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Waterside structures represent vulnerable and often safety-relevant land/water interfaces that
fulfill critical operations, such as facilitating commute across natural impediments or protecting
and managing marine traffic. Therefore, monitoring and inspection of waterside structures is
essential to ensure continuous operation. With recent technological advancements, robotic sys-
tems have been devised to execute monitoring and inspection tasks. However, robotic monitoring
and inspection of waterside structures, as compared to monitoring and inspection of land-based
civil infrastructure systems, is associated with a number of challenges because of the specifics
of waterside structures. In particular, the collaboration of land-based and water-based robots
must be ensured, which, so far, has received little attention in robotics research. This paper
proposes a concept to couple land-based and water-based robots for monitoring and inspection
of waterside structures. The concept is centered around collaborative analysis of the structural
condition, and it builds upon embedded computing considering the semantics provided by digital
twins and building information models. Finally, research directions are discussed that need to be
investigated for transferring the concept into engineering practice.

1 Introduction

Safety and reliability, thus the life-cycle performance, of civil infrastructure is crucial to societal
health, safety, security, and well-being. Damage and deterioration of civil infrastructure, affecting
structural reliability and safety, occur as a result of operation failures, poor design, mechanical
impact, or physical destruction due to man-made events or extreme natural phenomena. The latter
representing one of the most visible consequences of climate change, such as heavy downpours,
floods, storms, or heat waves [1].

To assess damage and deterioration at early stages, monitoring and inspection measures have
been devised [2]. Monitoring systems deployed for civil infrastructure systems usually rely
on sensors that are installed in the structures at fixed locations, while infrastructure inspection



is commonly conducted visually by human inspectors [3]. On the one hand, sensor systems
in continuous long-term operation may be prone to sensor faults and are costly to install [4].
On the other hand, visual inspections, depending on the individual expertise of the human
inspectors, may be subjective, time-consuming, and costly [5]. Therefore, with the advancements
in information and communication technologies, both monitoring and inspection tasks have been
conducted by mobile robots, ensuring objectivity, cost-efficiency, and accuracy [6]. Moreover,
mobile robots may reach locations that may be hard to reach for human inspectors. Essentially,
mobile robots have the potential to advance both monitoring and inspection of civil infrastructure
by (i) collecting data relevant to monitoring (such as accelerations, strains, or displacements)
that is continuously recorded by sensor systems installed at remote locations in the structure and
transferred to the robots on demand and by (ii) recording data relevant to inspections, e.g. based
on laser scans or photogrammetry.

As opposed to land-based civil infrastructure systems, waterside structures, such as dry docks,
flood protection structures, fleet moorings, seawalls, groins, jetties, quay walls, underwater
foundations, and breakwaters, represent vulnerable and often safety-relevant land/water interfaces
that fulfill critical operations. Therefore, monitoring and inspection of waterside structures is
of vital importance to ensure continuous operation of the structures. However, monitoring and
inspection of waterside structures is associated with a number of specific challenges because,
as compared to land-based civil infrastructure systems, hydrostatic forces, wind, salt spray,
currents, tides, waves, and ice contribute to damage and deterioration to a non-negligible extent.
Furthermore, many waterside structures are dynamic systems composed of multiple subsystems
susceptible to vibrations, such as distribution lines for compressed air, electricity, steam, water,
waste, and fuel, as well as fender systems [7].

For monitoring and inspection of waterside structures with mobile robots, the robots, due to
the specifics of waterside structures, must execute both land-based and water-based operations.
Therefore, proper communication, coordination, cooperation, and collaboration between land-
based and water-based mobile robots must be ensured by coupling both robot types. At the
same time, existing semantic information about civil infrastructure systems, as provided by
digital twins and building information models, should advantageously be used when coupling
both robot types. This paper proposes a concept to couple land-based and water-based mobile
robots for monitoring and inspection of waterside structures. In the remainder of this paper,
the characteristics of robotic monitoring and inspection of waterside structures are described,
taking into account the semantics provided by digital twins and building information models.
Thereupon, the concept for coupling land-based and water-based mobile robots is presented. The
paper concludes with a summary and an outlook on research required to implement the concept
into engineering practice.



2 Monitoring and inspection of waterside structures

Civil infrastructure inspection, a legal basis for maintenance and life-cycle assessment, is typi-
cally performed by leveraging the information obtained by human inspectors, combined with
decision-making criteria [8]. Furthermore, inspections are frequently supported by remote sen-
sing approaches, e.g. lidar or photogrammetry, coupled with computational methods, such as
computer vision approaches or tools to create point clouds, in an attempt to advance conventio-
nal inspections. Nevertheless, as illuminated previously, inspections may be time-consuming,
laborious, expensive, and/or dangerous. Representing a supplement to inspections, monitoring
may provide quantitative insight into the condition of civil engineering structures by measuring
physical quantities, such as acceleration, strain or displacement, using sensors that are organized
in wireless sensor nodes or cable-based data acquisition units permanently installed in a structure.
The sensor data, analyzed either manually or automatically using engineering algorithms, is
then transformed into information (and probably into knowledge) used for decision-making.
Since many years, monitoring has matured into a reliable basis for continuously assessing the
structural health in real time, increasing safety and reliability while reducing maintenance and
inspection costs [9]. Although monitoring provides reliable sensor data, it is associated with
high installation costs and suffers from limited spatial resolution, as the sensors are installed at
fixed locations. Furthermore, the limited power of the wireless sensor nodes represents another
constraint when implementing monitoring concepts for large-scale civil infrastructure systems.
To overcome the critical constraints, efforts have been underway to improve monitoring and
inspection of civil infrastructure systems by deploying mobile robots.

It must be emphasized that, from a conceptual perspective, both monitoring and inspection can
be reduced to the same general process steps: (i) Data is collected by sensors and (ii) transformed
into information/knowledge used for decision making. Both process steps can be conducted
by mobile robots with a certain degree of autonomy. Regarding monitoring and inspection of
waterside structures, distinctions must be made regarding the type of mobile robots. To cover all
elements of the structures, land-based and water-based robots must be deployed and coordinated.
For land-based robotic monitoring and inspection, legged or wheeled robots are typically used
either to retrieve sensor data stored in sensor nodes, whose sensors are continuously measuring
at remote locations, or to execute remote sensing operations using, e.g. lidar or photogrammetry
(Figure 1a). For water-based robotic monitoring and inspection, unmanned underwater vehicles
are used, which, depending on the specific task, possess different actuation concepts to allow for
either rapid environment coverage or accurate hovering for detailed inspection (Figure 1b).

Both robot types have in common, besides collecting data (process step i), the application of
internal algorithms and models for data analysis (process step ii) and the use of communication
protocols as a technical basis for coordination, thus cooperation, to solve the robotic monitoring
and inspection tasks collaboratively. To couple land-based and water-based robots, the robotic
tasks need to be coupled, considering the algorithms and models as well as the communication
protocols. With the recent technological advancements, centralized algorithms and models
describing the behavior of a structure, organized as a single “digital twin” (DT), which is
interfaced with the physical structure by leveraging Internet of Things (IoT) concepts, are



(a) Legged robot equipped with a lidar system. (b) Torpedo-shaped micro underwater robot.

Figure 1: Mobile robots used for land-based and water-based monitoring and inspection.

frequently used by the robots. Therefore, existing DT and IoT approaches representing waterside
structures to be monitored and inspected also need to be considered when coupling land-based
and water-based mobile robots. A concept towards coupling land-based and water-based mobile
robots for monitoring and inspection of waterside structures is presented in the following section.

3 Towards coupling land-based and water-based mobile ro-
bots

Each environmental domain comes with specific challenges, particularly in environments with
domain transitions, such as waterside structures. As a consequence, highly optimized guidance,
navigation, and control approaches have been developed to best address the domain challenges.
The same yields for the robot sensory equipment. For example, coupling robotic systems
at domain interfaces of waterside structures constitutes a challenging task. Specifically, new
interfaces need to be defined to build a common ground between both domains (land and water).
While terrestrial and aerial protocols often allow for high bandwidth communication, this is
not the case for underwater communication. In fact, underwater communication bandwidth is
very limited, unreliable, and data packages are subject to considerable latencies, posing direct
constraints on the communication protocols. The impact of the lacking interfaces at waterside
structures on the design of the overall inspection and monitoring framework is considerable
since the data processing becomes heterogeneous with regard to various parameters including
accuracy, update rate, and latency.

As a result, common approaches using a single centralized model are expected to achieve only
limited performance. In fact, centralized models may be hardly suitable for coupling land-
based and water-based mobile robots due to the high computational capacity and the reliable
communication links required, which scale poorly with an increasing number of mobile robots.
As a solution, a hybrid concept is proposed, which combines traditional centralized models
with decentralized (embedded) models that can run on board the mobile robots. The hybrid
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Figure 2: Hybrid decentralized information-based monitoring and inspection. Data gathered by
the robots is send to a central DT; vice versa, the central DT provides high-level commands to
the robots.

information-based monitoring and inspection concept is illustrated in Figure 2. Specifically, a
centralized model, i.e. a high-fidelity representation of the structure (e. g. a digital twin), is
implemented in a centralized server equipped with powerful computation hardware and provides
detailed information on the structure. The centralized model fuses information gathered by
mobile land-based and water-based robots. The robots run embedded partial decentralized
models of the DT using the on-board processing capabilities. The decentralization comes with
various advantages: First, data transmission from the robots towards the centralized server is
considerably reduced, e. g. instead of raw measurement sequences the robots transmit only results
from data analysis. Second, the data transmissions towards the robots, e. g. control commands,
is reduced, owing to the decentralized models. This allows the robots to conduct short-horizon
informative path planning locally on board while updates on high-level and long-term mission
goals are provided by the centralized server. As a result, the dependence of the robots on a
reliable high-rate communication link to the centralized server is reduced.

Regarding the overall monitoring and inspection system, combining robots from multiple do-
mains also raises new interesting research questions. For instance, methods need to be developed
to decide, which information can be efficiently gathered by which robot type. For this purpo-
se, new heterogeneous cost-functions need to be designed which trade off the importance of
collecting new data against the individual effort invested, e. g. time and energy, for gathering
data. Obviously, the question of how the individual model representations can be coupled is
raised, including considerations regarding potential new communication protocols and interfaces
required to allow effective collaboration among various robot types.



4 Summary and conclusions

Monitoring and inspection of waterside structures is imperative to ensure continuous operation.
With recent technological advancements, robotic systems are devised to execute monitoring
and inspection tasks. However, robotic monitoring and inspection of waterside structures is
associated with a number of challenges because of the specifics of waterside structures, as
compared to land-based civil infrastructure systems. In particular, the collaboration of land-based
and water-based robots must be ensured, which has received little attention in robotics research
so far.

In this study, a concept has been proposed to couple land-based and water-based robots for
monitoring and inspection of waterside structures. The concept builds upon collaborative analyses
of land-based and water-based mobile robots, using embedded computing and considering the
semantics provided by digital twins and building information models. To transfer the concept into
engineering practice, research needs to focus on designing interfaces for efficient communication
between both types of mobile robots. Last, but not least, coupling land-based and water-based
robots for monitoring and inspection of waterside structures, representing a heterogeneous and
complex research problem, requires integrating expertise from several engineering fields, such
as robotics, computer science, mechanical engineering, civil engineering, marine engineering,
environmental engineering, and electrical engineering.

5 Acknowledgments

This research has been sponsored by the German Research Foundation (DFG) under grant
SM 281/20-1 and Kr 752/36-1. Any opinions, findings, conclusions, or recommendations ex-
pressed in this paper are those of the authors and do not necessarily reflect the views of DFG.

References

[1] Urlainis, A., Shohet, I.M., Levy, R., Ornai D., and Vilnay, O., 2014. Damage in critical
infrastructures due to natural and man-made extreme events – A critical review. Creative
Construction Conference. Prague, Czech Republic, June 21, 2014.

[2] Nguyen, A., Kodikara, K.A.T.L., Chan, T., Thambiratnam, D., 2018. Deterioration assess-
ment of buildings using an improved hybrid model updating approach and long-term health
monitoring data. Structural Health Monitoring, 18(1), pp. 5-19.

[3] Dragos, K. and Smarsly, K., 2016. A hybrid system identification methodology for wireless
structural health monitoring systems based on dynamic substructuring. In: Proceedings of



the SPIE Smart Structures/NDE Conference: Sensors and Smart Structures Technologies for
Civil, Mechanical, and Aerospace Systems. Las Vegas, NV, USA, March 24, 2016.

[4] Smarsly, K. and Petryna, Y., 2014. A Decentralized Approach towards Autonomous Fault
Detection in Wireless Structural Health Monitoring Systems. In: Proceedings of the 7th
European Workshop on Structural Health Monitoring. Nantes, France, July 8, 2014.

[5] Frangopol, D.M. and Kim, S., 2019. Life-cycle of structures under uncertainty: Emphasis on
fatigue-sensitive civil and marine structures. CRC Press, Boca Raton, FL, USA.

[6] Charron, N., McLaughlin, E., Phillips, S., Goorts, K. Narasimhan, S., and Waslander, S.
L., 2019. Automated bridge inspection using mobile ground robotics. Journal of Structural
Engineering, 145(11), 04019137.

[7] Dean, J.C. and Geusic, S., 2021. Waterfront and coastal structures knowledge area.
National Institute of Building Sciences. Available at https://www.wbdg.org/ffc/dod/cpc-
source/waterfront-coastal-structures-knowledge-area, accessed March 13, 2022.

[8] Spencer, B.F., Hoskere, V., and Narazaki, Y., 2019. Advances in Computer Vision-Based
Civil Infrastructure Inspection and Monitoring. Engineering, 5(2), pp. 199-222.

[9] Lynch, J.P. and Loh, K.J, 2006. A summary review of wireless sensors and sensor networks
for structural health monitoring. Shock and Vibration Digest, 38 (2), pp. 91-130.

6 Information about the authors

Univ.-Prof. Dr.-Ing. Robert Seifried
Hamburg University of Technology
Institute of Mechanics and Ocean Engineering
Eißendorfer Straße 42 (M)
21073 Hamburg
Germany
Email: robert.seifried@tuhh.de
Web: www.tuhh.de/mum

Univ.-Prof. Dr.-Ing. Kay Smarsly
Hamburg University of Technology
Institute of Digital and Autonomous Construction
Blohmstraße 15
21079 Hamburg
Germany
Email: kay.smarsly@tuhh.de
Web: www.tuhh.de/idac



Dipl.-Ing. Kosmas Dragos, M.Sc.
Hamburg University of Technology
Institute of Digital and Autonomous Construction
Blohmstraße 15
21079 Hamburg
Germany
Email: kosmas.dragos@tuhh.de
Web: www.tuhh.de/idac

Daniel A Duecker, M.Sc.
Hamburg University of Technology
Institute of Mechanics and Ocean Engineering
Eißendorfer Straße 42 (M)
21073 Hamburg
Germany
Email: daniel.duecker@tuhh.de
Web: www.tuhh.de/mum

Dr.-Ing. Marc-André Pick
Hamburg University of Technology
Institute of Mechanics and Ocean Engineering
Eißendorfer Straße 42 (M)
21073 Hamburg
Germany
Email: pick@tuhh.de
Web: www.tuhh.de/mum


