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Abstract—This paper compares the behavior of the Multi-
connection Tactile Internet Protocol (MTIP) with two other
well-known multipath protocols, Multipath TCP (MPTCP) and
Multipath QUIC. The evaluation focuses on the effectiveness
of the protocols in scenarios involving the remote control of a
quadruped robot during emergency rescue operations. The study
aims to determine how these protocols perform under various
network conditions, including stable connections, link failures,
and typical 5G network impairments. MTIP leverages network
programmability to dynamically adapt to changing conditions,
maintaining low latency without compromising the expected
reliability for time-sensitive applications. MTIP dynamic path
management provides significantly better results for the target
use case compared to the other protocols, especially in adverse
environments. This paper contributes to understanding how
multipath communication can enhance the execution of time-
sensitive applications.

Index Terms—Multipath Protocols, Time-Sensitive Applica-
tions, MPTCP, Multipath QUIC, MTIP, 5G, Tactile Internet

I. INTRODUCTION

Time-sensitive applications encompass critical environments
where even small delays can significantly affect operation or
user experience. This term is commonly applied to Time-
Sensitive Networking (TSN) or real-time protocols. However,
it extends to various applications that require low-latency and
reliable communication, regardless of the underlying tech-
nology. These applications have become increasingly criti-
cal in several industries, from healthcare to industrial au-
tomation, relying on connectivity that allows accurate and
timely responses [1]. In particular, these characteristics are
especially vital for time-critical situations and subsequently
offer substantial advantages in terms of safety and operational
efficiency. For instance, the remote operation of robots or
drones during emergency operations, where human presence is
either impractical or dangerous. In addition, the concept of the
Tactile Internet goes further by introducing real-time haptic
feedback, including not only traditional traffic transmission
but also tactile and control signals with very demanding
requirements. In this context, 5G Ultra-Reliable Low Latency
Communications (URLLC) emerges as a key enabler, meeting
the stringent requirements demanded for such applications.

Multipath transport protocols are also a promising solution
to improve the reliability and latency of communications in
these applications [2]. The use of multiple network paths
simultaneously allows protocols to introduce redundancy and
increase data throughput, minimizing disruptions in environ-
ments where connection failures could be fatal, and addressing
connectivity needs even under variable network conditions.

Therefore, in combination with the advanced programmability
of 5G [3] and future 6G networks, multipath protocols enable
greater flexibility and robustness, enhancing network perfor-
mance. Multipath TCP (MPTCP) [4] and Multipath QUIC
(MPQUIC) [5] are positioned as alternatives capable of lever-
aging various paths to enable continuous communications,
which makes them particularly attractive for demanding appli-
cations. For even more challenging applications that demand
ultra-low latency and high reliability, where the Tactile Internet
is proposed as a key enabler of real-time and haptic feedback,
the Multi-connection Tactile Internet Protocol (MTIP) has
been developed [6]. MTIP introduces dynamic route manage-
ment and continuously adapts to network conditions, providing
the robustness and flexibility needed for this purpose.

The aim of this paper is to assess the use of multipath
transport protocols for time-sensitive applications, specifically
the remote control of a quadruped Unmanned Ground Vehicle
(UGV) in scenarios corresponding to rescue conditions. The
implementation details of each protocol (MPTCP, MPQUIC
and MTIP), the testbed setup, and key metrics are discussed. In
addition, the evaluation examines how each protocol handles
varying network conditions in different scenarios, including
stable connections, link failures, and dynamic environments
(i.e., latency fluctuations and congestion). Although MPTCP
and MPQUIC are the most advanced and widely adopted
multipath transport protocols for most Internet traffic, their
strong performance does not necessarily extend to all types
of traffic. In particular, they may fail to fully meet the strict
latency deadlines and reliability constraints of time-sensitive
applications. This paper presents the first evaluation comparing
these general-purpose multipath protocols with a multipath
protocol specifically designed for time-critical scenarios (i.e.,
MTIP). The results highlight the advantages and limitations of
these multipath protocols in the context of such applications,
where traditional communication protocols like TCP and UDP,
although foundational for Internet communication, fail to meet
the stringent demands.

The rest of the article is organized as follows. Section II
provides background on time-sensitive applications and mul-
tipath transport protocols. Section III details the evaluation
description, including the use case, testbed setup, scenarios,
and evaluation metrics. Then, Section IV presents the evalu-
ation results for various conditions, such as stable links, link
failure, and additional 5G network impairments. In Section 5,
we discuss the findings, focusing on latency, reliability, and re-
source utilization. Finally, Section VI concludes summarizing
key insights and potential implications for future research.
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II. BACKGROUND
A. Time-Sensitive Applications

The growing need for the use of time-sensitive applications
in critical sectors has increased the demand for ultra-low
latency and high-reliability communication networks. These
kinds of applications (e.g., industrial automation, telemedicine,
and collaborative robotics) require flexible network architec-
tures capable of delivering rapid response times and high
availability. For example, minor delays or connection losses
can have serious consequences in an emergency situation
such as a natural disaster or a rescue mission, affecting both
safety and operational performance. Thus, meeting these strict
requirements is crucial.

Within this scope, the Tactile Internet introduces a shift
in the way humans interact with machines and digital envi-
ronments, emerging as a fundamental enabler for applications
where real-time control and haptic feedback are essential. The
IEEE standards position Tactile Internet applications [1] a step
beyond traditional data transmission, incorporating stringent
requirements for ultra-low latency and high reliability to
support functionalities such as remote surgery, autonomous
driving, and collaborative robotics. Subsequently, the imposed
traffic requirements require advanced communication networks
capable of maintaining such communications, that is, resilient
and flexible enough to support them in various situations.

In addition, 5G URLLC is specifically designed to support
mission-critical communications and plays a crucial role by
providing the low latency, ultra-high reliability, and deter-
ministic behavior required for time-sensitive applications. On
the one hand, by leveraging advanced techniques such as
network slicing, edge computing, and enhanced radio resource
management, 5G URLLC ensures seamless and reliable con-
nectivity for Tactile Internet applications. On the other hand,
programmability and reconfigurability in 5G and the forthcom-
ing 6G networks are key to optimizing resource utilization and
traffic prioritization, aligning network performance with the
unique demands of various applications. These features bring
high levels of control and flexibility, enabling networks to
dynamically adjust based on application-specific requirements.
The integration of programmability into transport protocols
is a critical factor in this paradigm shift. It allows for the
maintenance of low latency and high reliability, which are
crucial for real-time applications.

B. Multipath Transport Protocols

Traditional transport protocols are not designed to meet
stringent requirements [7] and new emerging challenges [8].
On the one hand, TCP focuses on the reliability of the delivery
through retransmissions, which can introduce significant de-
lays in the communication. UDP, on the other hand, provides
low-latency communication but lacks reliability mechanisms,
making it unsuitable for applications where data loss cannot
be tolerated. Consequently, multipath communication proto-
cols have emerged as key technologies, which enable the
simultaneous use of multiple network paths, thereby enhancing
redundancy and optimizing data flow under adverse network
conditions to improve both reliability and performance.

First, Multipath TCP (MPTCP) [4] is one of the most
studied and implemented multipath protocols. It extends tradi-
tional TCP by allowing multiple subflows within a single con-
nection, enabling data to be transmitted over multiple paths.
This improves fault tolerance and can enhance throughput,
especially in heterogeneous network environments. Second,
Multipath QUIC (MPQUIC) [5] is a prominent protocol that
extends the QUIC protocol to support multiple paths. QUIC,
originally developed by Google, is a modern transport protocol
designed for low-latency internet communication. It integrates
features such as encryption, congestion control, and connec-
tion migration, making it well suited for real-time applications.
Multipath QUIC builds on these features by allowing the use of
multiple network paths and, therefore, enhancing performance
and reliability. The multi-connectivity capability enables ap-
plications to maintain stable connections by automatically
reallocating traffic over available paths in case of failure or
congestion. This provides crucial benefits such as reducing
the impact of network variability on latency and improving
availability, enabling continuous communication in situations
where network stability may be compromised. Recent efforts
such as MPR-QUIC [9] have improved video streaming over
MPQUIC through partially reliable transmission and priority-
based, deadline-aware schedulers. However, video traffic op-
timizations do not necessarily meet the low-latency and high-
reliability needs of time-sensitive applications. Therefore, de-
spite the advances made by MPTCP, which pioneered the use
of multiple paths at the transport layer, and Multipath QUIC,
which enhances low-latency communication by avoiding strict
acknowledgment mechanisms, there is still a need for pro-
tocols specifically tailored to transport deadline constrained
reliable low-latency data [2], as required by these applications.

In this context, the Multi-connection Tactile Internet Proto-
col (MTIP) has been developed [6], [10] to provide a flexible
and adaptable communication solution that can meet the ultra-
low latency and high reliability requirements of applications
such as remote robot control. MTIP is described in detail in
our previous work [6], but its key aspects are summarized here.
MTIP establishes a link between two endpoints using multiple
sublinks, where each sublink represents an independent end-to-
end connection, such as a 5G connections. These sublinks are
dynamically managed to enhance the operation, ensuring that
the requirements of time-sensitive applications are met. Rather
than relying on strict acknowledgment-based communication,
MTIP prioritizes latency and deadline adherence while im-
proving reliability through packet duplication across sublinks.
However, it avoids using duplication when it is not necessary,
to minimize resource consumption, such as energy, which is
particularly critical for battery-powered devices.

To make intelligent sublink selection decisions, MTIP gath-
ers and processes contextual information from two primary
sources. On one side, it provides an Application Programming
Interface (API) that allows applications to specify key com-
munication parameters, such as the maximum allowable one-
way latency and the importance of resource efficiency. This
API enables applications to fine-tune their communication
preferences and even override MTIP’s automated selection
process by directly specifying the number of active sublinks.
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On the other side, MTIP continuously monitors network con-
ditions using both data packets and dedicated control packets,
which are used to perform continuous network measurements
and synchronize network state between endpoints, ensuring
an accurate and up-to-date view of the available connections.
Leveraging this real-time information, MTIP dynamically se-
lects sublinks for transmission. The sending algorithm continu-
ously evaluates both application input and network conditions
to determine which and how many sublinks should be used
to transmit the data. On the receiving end, the algorithm
processes incoming packets to comply with the application-
defined deadline. Packets that exceed the deadline are dis-
carded, as are redundant duplicates of previously received
packets. To support this process efficiently while keeping
overhead low, MTIP employs a compact header structure based
on a UDP-like format with two additional fields: sequence
numbers, which allow the identification and elimination of
duplicate packets, and timestamps, which enable time and
latency tracking. MTIP continuously updates and synchronizes
its sending algorithm and sublink selection tables to adapt
to changing network conditions. This ensures the timely and
reliable delivery of time-sensitive traffic while maintaining
efficient resource utilization.

Evaluating the performance of multipath protocols [11],
[12] in demanding environments requires a variety of tests
covering different network conditions. These conditions must
simulate the extreme scenarios that devices may face in
realistic environments and provide insight into the robustness
and adaptability of protocols. In this paper, we focus on the
remote control of a quadruped robot in simulated rescue oper-
ations, a scenario that demands real-time responsiveness, high
reliability, and adaptability to changing network conditions.
Using the Victoria Network at the University of Malaga [13],
we analyze the efficiency of multipath transport protocols for
time-sensitive applications. In particular, the Multi-connection
Tactile Internet Protocol (MTIP) compared to Multipath TCP
(MPTCP) and Multipath QUIC (MPQUIC). This evaluation
not only assesses the ability of each protocol to support
time-sensitive applications, but also explores how network
programmability can enhance deterministic multi-connectivity
solutions, offering practical insights into their suitability for
real-time remote control in critical applications.

III. EVALUATION APPROACH
A. Use case

The use case under consideration is framed within the con-
text of the 5G+TACTILE project, which aims to enable low-
latency, high-reliability communication in a live 5G network
environment. This use case involves the remote control of a
quadruped UGV in emergency rescue operations, where real-
time responsiveness, consistent reliability, and the ability to
adapt to fluctuating network conditions are essential. Specif-
ically, it employs the Ghost Vision 60 robot!, which features
precise control mechanisms, including variable speed (up to
3 m/s), long-range capabilities (up to 10 km), considerable

IGhost Vision 60: https://www.ghostrobotics.io/vision-60

power runtime (maximum of 3 hours), and obstacle avoidance,
enabling rapid adaptation to new environments and navigation
of complex terrain. These capabilities allow the robot to
quickly adapt to dynamic environments and traverse chal-
lenging terrains, making it an ideal candidate for emergency
scenarios. However, to support this, the underlying network
must be able to meet the required performance levels. One
key enabler considered in the project is multi-connectivity, as
it enhances reliability by enabling simultaneous connections
across multiple network paths, thus reducing the risk of packet
loss or delays due to issues with a single network path.

Regarding the specifics of the application and its traffic
pattern, it closely resembles a typical remote control appli-
cation, where commands such as motion control consist of
small packet sizes (less than 200 bytes) transmitted every 30
milliseconds (ms). The application has a critical constraint
of maintaining a maximum one-way end-to-end delay of 15
ms, making delayed packets more detrimental to the sys-
tem than packet loss [1]. However, the system also poses
a high reliability constraint of 99% for correctly received
orders, further emphasizing the need for flexible, robust, and
resilient communication protocols. In this context, we consider
two well-known multipath protocols, MPTCP and MPQUIC,
alongside the newly proposed MTIP protocol, specifically
designed for applications of this nature. The testbed, scenario,
and metrics used to evaluate these protocols are presented in
the following subsections.

B. Testbed setup

The testbed depicted in Figure 1 is set to evaluate the three
protocols: MPTCP, MPQUIC, and MTIP. The setup consists
of a computer acting as a remote controller that sends orders
to a computer connected to the quadruped robot. These two
computers are interconnected by two independent 5G paths.
The 5G paths are established using two Nokia AirScale remote
radio heads, one Micro (AWHQE) which operates in band
78 and one Pico (AWHQE) which operates at a different
frequency in band 77, both in standalone mode (SA). There
are two differentiated 5G network cores, one Polaris 5G
and one Open5GS core. In addition, each core is configured
with a dedicated slice, ensuring efficient and isolated data
transmission that can exhibit different network conditions at
any given time. This testbed is part of the Victoria Network at
the University of Malaga [13], a private 5G network focused
on testing and advancing toward 6G technologies. The network
ensures precise clock synchronization between endpoints using
dedicated network interfaces and GPS to provide a reference
signal to a Precision Time Protocol (PTP) grandmaster clock,
the ADVA FSP 150 EMS.

In the controller, a proxy takes remote control orders and
encapsulates them in the corresponding protocol (MPTCP,
MPQUIC, or MTIP) before sending them through the multiple
paths. On the robot side, the orders are decapsulated and
forwarded to the robot in their original format. The iteration
between the proxies offers a programmable solution to eval-
uate the functioning and adaptation of each protocol under
different network conditions for the remote control application
under study.
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Fig. 1: Diagram of the testbed setup.

The specific implementation of the protocols used for the
proxies is the Multipath TCP implementation included in the
Linux OS kernel?, the Multipath QUIC implementation created
by the University of Louvain® and the Multi-connection Tactile
Internet Protocol accessible on GitHub®.

Regarding MTIP, its programmability enables the evalua-
tion of two configurations: MTIP-A and MTIP-B. MTIP-A
is configured to override the MTIP sending algorithm and
consistently uses both paths to transmit duplicate data. In
contrast, MTIP-B leverages the MTIP sending algorithm to
dynamically adjust the number of active paths during com-
munication, aiming to optimize network resource utilization
and reduce energy consumption at the endpoints, albeit with
some trade-offs in performance. MTIP-B follows the data
exchange mechanism detailed by Rico et al. [6], [10]. In
summary, it employs a rapid adaptation strategy that constantly
re-evaluates path selection. If too many packets are lost within
the defined observation period the number of active paths
is increased; conversely, if too many packets are duplicated,
the number of paths is reduced. This adaptive method is
particularly beneficial in energy-constrained scenarios, such as
battery-powered robotic systems or networks shared with other
devices. MTIP configurations are selected to adhere to an end-
to-end latency constraint of 15 ms. If a packet exceeds this
latency threshold, it is discarded, prompting a re-evaluation
of the MTIP sending algorithm to ensure compliance with
the latency requirement. Note that MTIP-A is a configuration
designed to achieve higher performance without focusing on
efficient use of resources. This configuration can be used as a
baseline for comparison with other configurations that make
better use of available resources.

C. Scenarios

The evaluation focuses on four scenarios: a) stable links
with no failures, b) one fatal link failure, c) delay and jitter
impairments in the environment, and d) congestion incidents.
The purpose is to study the adaptability of the protocols under
different conditions. For scenario a) no special configuration is

2MPTCP implementation: https://www.mptcp.dev/

3MPQUIC implementation: https:/multipath-quic.org/

4MTIP repository — contains all materials related to the evaluation presented
in this paper, including scenarios details, results logs, and Wireshark traces:
https://github.com/deliarico/MTIP

needed, but the normal functioning of both the 5G connections,
which are generally reliable and error-free. In scenario b) there
is a link failure configured in the middle of the connection such
that alters the main link being used for the communication
with a packet loss of 100%, to evaluate how the protocols
reconfigure and adapt to this path loss. For scenario c), we
have used our previous knowledge of the behavior of the 5G
network examined in [14] to replicate a common traffic pattern
of latency and jitter variation in 5G networks. Specifically, we
have studied how buffers and timers operate in the network
with the aim of replicating one of these patterns on both links.
All different impairments are added to the topology using the
Netem® network emulator, a Linux-based tool that enables
controlled management of network performance (for example,
degradation). It allows different parameters to be fine-tuned to
replicate the characteristics of a real-world 5G network. We
developed a script to apply the corresponding Netem rules to
network interfaces concurrently with the scenario. Finally, sce-
nario d) examines how congestion incidents in a path impact
the protocols. These incidents are introduced in two ways.
First, as in scenario c), we leverage prior knowledge of 5G
network behavior and use the Netem tool to generate packet
losses that reflect typical congestion patterns. Second, we
introduce background video feedback, which acts as a typical
source of congestion in the targeted use case. To generate
this traffic, we use the Keysight IxChariot tool®, which is
a comprehensive network testing solution that emulates real-
world application traffic, providing realistic data flows through
the network. Specifically, we generate a video streaming flow
over the Real-time Transport Protocol (RTP), encoded with
H.264/AVC, with a bit rate of 45 Megabytes (representing,
for instance, a 360 camera feed).

Note that all tests have been repeated a minimum of 25
times based on our experience in previous projects to obtain
reliable and statistically significant KPI validation [15]. The
exact latency and jitter levels used for the impairments in
scenario c), as well as the detailed traffic characteristics of
scenario d) are available on GitHub*.

SNetem: https://wiki.linuxfoundation.org/networking/netem
6IxChariot: https://keysight.com/se/en/products/network-test/ixchariot
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D. Metrics

For the evaluation of the scenarios, we focus on two
primary Key Performance Indicators (KPIs): one-way end-
to-end latency and reliability (as the percentage of correct
received orders). To calculate these KPIs accurately, packets
have been timestamped at the application level, allowing
for precise measurement of delays and reliability across the
communication process. In addition to these metrics, we also
analyze the utilization of different paths to assess how each
protocol manages the use of available network resources.

IV. RESULTS

In this section, we present the results obtained from the
evaluation, organized by the different scenarios. The detailed
logs, results and additional figures for each iteration are

available on GitHub for further review?.

A. Stable links with no failures

In Figure 2 are shown the results of the different iterations
with each protocol for scenario a). In general, we observe
that there are negligible losses in all iterations with all
protocols since the network is stable and can support the
amount of packets being sent. Regarding latency, the network
predominantly supports the 15-millisecond end-to-end delay
limitation. However, MPTCP and MPQUIC do not include
specific mechanisms to accommodate this type of application
requirement and do not take action to address it. As a result,
the application must handle the discarding of traffic that
exceeds this threshold, without the ability to recover from
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it due to the latency constraint. In the case of MTIP, using
both paths simultaneously (MTIP-A) provides the necessary
redundancy to offer the best operation in terms of both latency
and packet loss. This configuration could be recommended if
resource consumption is not a critical concern. However, when
resource waste is a concern, the MTIP-B configuration proves
to be the most beneficial, triggering a reselection of the active
paths when too many packets are late or lost (a further study
of the path utilization can be found in Section V). This comes
at the cost of some packet losses (0.08%), since packets that
exceed the threshold are being discarded. However, this trade-
off is acceptable in the requirements of the given use case
(which tolerates some losses, as it is preferable to exceeding
the latency deadline).

B. Link failure

Figure 3 illustrates the case of a fatal link failure. For this
scenario, an additional upper section has been added to the
MPTCP and MPQUIC graphs to highlight some latency peaks
observed in their behavior. MPTCP and MPQUIC can recover
from a fatal link failure, at the cost of a significant impact
on the delay. MPTCP recovers with 0% packet loss, as its
TCP mechanisms prioritize 100% reliability. However, this
comes at the cost of latency peaks. Analyzing the individual
executions, we observe a significant latency peak when the link
failure occurs, followed by latency recovery in the subsequent
seconds. For MPQUIC, two main behaviors are observed. In
the first behavior (e.g. iterations 6, 9 and 12), the studied im-
plementation of MPQUIC sometimes fails to recover from the

30 vV Y YV v vV VvV VvV vV vV VvV vV vV VYV VvY VvV VvVvY 100

Status

25 @ Received: 100% 80
. € Lost: 0% @
u 20 <
° <
E ° . . 60 >
> =
I B R . N R
9 o o o o o o o o 40 =
© o o o o 0 O o o o o o Q
S 10 I o o
<]
5 * ; 20
o
0 0
1 5 10 15 20 25
Iteration
30 vV YV vV vV VYV VvV VY VUV VYV VvV VvVvVYw 100
25 Status
@ Received: 99.92% 80
4 Lost: 0.08% =
Ty ~
n 20 <
£ 60 >
> ° ° ° o o =
.é 15 ©- 5 o= © © 8 8 e -c 5 & -0 8 e =5 0= & =0 a
o o o0 o o <] 00 00000000000 ©
}B o o o 0O 000 0O0O0O0 0 O 0O 0 0 000000 40 =
0 0000000000000 O0O0O0O0O0OO0OO0O0 000 [7)
©10 00 000000000000 O0O0O0O0O0O00 0000 4
00 000000000000 O0O0O0O0O0O0 0000 0
00000000000 O0O0OO0OO0O0O0OO0OO0O0OO0O0O0 OO0
o o o o o o 0O 0 0 0 0
5| R hRRR R hRR R SRS 20
o o o o o o o 00 0 0
o 000000O0OOGOOO O 6000

iy
w

10
Iteration

fary
w
N
o
N
w

(d) MTIP-B.

Fig. 2: Latency and reliability of scenario a) Stable links.
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Fig. 3: Latency and reliability

link failure, being unable to reroute the traffic to the other path.
In the second behavior, observed in most of the remaining
iterations, MPQUIC does recover, but it often experiences high
delays, affecting overall communication. MTIP adheres to the
configured 15-millisecond constraint. In MTIP-A, no losses
are observed because both paths are used simultaneously,
ensuring that if one path fails, the other continues to function
as expected. In MTIP-B, a trade-off between recovery and
packet loss is observed, with an average loss rate of 0.11%.
This loss occurs during recovery time when the protocol
detects packet losses and flexibly switches to the secondary
path as well as when packets exceed the deadline threshold. In
the context of the use case, the resulting reliability of 99.89%
is considered an acceptable trade-off (refer to the 99% limit
in Section IIT). However, more stringent use cases could be
negatively affected by this.

C. Latency and jitter impairments

Figure 4 depicts the case of latency and jitter impairments
introduced by the 5G network. This scenario can be considered
an intermediate case between scenarios a) and b) with the ob-
jective of assessing how the protocols react to small variations
in the latency and jitter. As observed in the previous scenario,
MPTCP mechanisms result in high latencies as it recovers
from latency fluctuations. In general, MPQUIC responds well
to impairments; however, there are some iterations where
changes in latency cause blocks that lead to latency peaks.
MTIP seamlessly adapts to link variations. With MTIP-A,
the adaptation is made through accepting the data from the
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of scenario b) Link failure.

path with lower latency and discarding the data from the
other path. However, MTIP-B performs the adaptation in the
selection of active paths to send data. In this scenario, MTIP-B
achieves an average packet reception rate of 99.85% due to the
adaptation and the discarding of late packets. As in scenario
b) this loss rate is within the limits of our use case which
requested a reliability of 99% to ensure the proper operation
of the remotely controlled robot. However, it should be noted
again that such losses could pose a challenge in use cases with
stricter reliability demands.

D. Congestion incidents

Figure 5 illustrates the scenario of network congestion
incidents caused by losses in the 5G network and concurrent
background video feedback. The objective is to assess how
the protocols handle congestion incidents caused by losses and
sharing network resources with additional data flows.

MPTCP maintains 100% reliability in this scenario by
adapting its path selection to avoid packet loss. However, this
reliability comes at the cost of increased latency, as the path
congestion caused by the external sources limits the protocol’s
ability to maintain low delay. MPQUIC is also significantly
affected by the increased latency. Moreover, despite its low
loss rates in many iterations, the congestion on the path
results in connection instability, leading to temporary losses
(for instance, in iterations 4, 8 and 12). MPQUIC’s relatively
low adaptability in handling this type of path congestion
causes occasional performance degradation. In contrast, MTIP-
A benefits from using both network paths simultaneously to
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maintain the required 15 ms latency deadline. This duplication
approach allows the protocol to respond to fluctuations in
network performance, as continuously leveraging both paths
enhances reliability while also reducing the likelihood of
latency spikes or packet loss. However, when losses occur
in both paths simultaneously, it does not apply recovering
mechanisms like MPTCP, resulting in a high but not full
reliability with 99.48% of received orders. Finally, MTIP-
B also manages to keep packet delivery within the 15 ms
constraint, although it faces occasional challenges. In its effort
to minimize resource usage, MTIP-B may reduce the number
of active paths, which can sometimes result in unrecoverable
losses that might affect stricter use cases. However, on average,
the protocol can meet the 99% reliability constraint of the
use case. The use of paths by each protocol will be further
examined in Section V.

V. DISCUSSION

In this section, we explore the reasons behind the behavior
of the protocols and evaluate their feasibility for time-sensitive
applications. Specifically, we will focus on three aspects:
latency, reliability, and resource usage.

A. Latency and reliability evaluation

With regard to latency and reliability, we observe that all
protocols perform reasonably well in a stable scenario. It is
particularly noteworthy how MPTCP maintains a very stable
end-to-end delay, despite this not being its primary objective.
However, when network impairments or link failures are
introduced, both MPTCP and MPQUIC experience significant
degradation latency-wise. This is expected with MPTCP, as it
prioritizes reliability at the expense of latency, which is unde-
sirable for time-sensitive applications and should be avoided
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if impairments are anticipated. In the case of MPQUIC, the
official implementation shows poor adaptation to link changes,
over-prioritizing reliability over latency, and at times failing
to recover from link failures. Finally, MTIP showcases the
advantages of its flexibility, specifically designed for time-
sensitive applications. It prioritizes latency while maintaining
a reasonable level of reliability, even in adverse scenarios. The
MTIP-A configuration highlights the benefits of redundancy,
providing the best possible functioning based on available
paths. On the other hand, MTIP-B demonstrates how the
protocol can be configured to achieve the desired behavior
without constantly using both paths simultaneously. While it
includes mechanisms to re-evaluate paths, the figures show that
the impact on latency is minimal, maintaining performance
within the required thresholds for the use case.

B. Resource utilization

For the analysis of resource utilization, Figure 6 illustrates
the use of the different paths, along with an additional line
representing their combined total usage. The examples shown
correspond to protocol executions in scenario ¢) and are acces-
sible in Github*. This scenario and the selected images were
chosen because they effectively represent the typical patterns
and trends observed during all scenarios under evaluation. This
discussion is divided into path usage and the amount of data
required to transmit the same information.

In terms of path usage, MPTCP and MPQUIC primarily rely
on a single path, resulting in the lowest possible combined
path utilization as they do not usually use redundant paths.
However, this impacts their operation, as discussed in the
previous subsection. Regarding MTIP, we note that MTIP-A
continuously utilizes all available paths, leading to potential
resource waste. In contrast, MTIP-B adapts to use the fewest

“»n 12000
9 ——=- path 1
C£>:f path 2
~ ] hY
— 80007 My Y/ N combined
c ,' Y 1
3 [ \
£ 40001/ }
© 1 1
© ] !
+~ 1 1
8 0+ L___’__, _____________________
0 10 20 30 40 50 60
Time (s)
(b) MPQUIC
“» 12000
g —=-- path1
>
9 path 2
= 8000 - combined
=]
g 4000 A A YA '  iiemaS
© ! Iy ] \\,' ool 1 \
I it M \ 1 A F 1
S T 1 [ A | \ A |
8 o4 '~! LN ‘—~1’ v/ R WA b
0 10 20 30 40 50 60
Time (s)
(d) MTIP-B

Fig. 6: Examples of the observed behaviour of the protocols in the use of paths.
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necessary paths, constantly reelecting the primary path, while
still using some duplication to maintain expected behavior.
Consequently, MTIP exhibits higher resource utilization in
terms of path usage compared to MPTCP and MPQUIC,
as it sometimes uses redundant paths even when a single
path might be sufficient. However, this can be considered
acceptable for time-sensitive applications, where some degree
of resource waste is justified to prioritize performance. The
decision between MTIP-A and MTIP-B should be made based
on the acceptable level of resource usage versus the tolerance
to losses in the specific use case.

There is an additional discussion in the scope of resource
utilization, which is the amount of data used to transmit at
transport level the same number of application orders. Even if
MTIP is the protocol with higher resource utilization in terms
of path usage, it is also the one with lower header overhead.
This is shown in the images with a low data amount line per
path at any given time. Focusing on just one path, MTIP uses
less amount of data than MPTCP or MPQUIC to transmit the
application orders. The higher data amount is presented by
MPQUIC, due to the fact that it not only sends the data, but
also performs encryption and security mechanisms.

VI. CONCLUSION

In this paper, we have analyzed the effectiveness of Multi-
path TCP, Multipath QUIC, and the Multi-connection Tactile
Internet Protocol for time-sensitive applications, in particular
in the transport of remote control traffic of a quadruped robot.
We have created a setup that uses the different transport
protocols to forward the remote control traffic of the Ghost
Vision 60 UGV, over two differentiated 5G network paths.
We have designed multiple scenarios, starting with a 5G
baseline, and then introduced various impairments to analyze
how the protocols react to link failures, latency variations and
congestion incidents.

MPTCP and MPQUIC can support this traffic under favor-
able network conditions, but they lack specific mechanisms to
meet the requirements of such applications. As a result, the
application is responsible for key functions, such as discarding
traffic that exceeds the latency threshold. MPTCP focuses
on 100% reliability that compromises latency in adverse
scenarios, whereas the official implementation of MPQUIC
lacks quick adaptability, especially to link failures. MTIP
demonstrates better operation in terms of latency constraints,
particularly in adverse network conditions, due to its context-
aware path management. The evaluation results highlight the
advantages of MTIP in maintaining low latency and high re-
liability even under challenging network conditions, although
it incurs some losses if resource waste wants to be kept low.

In conclusion, MTIP stands out for time-sensitive applica-
tions in the context of future 6G networks, as it leverages
advanced network programmability to dynamically adapt to
changing conditions, maintaining low latency without compro-
mising the expected reliability. Future work will focus on en-
hancing the context-aware adaptation of MTIP, incorporating
intelligent solutions such as automata learning [14] to auto-
matically reconfigure MTIP internal parameters and refine its

decision-making capabilities to further optimize performance
in complex network scenarios toward 6G, as the unification of
satellite (Non-Terrestrial Networks) and the terrestrial cellular
network.
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