tions, the hidden but true meanings can be explored in addition to “intra-
modal semantics” or explicit semantics. In other words, semantics in
cross-modal communications can effectively address the polysemy and
ambiguity problems in semantic communications [73].

4.6. Prototype system

Based on theoretical and technical investigations, several cross-
modal communication prototype systems have been developed, as
shown in Fig. 6 and listed as follows:

Large-scale cross-modal-related dataset [61]: To meet the research
needs of cross-modal communications, a platform has been created to
collect a large-scale object surface material dataset, called VisTouch
(http://8.133.175.194). In the master domain, Geomagic Touch is uti-
lized to send control instructions and receive force-feedback haptic sig-
nals, while a notebook is used for displaying received videos. In the
slave domain, a 4K HDMI camera, a microphone, and a UR3 robotic
hand with TeckScan thin-film pressure sensor are employed to touch
object surfaces with various materials. The VisTouch dataset contains
representative materials in approximately 11 micro-categories (plastic,
metal, wood, paper, ceramic, rubber, natural textile, synthetic textile,
glass, leather, slate) and 300 micro-categories. It has 800 groups of
audio-visual-haptic signals, while the whole amount of data is ten mil-
lion levels. As audio-visual and haptic signals with potential correla-
tions have common material characteristics, VisTouch is considered to
be suitable for designing and evaluating cross-modal communication
schemes.

Visual-haptic human-machine interactive system: Based on straight-line
servo drives with small profiles and large torques, a glove with hap-
tic perception has been developed for remote human - machine inter-
actions by the authors’ research group. It can follow the trace of the
human hand’s movement and receive haptic force feedback from the
robotic hand. Specifically, when a human’s hand movement appears, it
can trace and record and then transmit the movement data to the Aubo-
i3 mechanical arm. According to the movement instructions, the Inspire
robotic hand is controlled (i.e., grip the desired object). At the same
time, the Inspire robotic hand returns force information to the glove
via a wireless channel, enabling a person to perceive real haptic feed-
back. Moreover, an additional Kinect camera collects the correspond-
ing video signals and compensates for haptic signal impairment due to
wireless transmission or mechanical vibration. By using a cross-modal
signal reconstruction technique, it can further enhance the reliability of
the human-machine interaction. It is noted that this system can play an
important role in scenarios about field remote rescue, remote industrial
management, etc.

Virtual acupuncture skill training application [60]: Currently, imple-
menting remote practical teaching is still inconvenient, especially for
courses needing actual operations or lab experiments. Considering this
challenge, we take the acupuncture skill training as an example and con-
struct a virtual interactive application by resorting to cross-modal com-
munication technology. This application involves three components:
vivid haptic rendering, augmented reality, and a skill assessment subsys-
tem. Importantly, the vivid haptic rendering includes a cross-modal hap-
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tic reconstruction algorithm for synthesizing haptic force feedback and
a self-assembled touch sensation perception device (Geomagic Touch
connected with an acupuncture needle) for rendering this haptic force
feedback. The skill assessment subsystem evaluates students’ manipula-
tion by comparing the needle motion and haptic signals of their training
manipulation to the standard manipulation in terms of four aspects: po-
sition, velocity, acceleration, and force. After a semester of application,
this system can vividly show sensations such as “the qi” and “needling”,
correcting and promoting students’ acupuncture skills.

Remote throat swab sampling platform [64]: To facilitate safe and effec-
tive COVID-19 diagnosis, a contactless throat swab sampling platform
has been developed using cross-modal communication technology. This
platform allows for the remote operation of a mechanical arm for pre-
cise swab sampling and collection via high-quality visual navigation and
haptic feedback. The process involves four stages: cotton swab grasping,
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mouth tracking, secretion sampling, and sample collection. To enhance
haptic fidelity and visual quality, a semantic-aided cross-modal recon-
struction and a user experience-driven stream scheduling strategy have
been proposed. The platform achieves an average sampling accuracy of
98% and provides an immersive experience by transmitting and process-
ing video and haptic signals in a cross-modal way. The development of
this platform is particularly significant for protecting medical staff and
breaking the chains of virus spread.

Finally, evaluation of cross-modal communication systems with the
related schemes is also important. Existing works propose evaluation
metrics from either human-centric or machine-centric perspectives. For
human-centric evaluation, Gao et al. [74] takes the immersive ex-
perience (IE) as a metric for the evaluation of multi-modal services
equipped with interactive characteristics. It differentiates IE from tra-
ditional QoE and concludes key factors influencing IE, which are user-
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aware, device-aware, network-aware, context-aware influencing factors.
To satisfy timely IE evaluation under large-scale and high-dimensional
data, a lightweight approach is also proposed based on multi-view ma-
chine learning technique. Furthermore, Gao et al. [75] systematically
addresses three fundamental problems about IE from theoretical as-
pects: which factors influence IE, how to online improve IE, and to
what extent of the corresponding IE improvement can be achieved.
Therefore, this work can guide efforts for improving IE when design-
ing cross-modal communication schemes. For machine-centric eval-
uation, quality of decision (QoD), focusing on task accomplishment
rather than user satisfaction or data fidelity, was first proposed in
[76]. QoD can be calculated by quality estimation from four lay-
ers of a specific multi-modal service (environment, sensing, network,
and computing layers). In this way, it can effectively evaluate the
performance of multi-modal services emphasizing machines instead
of humans. Therefore, this metric is able to independently monitor
the quality of the acquired, delivered, and processed data from ma-
chine decision making aspects. Overall, we think IE and QoD can play
complementary roles in comprehensively and precisely evaluating the
quality of cross-modal communication systems [77].

5. Conclusion and future research directions

Through this paper, we intend to contribute to the growing area
of research in cross-modal communications. Therefore, we first review
the related works of audio-visual and haptic communications, which
are the origin and basis of cross-modal communications. Then, we pro-
vide a comprehensive description of the cross-modal coding, cross-
modal transmission, and cross-modal signal reconstruction, which are
core components of cross-modal communications. Next, we discuss the
essence of semantics that connects cross-modal communications with
existing semantic communication schemes and may further enhance
communication performance. Finally, we describe several developed
cross-modal communication prototype systems. Additionally, inspired
by recent works, the present study leaves several open and interesting
questions.

First, although the essence of semantics in cross-modal communica-
tions has been discussed, further studies need to be conducted. From
fundamental theory aspects, future research should quantitatively de-
scribe semantics and its influencing effects on polysemy and ambiguity.
They should also determine the limits of the multi-modal streaming rate
under any semantic distortion as well as the limits of semantic devia-
tion under any multi-modal streaming rate. From the key technology
aspect, specific coding schemes combining intra- and inter-modal se-
mantics do not appear in the literature. Under circumstances such as
extreme compression and insufficient prior knowledge, how to leverage
potential correlations among modalities to reduce polysemy and ambi-
guity in semantic communications should be examined.

Second, current multi-modal services are mainly concerned with au-
dio, visual, and haptic signals. There are two other important types of
sensorial information: olfactory and gustatory. To include olfactory and
gustatory information, the existing cross-modal codings, transmission,
and signal reconstruction schemes need to be extended or redesigned.
Moveover, most previous works explore semantics among modalities
by resorting to signal processing and Al techniques. In neuroscience,
there exist natural but inherent interactions among a human’s audi-
tory, visual, haptic, olfactory and gustatory sensory subsystems that
comprehensively determine the experience. Therefore, if these inter-
actions can be fully exploited, they can be transferred and will fur-
ther improve the theoretical and application research on cross-modal
communications.

Third, cross-modal communication technologies may guide the han-
dling of key issues in other fields. For example, the online-offline hybrid
instruction paradigm has become mainstream in the area of smart ed-
ucation. In this paradigm, knowledge can be delivered either from a
learning platform in online scenarios or from a teacher in an offline
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classroom to students, while students can also generate learning feed-
back (ie., learning behaviour, testing results). The interactions in the
online and offline instruction scenarios can be considered two differ-
ent modality streamings due to their substantially distinguished charac-
teristics. Previous works perform them separately, and an information
exchange barrier exists. Therefore, resorting to the core ideas of cross-
modal communications may break this barrier, realize deep integration
of online and offline instruction, and ultimately enhance students’ learn-
ing achievements and experiences.
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