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OPO-CVI: design and
Implementation of an ocean
profiling observation system for
wave-powered vertical profiler
following an ISO standard

Sining Jiang, Zhongwen Guo*, Hailei Zhao*, Ziyuan Cui
and Weigang Wang

Department of Computer Science and Technology, Ocean University of China, Qingdao,
Shandong, China

This paper presents the design and implementation of an ISO-compliant ocean
profiling observation system for wave-powered vertical profiler. This system aims
to provide a comprehensive, scalable, and interoperable solution for high-
resolution, real-time oceanic observation. As a part of this system, we
introduce a wave-powered vertical profiler, known as “Wave Master,” designed
to offer enhanced stability and reliability for long-term oceanic data collection.
The core of the paper focuses on the Ocean Profiling Observation Complex
Virtual Instrument (OPO-CVI), a comprehensive system developed in alignment
with ISO 21851 standard. OPO-CVI seamlessly integrates data collection,
transmission, storage, and visualization. Specifically, OPO-CVI addresses the
challenges of information isolation, system rigidity, and lack of modularity in
traditional ocean profiling methods by standardizing data formats and
transmission protocols, allowing for seamless integration of new observation
elements, and employing a modular architecture for enhanced scalability and
reusability. By offering detailed technical insights into the OPO-CVI architecture
and its compliance with ISO 21851 standard, this paper aims to contribute
significantly to the advancement of standardized, efficient, and reliable oceanic
observation systems.
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1 Introduction

Long-term, high-resolution ocean profiling observations
(OPOs) play a crucial role in various fields, including physical
oceanographic research, marine technology development,
environmental protection, and natural disaster prediction. They
contribute to marine conservation efforts and sustainable resource
management (Gould et al., 2013; Wang et al., 2022). However,
achieving comprehensive and high-resolution OPOs is a
challenging task that requires both reliable sensing equipment
and robust data management systems.

In the realm of profiling instruments, existing marine
profiling instruments have made significant strides in the
collection of oceanographic data. However, these instruments,
including seabed bases (Send et al., 2013), shipboard winches
(Nash et al., 2017), and McLane profilers (Morrison et al., 2000),
are not without their limitations. They rely heavily on electric
power, which ties their operational range and duration to the
availability of underwater energy sources. This reliance poses
constraints on their application in vast and dynamic marine
environments where power supply can be unpredictable. In the
1990s, the University of California, Scripps Institution of
Oceanography developed the Wirewalker (Rainville and Pinkel,
2001), a wave-powered profiling float. This instrument harnesses
wave energy at the sea surface for autonomous vertical profiling,
employing an all-mechanical design that requires no electrical
power and can operate continuously for extended periods (Pinkel
et al., 2011; Omand et al.,, 2017). The Wirewalker has proven
successful in various oceanographic research applications,
including the study of internal waves (Wang and Pawlowicz,
2011), ocean-atmosphere interactions (Wijesekera et al., 2016),
plankton ecology (Omand et al., 2017), coastal circulation
(Feddersen et al., 2016), ocean turbulence (Fan et al., 2018),
and coastal water quality assessment. However, despite its
achievements, challenges persist, including switch device
malfunctions, detachment of switch cams, sensor looseness, and
mooring cable abrasion (Cumbee, 2019).

In the realm of marine observation systems, the aspiration for
an efficient, sustainable, and comprehensive global ocean observing
system has been a focal point of international coordination efforts
for decades. Maritime nations have established their own ocean
observation systems to monitor marine environments and analyze
data in real time. Notable examples include the UK’s Proudman
Oceanographic Laboratory Coastal Ocean Modeling System
(POLCOMS), the Carolinas Coastal Ocean Observing and
Prediction System (Caro-COOPS) in the United States, and
Canada’s Victoria Experimental Network Under the Sea
(VENUS). These marine observation systems have been successful
in real-time monitoring and targeted analysis of ocean data.
However, they were developed with a local focus to address
specific issues, often overlooking the need for a global perspective.
This oversight has led to several challenges:

Firstly, these systems are often designed based on specific
requirements during their development, lacking consistent
standards and specifications. This has led to issues such as
inconsistent data formats and nonuniform data transmission
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methods between systems, resulting in the problem of information
isolation and limiting data sharing and interconnectivity (Qiu
et al, 2018). Secondly, as ocean science evolves, the demand
for observation data elements and equipment continues to grow
and evolve. However, most existing oceanographic observation
software solutions were not initially designed to accommodate the
addition of new observation elements and devices in the future,
resulting in insufficient system scalability and requiring substantial
resources and time for system upgrades. Lastly, these systems
often lack modular design, making the construction of new
systems complex and time-consuming while also restricting
software reusability. Therefore, to meet the demands of future
marine scientific research and monitoring, greater emphasis on
standardization, modularity, and scalability is needed to build more
flexible and efficient ocean profiling observation systems.

To address these challenges, we design the Ocean Profiling
Observation Complex Virtual Instrument (OPO-CVI) by
referencing ISO 21851 requirements and aligning them with the
practical needs of oceanic observation. Firstly, OPO-CVI, designed
in line with ISO 21851 standard, addresses data inconsistency by
standardizing data formats, ensuring uniform data transmission
methods. This standardization fosters information sharing and
interconnectivity between systems. Furthermore, in response to
the evolving needs of ocean science and the challenge of system
scalability, we have developed the OPO-CVI layered model. The
layered approach accommodates the incorporation of new
observation elements and devices, making the system highly
adaptable to various oceanic conditions. For instance, integrating
a new observational device into the OPO-CVI involves simply
adding the device’s configuration information to the sensing
layer, and then integrating the corresponding collection protocols
into the acquisition layer. This modular approach significantly
enhances the system’s scalability, addressing the issue of
insufficient flexibility in existing systems. Lastly, the OPO-CVT’s
architecture, being scalable and modular, allows for the easy
addition or removal of components, thus adapting to evolving
ocean science needs. Its modular design simplifies system
construction and enhances software reusability. These features
collectively enhance the flexibility and efficiency of ocean profiling
observation systems, setting a new standard in the field.

Additionally, to validate the effectiveness of our OPO-CVI
system when equipped with a real frontend ocean profiling
instrument, we have developed an innovative wave-powered
vertical profiler, named “Wave Master”, inspired by the principles
of the Wirewalker. The Wave Master serves as the data acquisition
device in the sensing layer of our ocean profiling observation
system. Building upon the foundational structure of the existing
Wirewalker, the Wave Master incorporates detailed improvements,
addressing issues such as switch device malfunctions and switch
cam detachment. These enhancements notably increase its stability
and reliability during long-term operations. A detailed technical
overview of the Wave Master is provided in Section “Wave Master”
of “Methods”. The overall architecture of our ocean profiling
observation system is shown in Figure 1. The Wave Master,
driven by wave energy, moves the sensor-equipped vehicle
vertically along a cable in the ocean, collecting ocean parameters
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Wave Master

FIGURE 1

The framework of OPO-CVI for Wave Master. (A) communication buoy, (B) vehicle, (C) mooring system.

from different depths and locations. These data are then transmitted
to the OPO-CVI via a buoy situated on the ocean surface, which is
equipped with satellite communication capabilities. The OPO-CVI
integrates modules for data management, visualization, and
computational analysis, offering functionalities such as data
storage, querying, and display. Importantly, the standardized data
structure and data interfaces designed in accordance with ISO
21851 standard make data integration between OPO-CVIs more
convenient, enhancing the interoperability, scalability, and
reusability of OPO-CVTIs. Section “Design of OPO-CVI Model” of
“Methods” provides an in-depth discussion of the design and
implementation of OPO-CVL

2 Methods
2.1 Wave master

In the architecture of our ocean profiling observation system,
the Wave Master serves as the cornerstone of the front-end sensing
layer. Its role is pivotal in acquiring high-resolution time-series
oceanic parameters across various vertical positions in the ocean.
Wave Master is composed of three core components: a
communication buoy that collects and sends data, a vehicle
equipped with sensors to measure ocean conditions, and a
mooring system to keep the device stable in water, as illustrated
in the Figure 2. The function of the Wave Master is akin to an ocean
sensing platform, dynamically traversing vertical depths to collect
vital oceanographic data.

2.1.1 Communication buoy

The primary role of the communication buoy in the Wave
Master system is to capture wave energy. As it oscillates in response
to wave forces, moving up and down with the waves, this motion
actively pulls the cable connected to buoy, thereby enabling the
operational mechanism of the vehicle platform. Simultaneously,
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The electronic compartment of the Communication Buoy houses a
satellite communication terminal, a versatile meteorological
instrument suite, a platform data acquisition system, solar panels,
and batteries. It is responsible for collecting meteorological data
from sensors mounted on the buoy, capturing meteorological
elements, as well as hydrological data from the multi-parameter
profiling instrument installed on the wave energy platform.
Subsequently, it stores, integrates, and transmits all data to the
communication module. Utilizing satellite communication systems,
this module relays the collected data back to the mainland. The
lower end of the buoy connects to the mooring system, which
comprises steel cables, weights, and a gravity anchor block. This
system serves as the wave energy transmission mechanism for the
entire platform.

Figure 2A presents the specific design of the communication
buoy. The structural components include the buoy body, electronics
compartment, lower tower, upper tower, electronics compartment
cover, and tower connecting rods. The outer ring of the electronics
compartment is equipped with O-rings to ensure waterproofing.
The compartment cover features watertight threaded holes for the
passage of tower-mounted devices and connections to data
acquisition and satellite communication modules within the
electronics compartment. The electronics compartment cover is
made from aluminum alloy, subjected to anodization, and features
threaded holes designed for various cable types. Regarding the
center of gravity placement, research indicates that lowering the
center of gravity of the buoy increases its natural frequency and
widens the range of captured wave frequencies, resulting in more
efficient wave energy capture. Therefore, in this design, the buoy’s
center of gravity is positioned at a height of 0.2 meters above the
buoy’s base (Zhao et al,, 2023).

2.1.2 Vehicle

The Vehicle stands as the core component of the Wave Master,
which is constructed from several components including the
backplate, limit plate, ratchet, fixed card plate, movable plate,
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spring leaf

FIGURE 2
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The design structure of Wave Master. In (A) panel, numerical labels 1-15 represent the backplate, limit plate, ratchet, fixed card plate, movable plate,
upper trigger plate, lower trigger plate, limit block, steel cable, limit slider, communication receiver, communication transmitter, floatation material,
outer shell cover, and outer shell side panels, respectively. In (B) panel, alphabetical labels a—e denote the upper tower, lower tower, solar panels,

electronics compartment, and hatch cover, respectively.

upper trigger plate, lower trigger plate, limit block, steel cable, limit
slider, communication receiver, communication transmitter,
flotation material, outer shell cover, and outer shell side panels, as
shown in Figure 2B. Existing solutions, including the Wirewalker,
predominantly employ a lever-based directional switching
mechanism, as illustrated in Supplementary Figure S1A in
Supplementary Material. However, this design, while functional,
is complex and has a high failure rate (Cumbee, 2019), and is prone
to marine biofouling during prolonged subsea operation. To
address these issues, we have simplified the design by integrating
the switching mechanism with a ratchet mechanism that locks the
direction of movement, as shown in Supplementary Figure S1B in
Supplementary Material. The directional change and locking of the
underwater movement of the drive platform are achieved through
the deformation of a spring leaf at the end of the movable plate.
The Vehicle is positioned along the steel cable, threaded through
its central axis. It harnesses the wave energy transmitted through the
mooring system and converts it into mechanical energy for profiling
movements through an internal mechanical structure. The vehicle
contains a unidirectional motion mechanism and a motion direction
switching mechanism, allowing it to autonomously descend, ascend,
switch, and lock its movement state underwater. Influenced by wave
forces, the buoy undergoes vertical oscillations, which in turn drive
the connected steel cable to ascend and descend. When the steel cable
ascends, the unidirectional motion mechanism on the driving
platform disengages, resulting in a relative displacement between
the cable and the platform due to underwater resistance. Conversely,
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when the steel cable descends, the unidirectional motion mechanism
engages, locking the platform with the cable for downward
movement. This cyclic process continues, propelling the platform
to oscillate and submerge under the influence of wave action until it
reaches the bottom of the cable, triggering the unidirectional motion
mechanism to unlock. At this point, the platform and cable operate
independently, with the platform ascending, driven by its own
buoyancy, until it reaches the top of the cable, where the state
switches once more and locks. This continuous cycle ensures the
automatic profiling motion of the Wave Master, driven by the energy
harnessed from the waves. The autonomous vertical motion of the
vehicle takes the attached sensors, enabling the collection of oceanic
data across varied depths, thereby fulfilling the objective of wave-
driven ocean profile observations. Furthermore, in (Zhao et al., 2023),
detailed numerical simulations were conducted to analyze the
hydrodynamic behavior and stability of the Wave Master under
various ocean conditions. These simulations involved modeling the
Wave Master’s response to wave dynamics and assessing its
performance in maintaining position and stability.

The communication receiver is affixed to the limiting slider,
while the transmitter is securely mounted on the external shell’s side
and cover plates. The communication ends, comprising the
receiver’s coupling coil and the transmitter’s coupling coil, are
assembled opposite each other. Upon contact, they initiate
communication, moving together on the limiting slider until the
device’s motion state switches, ending the communication. During
the movement process, the transmitter can move freely on the
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limiting slider, while the receiver can move freely on the cylindrical
part of the limiting slider.

2.1.3 Mooring system

A wave-powered ocean profiling system is fundamentally a
moored profiling platform due to its reliance on stable positioning
for accurate data collection. This stability is achieved through
mooring, which involves anchoring the system to a fixed location
using cables, anchor chains, and ballasts. This concept is detailed in
(Bailey et al., 2019), who explore various aspects of moored
oceanographic instrumentation, including design considerations
and operational benefits of such systems. This mooring setup is
essential for ensuring the system’s stability and positioning,
allowing for accurate and reliable data collection (Davidson and
Ringwood, 2017). The mooring system of Wave Master is primarily
composed of the mooring cable, ballast, gravity anchor, anchor
chain, upper and lower limiting blocks, and swivel.

The Wave Master’s mooring system offers two operational
modes: floating and anchored. These are designed to cater to
scenarios requiring mobility, such as observing ocean currents
and eddies, and to fixed area observations, respectively. The dual
operational modes significantly enhance its versatility, allowing it to
be effectively utilized across a diverse range of oceanographic
research scenarios. Whether it’s drifting along with ocean
currents to study mesoscale phenomena or staying anchored for
localized observations, the adaptive design of our mooring system
ensures that diverse research objectives can be met efficiently
and effectively.

2.2 Design of OPO-CVI model

The concept of Complex Virtual Instruments (CVI), as discussed
in (Guo et al,, 2013; Hu et al,, 2014), has emerged as a revolutionary
approach in ocean sensor networks, offering a software-based
representation of physical sensors that our OPO-CVI model
leverages. A virtual instrument is essentially a software-based
representation of a physical instrument or device. It allows users to
interact with and control the instrument through a computer
interface. In the context of ocean sensor networks, a CVI refers to
a software model that simulates the behavior and characteristics of
multiple ocean sensors. This model allows researchers and engineers
to conduct experiments and simulations without the need for
physical sensors or deployment in the actual ocean, saving time
and resources. The CVI can be customized to simulate various types
of ocean sensors, such as temperature sensors, pressure sensors,
salinity sensors, and more. It can also incorporate realistic
oceanographic models to simulate the behavior of the ocean and its
impact on sensor measurements. In this paper, we delve into the
architecture of a CVI model tailored for ocean sensor networks.

2.2.1 Interpretation of ISO 21851 standard
The ISO 21851 standard (ISO, 2020-08), titled “Marine
Technology - Ocean Observation System - Design Criteria of Ocean
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Hydrology-Meteorological Observation System Reuse and Interaction,”
was released by our team in 2020. It serves as the foundational
framework for the Ocean Hydrology-Meteorological Observation
CVI (OHM-CVI) model. This standard establishes a
comprehensive framework for oceanic hydro-meteorological
observation systems, specifying system functionality, data structure
types, data transmission formats and protocols, as well as input and
output interfaces. The system accommodates common oceanic
instruments such as buoys, profilers, and shore-based instruments,
while offering data reception, storage, display, processing, and
analysis capabilities for a range of observations including water
temperature, salinity, depth, ocean currents, waves, air temperature,
air pressure, humidity, wind, and precipitation data.

The ISO 21851 standardized data input-output interfaces and
data exchange formats. The input interface is responsible for
receiving data collected by marine observation equipment. The
output interface provides two data sharing methods, MQ and REST,
tailored for different data sharing scenarios, facilitating
interoperability for marine observation data. The standard also
defines a Function Module, encompassing data visualization,
statistical analysis, and comprehensive query functions, meeting
the requirements for storage, display, processing, and analysis of
hydro-meteorological observation data. The framework of OHM-
CVI model standardized in ISO 21851 is depicted as Supplementary
Figure S2 in Supplementary Material.

2.2.2 OPO-CVI Layer model

In the realm of ocean observation system software design, a
well-defined layered architecture serves multiple critical functions.
This layered architecture not only streamlines the organization and
management of diverse observational data and functional modules
but also ensures their independence. This independence facilitates
the decoupling of modules, allowing for more efficient system
design and operation. Besides, the modularity allowed by a
layered architecture enables each layer to be developed, tested,
and maintained independently, facilitating code reuse and system
flexibility. The separation of concerns ensures that each layer can
focus on its specific functionalities, such as data access or business
logic, without being entangled with other layers. This separation
enhances the system’s maintainability, as changes in one layer do
not affect the others. Existing research has also delved into the
layered architectures for ocean observation systems, but they all
have certain limitations. For example, the Internet of Things (IoT)
common layer architectures outlined in (Al-Absi et al., 2021)
segregate the system into a business layer, application layer, data
processing layer, data transmission layer, and perception and
execution layer. However, this model was specifically designed for
marine environment protection and monitoring, limiting its general
applicability and thus its utility as a reference for the broader scope
of ocean observation system software design. On the other hand, the
layers architecture of the Ocean Sensor Web discussed in (Jiang
et al., 2013) focuses mainly on the transmission and processing of
data across various layers, incorporating multiple data sources and
interfaces. Yet, it falls short in addressing advanced data analytics
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and interpretation and lacks explicit solutions for cross-platform
data integration and standardization.

In this paper, we introduce the OPO-CVI layer model, which is
divided into sensing layer, acquisition layer, management layer and
application layer, as shown in Figure 3. Our model provides a clear
hierarchical structure for more effective organization and
management of ocean observational data. Unlike existing systems,
our model complies with ISO 21851 standard, ensuring data
consistency and comparability. The layered approach allows for
easy addition or removal of components, making the system highly
adaptable to various oceanic conditions. Designed to scale both
horizontally and vertically, the OPO-CVI Layer Model meets a wide
range of observational needs. Furthermore, our model facilitates
seamless integration with other systems through standardized data
formats and transmission protocols. By introducing the OPO-CVI
Layer Model, we aim to set a new standard in the field of ocean
observation systems, addressing identified limitations and gaps in
existing research.

2.2.2.1 Sensing layer

The sensing layer serves as the foundational layer of the CVI
model. It is responsible for the initial acquisition of environmental
data through Ocean Observation Instruments (OOIs) on wave
master. These OOIs are designed to capture a wide range of
oceanic parameters, such as sound waves, temperature gradients,
and pressure differentials. The layer employs a variety of sensors,
each with its unique capabilities and limitations, to ensure
comprehensive data collection. Furthermore, the sensing layer is
equipped with real-time monitoring capabilities to ensure data
integrity and to facilitate immediate corrective actions in case of
sensor malfunctions or data anomalies. The core task of OOIs is to
transform analog signals, typically simulating environmental
conditions, into digital data that computers can interpret. The
output of this process is real numerical data accessible to users.
To facilitate this, OPO-CVI employs a specific OOI description
model, the model comprises key elements:

10.3389/fmars.2024.1324523

Input (X): Represents data acquired by sensors from the
physical world, such as oceanic measurements.

Data Processing Procedure (F): Describes the transformation
process applied to the electrical signals received from sensors. For
instance, it may convert voltage data related to pressure
measurements into actual pressure values using function f.

Output (Y): Signifies the results of the data processing that can
be comprehended by users. These outputs are time-serialized data
related to t.

The sensing layer employs a mathematical model to formalize
the data acquisition and transformation process. The data
processing function F consists of a set of individual functions f;,
fos..fu. These functions map the input data points X = {(x1,), (x2,1),
...(x,»1)} to output data points Y = {(yy.1), (y»1),...(y,1)}. Each
function f; is responsible for transforming a subset X; of X into an
output y;. The relationship can be expressed as Equation (1):

Y:F(X) = {fl(Xl))fZ(XZ)>>fn(Xn)} (1)

The sensing layer consists of many OOIs responsible for data
acquisition in oceanography. There are situations where one
instrument relies on the output of another instrument. The access
procedure involves OOI model operations, which include
combination and connection operations. The combination
operation combines multiple OOIs. Consider N different OOIs,
each denoted as C; containing an input X;, a function F;, and an
output Y}, as expressed in Equation (2):

vC € {C,C,,...,Cy} i=1,2,...,N. (2)

The Combination Operation generates a new OOI C,,, with its
input Xy, function Fyey, and output Y., as expressed in Equation (3):

C; = (X;,F;,Y;) where

N
Cnew 191 Cl (XneW) Fnew> Ynew )' (3)
The input X,,.,, is defined as Equation (4):
N N N m; N pi
Xnew = it__Jle = EXf = Ez(xi,j» t) + Ez(xi,k) (4)
= i=1 i=1j=1 i=1k=1
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The layer model of OPO-CVI, which is divided into sensing layer, acquisition layer, management layer and application layer.
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The function F,.,, is the maximum function combination of the
original OOIs, which can be expressed as Equation (5):

z

N
Foow = UFi = U{fii.fias o fig } - (5)

i=1

The output Y, is the sum of all Y;, as expressed in Equation (6):

Y. . =

new

Yi =F new(Xnew)- (6)

M=

Ui
—

There are situations where one instrument relies on the output of
another instrument. This relationship is termed the OOI connection
operation and represents an integration of OOIs. A portion of one
instrument’s output becomes part of another instrument’s input. The
connection between instruments A and B can be expressed as A — B,
with the operation expressed as Equation (7):

Yaop = Faop(Xasp) (7)

Additionally, the Sensing Layer incorporates error models to
account for sensor inaccuracies, denoted as E, which can be
integrated into the data processing function F as F(X,E).

2.2.2.2 Acquisition layer

The acquisition layer plays a pivotal role in the OPO-CVI model,
acting as the crucial link between the sensing layer and the subsequent
layers. Its primary function is to efficiently collect data from a diverse
array of OOIs using various communication interfaces, all while
adhering to standardized oceanic observation protocols.

Given the inherent diversity in OOIs that can be hosted on the
Wave Master, each potentially employing unique data access methods
and communication protocols, the design of this layer embodies
adaptability. In traditional oceanic observation system development,
developers often face the challenge of accommodating distinct OOI

(o]

1.

FIGURE 4
The format of description file for acquisition model.
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requirements through manual code adjustments when deployed on
profilers (Bermudez et al., 2009; Menaka and Gauni, 2021). The OPO-
CVI model introduces a systematic approach to streamline data
collection. To achieve this, the Acquisition Layer incorporates
specialized acquisition software and modules. Each acquisition
module is meticulously mapped to a specific OOI, establishing an
automatic and standardized connection between the module and the
instrument. This mapping is facilitated through abstract description
files providing a standardized framework for defining OOI
characteristics, communication protocols, and configuration details.
These description files serve as the linchpin for efficient and adaptive
data collection, bridging the gap between acquisition modules and
OOlIs. Figure 4 shows the definition of the description file.

In instances requiring updates or modifications to a specific OOL,
the system’s design facilitates a straightforward solution through the
following steps: 1) update the corresponding description file, 2)
reload the acquisition module, 3) verify the changes. A revision to
the corresponding description file within the acquisition layer
seamlessly incorporates these adjustments and updates, obviating
the need for extensive manual coding. This approach minimizes
system downtime and simplifies maintenance efforts.

Furthermore, the existence of the acquisition layer enables a clear
separation of logic between the application layer and the sensing
layer. This segregation enhances modularity and system scalability,
empowering the OPO-CVI model to effortlessly adapt to evolving
oceanic monitoring requirements and seamlessly integrate new OOls.

In essence, the Acquisition Layer within the OPO-CVI model
redefines data collection from a spectrum of OOIs. Its intelligence,
adaptability, and efficiency simplify development and ensure
seamless data flow, rendering the OPO-CVI model a robust and
adaptive solution for oceanic observation in a dynamically changing
marine environment.
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2.2.2.3 Management layer

The management layer is designed to handle the data that is
collected and buftered by the acquisition layer. It serves multiple
functions, including data processing, analysis, and storage.

In mathematical terms, the data flow within the management
layer can be represented as a function M, which takes as input the
buffered data B from the acquisition layer and outputs a structured
dataset S. The function M can be decomposed into sub-functions
{my,my,...,m,}, each responsible for a specific operation such as data
cleaning, transformation, or analytics.

The data module is a primary component of this layer. It
establishes a direct connection with the acquisition layer to
retrieve data. The module then applies a set of predefined
algorithms and rules for data transformation and storage. The
transformed data is stored in a database, making it accessible for
further operations. Mathematically, the data module can be
represented as D = (DB, Algo, Rules), where DB is the database,
Algo denotes the algorithms used for data transformation, and Rules
are the conditions applied during this process.

The calculation module is another essential component, aimed
at data analysis. It employs various mathematical models and
machine learning algorithms to derive logical parameters from
the processed data. In mathematical terms, the calculation
module can be represented as C = (LP,MM, ML), where LP stands
for logical parameters, MM for mathematical models, and ML for
machine learning algorithms.

The interface management module acts as the intermediary
between the management layer and the application layer. It
provides standardized data interfaces, such as Web Service, MQ,
and FTP, to facilitate data sharing and system integration. By
performing these functions, the Management Layer ensures that
the data flows in a structured manner from the acquisition layer to
the application layer, while also making it accessible for further
analysis and interpretation.

2.2.2.4 Application layer

The application layer serves as the user interface of the OPO-
CVI model, offering a range of tools for data visualization, analysis,
and interpretation. This layer is essential for transforming raw and
processed data into actionable insights useful for scientific research
and decision-making in oceanography. In mathematical terms, the
application layer can be represented as a function A, which takes the
structured dataset S from the management layer as input and
produces a set of visualizations V and analytical results R. The
function A can be decomposed into sub-functions {a;,a,,...,a,},
each responsible for specific tasks such as data rendering, statistical
analysis, or report generation.

The graphical user interface (GUI) is a significant component of
the application layer. It is designed to display various types of
oceanic data on a unified panel. The GUI dynamically initializes
observing platforms, parameters, and curve window information by
reading OPO-CVI description files. This adaptability allows the
system to cater to a wide range of oceanic monitoring needs. In
mathematical terms, the GUI can be represented as GUI = (P,V,C),
where P denotes the panel layout, V represents the visual elements,
and C stands for the control elements like buttons and sliders.
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Another key feature of the application layer is its data analytics
module. This module employs a variety of statistical methods and
machine learning algorithms to analyze the data. It can generate
summary statistics, trend analyses, and predictive models, offering
valuable insights into oceanic conditions. In mathematical terms,
the analytics module can be represented as AM = (SM,TA,PM),
where SM stands for summary statistics, TA for trend analyses, and
PM for predictive models.

By offering these functionalities, the application layer ensures
that the OPO-CVI model is not just a data collection tool but a
comprehensive system for advanced oceanographic research
and monitoring.

2.2.3 Data structure design

A well-thought-out data structure not only ensures efficient
storage and retrieval of oceanographic data but also facilitates data
interoperability and integration across different components of the
system (Snowden et al., 2019). ISO 21851 categorizes data structure
standardization into two main classes: attribute description and

observation elements.

2.2.3.1 Attribute description

The attribute descriptions part of ISO 21851 focuses on
describing attributes related to OPO-CVI, equipment, and
parameters. For each attribute, the description includes its name,
type, properties, and remarks. This comprehensive approach
ensures that critical details about attributes are consistently
documented, promoting clarity and consistency in data
representation. In this paper, we introduce an Object Description
Model (ODM) that abstracts the descriptive data of various objects
within ocean observation systems, aligning with the ISO 21851
specification. The ODM conceptualizes object description data as a
collection of descriptive elements, with a defined structure for
describing object information (Item ID, Item Name, Item
Description) and summarize relationship between elements in
different type. Let E be the set of all elements in the ODM. Each
element e € E can be represented as a tuple by Equation (8):

e=(N,T,P,R). (8)

Each element can be further detailed through sub-elements. The
schema for descriptive elements is illustrated in Figure 5, with each
element identified by its unique ItemID attribute. As shown in
Figure 5, “OPO-CVI” element represents the ocean profile
observation system designed within our study, which is
characterized by attributes such as ID, name, developer, date, and
version, which collectively define their unique profiles. The element
“Platform” refers to the Wave Master observation platforms. In
practice, there is no limit to the number of these platforms, and each
is uniquely identified using attributes such as ID, name, datetime,
longitude, and latitude. Additionally, each platform may house
multiple sensing devices, such as CTD, pH meters, dissolved
oxygen sensors, and more. These sensors are described within the
“Instrument” element, where attributes like ID, name, model, and
type are employed to delineate their characteristics. Furthermore,
each sensor may collect various parameters. For instance, a CTD
sensor may simultaneously measure conductivity, temperature, and
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FIGURE 5

Attribute description in designed OPO-CVI Model. OPO-CVI nodes represent the oceanographic observation systems designed within our study.
Platform nodes represent the Wave Masters in observation network. Instrument nodes represent the sensor package equipped on Wave Masters,
such as CTD, pH Sensor, and fluorometers. Parameter nodes represent the parameters measured by the sensor, such as conductivity, temperature,

and depth parameters collected by the CTD sensor.

depth. These individual parameters are elaborated upon within the
“Parameter” element, where attributes like ID, name, unit, and
precision provide detailed descriptions. Correspondingly, we utilize
tables in the relational database to record these attribute
descriptions and maintain their hierarchical relationships through
foreign keys, as shown in the lower half of Figure 5.

2.2.3.2 Observation elements

The observation elements section aims to elaborate on the
specific elements that are crucial for capturing the observational
data within the OPO-CVI framework. These elements are
designed to encapsulate the raw data collected by various sensors
and instruments, as well as the processed and analyzed information
that is derived from them. This section is aligned with the ISO
21851 standard, which categorizes observation elements into two
main types: oceanic hydrological data and oceanic meteorological
data. The oceanic hydrological data is collected through
sensors mounted on vehicles submerged under the Wave Master
platforms, while the oceanic meteorological data is gathered via
sensors mounted on buoys located on the surface of the Wave
Master platforms.

According to the ISO 21851 standard, in our designed OPO-
CVI, oceanic hydrological data includes elements like water
temperature, salinity, and current speed. Besides, our designed
OPO-CVI also covers oceanic meteorological data, focusing on
elements like wind speed, wind direction, air temperature, relative
humidity, and precipitation. Table 1 provides a detailed description
of these elements.

In the Object Description Model (ODM), let O be the set of all
observation elements. Each observation element o € O can be
represented as a tuple by Equation (9):
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0=(D,S,V,Q,T), )

where D is the data type, S is the source (which sensor or
instrument), V is the value of the observation, Q is the quality
indicator, and T is the timestamp. Data Type (D) specifies the kind
of data being observed, such as temperature, salinity, or pH level.
This aligns with the “Parameter” element in the attribute
description, providing a link between the two. Source (S)
identifies the specific sensor or instrument responsible for the
observation. This is crucial for data traceability and aligns with
the “Instrument” element in the attribute description. Value (V)
captures the actual observed value. Depending on the data type, this
could be a single numerical value, a text string, or even a more
complex data structure. Quality Indicator (Q) provides a measure of
the data quality, which could be a simple flag indicating if the data is
‘good’ or ‘bad’, or a more complex metric that provides a quality
score. Timestamp (T) records the exact time the observation was
made, essential for time-series analysis and for synchronizing data
from multiple sources.

2.2.3.3 Data storage and mapping

In our oceanographic profile observation application, our
primary focus is typically on the vertical profiles of specific
geographical locations. We employ Wave Master profiling
instruments to collect time-series oceanographic metrics at these
locations, serving as descriptions of our observed positions.
Consequently, in the design of our database, we store all
observation data in units of Wave Masters, with each row in the
‘Observation Data’ table representing all oceanographic observation
parameters collected by a specific Wave Master device within a
given time frame, as shown in Figure 6. In this context, the ‘ID’ field
represents the unique identifier of the Wave Master device, which is
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TABLE 1 Oceanic hydrological and meteorological observation elements.

Category Name Unit Remark Measurement Range Byte
Water Temperature °C Physical property -2 735 3
Salinity % Salt concentration 0740 3

Hydrological Current Speed cm/s Flow observation 07200 3
Current Direction ° Direction of flow 07360 2
Depth m Depth relative to sea level 0730 3
Wind Speed m/s Wind observation 0750 3
Wind Direction ° Direction of wind 0 360 2
Air Temperature °C Surface physical property -30 50 3

Meteorologica
Relative Humidity % Humidity level 0 100 2
Air Pressure hPa Atmospheric pressure 950 “1050 3
Precipitation mm Rainfall amount 0 7200 3

mapped to the corresponding ID in the ‘PlatformInfo’ table. The
‘Datatime’ field denotes the timestamp of data collection,
encompassing all oceanographic observation parameter values
collected by the Wave Master device at a particular timestamp.
These parameter values are separated by the ‘@ symbol to facilitate
subsequent data parsing and processing. ‘RelevantID’ reflects the
order of different parameters within the ‘data” field.

Considering that oceanographic observations are typically long-
term and high-frequency processes, the data volume in the
‘Observation Data’ table increases over time, which may lead to
slower data retrieval processes. To address this issue, we have
implemented sharding technology. We partition the data tables
based on the time dimension, creating sub-tables that represent

specific time ranges, such as monthly or quarterly intervals. This
approach ensures that each sub-table contains a relatively smaller
data volume, enhancing data retrieval speed for most queries.

To accommodate varying data growth rates, we employ a
dynamic sharding strategy. This means that we can automatically
adjust the time range of sub-tables based on actual data volumes
and requirements. For instance, if data within a certain time period
experiences rapid growth, the system can automatically create more
frequent sub-tables to maintain manageable sizes for each sub-table.

To expedite queries, we have established appropriate indices on
each sub-table. These indices assist the database system in quickly
locating and retrieving the required data (Nathan et al., 2020). We
utilize academically robust indexing algorithms to optimize query

Table Sensorinfo

00001 | Temperature |S001 WM1001 |[PC 1
00002 | Depth S001 WMI1001 |jm 2
00003 | Salinity S001 WMI1001 |% 3
00004 | Temperature | S002 WM1002 |PC 1

Table Observation_Data

WMI1001 [2023/8/28 17:25:30 | 10.036@33.116@0.869@27.349@28.901...

WMI1002 [2023/8/28 17:26:47 |17.697@30.371@0.517@24.987@?25.103...

FIGURE 6
The mapping between table Sensorinfo and table Observation Data.
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performance (Elmasri et al., 2015). Initially, we employ single-
column indices to index numerical values in a specific column,
facilitating the rapid location of specific values. For example, for
sub-tables containing timestamps, we create timestamp indices to
enhance the efficiency of data queries based on time ranges.
Additionally, we employ multi-column indices to combine values
from multiple columns for indexing, supporting complex multi-
condition queries. This indexing strategy significantly reduces the
need for database system scans, thereby improving query response
times. Furthermore, we employ full-text indices to address text-
based data search requirements, enabling keyword searches and text
matching within the oceanographic observation data.

To manage historical data effectively, we have implemented
data migration and cleaning strategies, both of which are pivotal for
the long-term sustainability and efficiency of ocean observation
systems (Li et al, 2017). Firstly, our data archiving strategy is
predicated on a tiered storage architecture (You et al, 2005).
Utilizing automated scripts, data that surpasses a predetermined
age threshold—typically 90 days—is seamlessly migrated from
high-performance storage arrays to cold storage solutions
(Memishi et al., 2019). This archival process is not merely a data
offloading exercise but a calculated maneuver to optimize database
performance. It significantly reduces the I/O operations on the
primary storage, thereby expediting query execution. The strategy
adheres to regulatory requirements for long-term data retention,
with features such as end-to-end encryption and ISO 27001-
compliant storage solutions.

For data cleaning, we employ a structured workflow that
leverages the extended isolation forest (Laskar et al., 2021). This
approach enhances the traditional Isolation Forest algorithm by
initially partitioning the data into k clusters using K-means. For
each cluster, an Isolation Forest is trained, and anomaly scores are
calculated based on the average path length in the isolation trees.
Mathematically, the anomaly score s(x,n) for a data point x in a
forest of n trees is given by Equation (10):

_E(h(x)
s(x,n) =27,

(10)

where E(h(x)) is the average path length of x in the forest, and ¢
(n) is the average path length for unsuccessful search in a binary
search tree. This hybrid approach is particularly effective for high
dimensional and large-scale data, as it allows for more localized
anomaly detection. Data points flagged as anomalies are then
subjected to manual review for validation before removal.
Additionally, deduplication algorithms are run to identify and
remove duplicate entries. These cleaning operations are
strategically scheduled to run during off-peak hours to minimize
any impact on system performance.

2.2.4 Interface design

Standardized service interfaces are pivotal for interconnecting
various ocean observation systems. They ensure that systems from
different vendors or organizations can interoperate without
compatibility issues, thereby reducing the need for custom
integration efforts (Lindstrom et al., 2012; Buck et al., 2019). In
accordance with ISO 21851 specifications, we categorize these
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interfaces based on their functionality into three types: data input
interfaces, data output interfaces, and data interaction interfaces.
Following the principles of RESTful WebService design with a
foundation in the HTTP protocol, our interface design is
developed and deployed on a Tomcat server for external access.
In the process of WebService development, we employ
Javax.ws.rs.jar to realize RESTful-style interfaces, utilizing JSON
strings as the data transmission format. In the subsequent sections,
we will provide a detailed exposition of our interface design.

2.2.4.1 Input interface

Data input interfaces serve as the data entry points for the
software system and are responsible for receiving data from various
instrument devices and observation platforms. This data mainly
includes the status of instrument devices, observational data, and
platform equipment parameters. Data input interfaces are a critical
component of the software architecture, serving as the primary data
entry points for the entire system. These interfaces are designed to
be highly modular and extensible, facilitating seamless integration
with a variety of instrument devices and observation platforms. The
primary objective is to ensure the accurate and timely reception of
data, which is then pre-processed and stored for subsequent
analysis and utilization. The input interfaces can be categorized
into three types based on the data received through these interfaces:
putSourceStatus, putSourceData, and putSourceParameter. The
specific related parameters are detailed in Table 2.

The putSourceStatus interface is responsible for ingesting
comprehensive status information from instrument devices. Given
the inherent complexities of underwater environments, the Wave
Master and its onboard sensors may face operational challenges
such as mechanical failures or loss of connectivity. Therefore, the
putSourceStatus interface is designed to ingest a range of status
metrics from the devices. It accepts a status value of 1 when the
Wave Master or other instrument devices are operational, and 0
when they are not. Additionally, it captures other critical metrics
such as error states that may influence data collection. This
comprehensive status information is vital for maintaining the
system’s operational integrity and directly impacts the accuracy
and availability of the data collected.

The putSourceData interface is responsible for receiving
observational data generated by instrument devices, including the
Wave Master. Given that the Wave Master is designed to operate in
complex marine environments, the data it generates is particularly
sensitive to various factors such as water currents, temperature, and
salinity. The putSourceData interface standardizes this raw data upon
receipt, ensuring that it conforms to the data models defined within
the OPO-CVI. Once standardized, the data is stored in the system’s
database, making it ready for further analysis and interpretation.

The putSourceParameter interface is designed to collect
essential metadata about newly connected observation platforms
and instrument devices, including the Wave Master. This metadata
includes but is not limited to, model numbers, production dates,
and calibration coefficients. The putSourceParameter interface
validates this metadata against predefined schemas to ensure its
reliability. This is particularly important for the Wave Master, as the
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TABLE 2 Description of data input interfaces.

Interface Name = Parameters = Return Value
PlatformID,
putSourceStatus attorm {“result”:”success”} or {“result”:"failed”}
SourceStatus
PlatformID, {“result”:”success”} or {“result”:”failed”}
putSourceData
SourceData
putSourceParameter PlatformID, {“result”:”success”} or {“result”:”failed”}
SourceParameter

metadata can include specific calibration parameters that are crucial
for the accurate interpretation and analysis of the observational data
it generates.

2.2.4.2 Output interface

Output interfaces serve as the data exit points for the software
system and are responsible for delivering standardized
observational data and equipment status information to external
systems or databases. These interfaces are a critical component of
the software architecture, serving as the primary data exit points for
the entire system. They are designed to be highly modular and
extensible, facilitating seamless integration with a variety of external
systems and databases. The primary objective is to ensure the
accurate and timely delivery of data, which can then be used for
subsequent analysis and utilization. The output interfaces can be
categorized into two types based on the data delivered through these
interfaces: getData and getEquipmentStatus. The specific related
parameters are detailed in Table 3.

The getData interface is responsible for outputting standardized
observational data, which includes data generated by the Wave
Master. The interface accepts parameters such as the observation
platform ID, start time, and end time for the data collection period.
Upon invocation, the interface fetches the relevant data from the
database, standardizes it according to predefined schemas, and then
outputs it for further analysis or for serving as input to another
OPO-CVT instance.

The getEquipmentStatus interface outputs standardized
equipment status information, including the status of the Wave
Master. It accepts similar parameters to the getData interface and
returns the operational status of the equipment. This status
information is crucial for monitoring the health of the Wave
Master and other observation platforms, ensuring that the data
collected is both accurate and reliable.

TABLE 3 Description of data output interfaces.

Interface Parameters Function
Name Description
getData PlatformID, Standardized Output
StartTime, Observational standardized
EndTime Data observational data
getEquipmentStatus | PlatformID, Standardized Output
StartTime, Equipment standardized
EndTime Status equipment
status information
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Function Description

Input device status information

Input observational data

Input basic information of newly connected observation platform and devices

2.2.4.3 Interaction interface

Data interaction interfaces are provided by the Database
Management Module to facilitate data exchange with the
database. These interfaces mainly deal with the addition and
querying of data related to instrument devices, observation
platforms, elements, and user information. The interfaces are
designed to be highly modular and extensible, ensuring seamless
integration with various data sources and types. The primary
objective is to ensure accurate and timely data exchange, which is
crucial for the system’s overall functionality and reliability
(Lindstrom et al., 2012). The interaction interfaces can be
categorized based on their functionalities as detailed in Table 4.

The getPlatformInfoList interface retrieves comprehensive
information about all observation platforms within the OPO-CV],
including their names, IDs, and geographical coordinates. The
getEquipmentInfoByID interface is designed to fetch detailed
information about all instrument devices associated with a specific
observation platform, identified by its PlatformID. The
getElementInfoByID interface aims to collect detailed information
about all sensor elements under a specific instrument device in an
observation platform. This includes the element’s name, ID, accuracy,
maximum and minimum values, among other metrics. The
getUserDataByID interface retrieves detailed information about a
specific observation personnel, including their name, email, contact
number, user permissions, approval status, registration time, and
approver. The addPlatformInfoModel, addEquipmentInfoModel,
addUserInfoModel, and addElementInfoModel interfaces are
responsible for adding new information to the database. They
validate the input against predefined schemas to ensure its
reliability before committing it to the database.

3 Results

The OPO-CVI system is developed within a Browser/Server (B/
S) architecture that employs a separation of concerns between the
front-end and back-end functionalities. The front-end is developed
using HTML, CSS, and JavaScript, which facilitate the structuring,
styling, and interactivity of the system’s user interface. For the back-
end, the system utilizes the Spring Boot framework, chosen for its
ability to create stand-alone, production-grade applications based
on the Java platform. Java is the primary language used for back-end
service development, providing the necessary functionality to
manage the system’s operations. Data storage and management
are handled by a MySQL database. The connection between
the application and the database is established through MyBatis,
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TABLE 4 Description of data interaction interfaces.

Interface Name Parameters

getPlatformInfoList -

getEquipmentInfoByID PlatformID

getElementInfoByID PlatformID, EquipmentID

getUserDataByID UserID

addPlatformInfoModel PlatformID, PlatformName, PlatformLongitude,

PlatformLatitude, PlatformDate

addEquipmentInfoModel | EquipmentID, EquipmentName, PlatformID,

EquipmentType, EquipmentModel, EquipmentData

10.3389/fmars.2024.1324523

Return Value Function Description

Platform details Retrieve all observation platform information in

OPO-CVI

Equipment details Retrieve equipment information for a specific

observation platform

Element details Retrieve all sensor element information under a
specific equipment in an observation

platform

User details Retrieve specific observation

personnel information

{“result”:”success”}
or{“result”:"failed”}

Add new observation platform
information

»»

{“result”:”success”}
or{“result”:"failed”}

Add new equipment information

addUserInfoModel UserID, UserName, Password, Email, Phone, Unit {“result”:”success”} Add new user information
or{“result”:"failed”}
addElementInfoModel ElementID, ElementName, PlatformID, EquipmentID, {“result”:”success”} Add new observation element

Precision, MaxValue, MinValue

a persistence framework that aids in the mapping of objects
to database operations, using SQL. We verified the functionality
and scalability of the developed OPO-CVI system in the
following sections.

3.1 Functional verification

The most important functional modules for an ocean
observation system should include functions such as data display,
comprehensive query, and computational analysis (Jiang et al,
2013; Hu et al,, 2014). ISO 21851 also provides specifications for
the functional modules of the OPO-CVT system, categorizing them
into data display, comprehensive query, and computational
analysis. The standard also elaborates on the essential
functionalities that each component should encompass. These
modules are pivotal for the effective collection, analysis, and
visualization of oceanographic data. The data display module
allows for interactive visualization, offering features like maps and
time-series plots to represent spatial and temporal variations (Hu
et al,, 2014). The comprehensive query module supports advanced
search functionalities, enabling users to filter data based on various
parameters such as time, location, and depth. The computational
analysis module includes a range of algorithms for advanced data
processing, including statistical analysis and modeling. These
modules collectively offer a comprehensive platform for
oceanographic research, enabling better understanding of ocean
processes and climate change impacts. In the following sections, we
will conduct functional verification for each of these components.

3.1.1 Data display

The curve display module is designed to visualize the temporal
trends of multiple oceanographic variables. Curves are generated by
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or{“result”:"failed”} information

connecting observational data points at adjacent time units,
providing insights into the variations of these variables over a
specific time frame. This visual representation allows users to gain
an intuitive understanding of the collected oceanographic data. As
illustrated in Figure 7A, the user interface of the curve display
module in the OPO-CVI system comprises three main components:
a navigation bar, observation parameters, and a curve window. The
navigation bar on the right displays all the Wave Masters in the
OPO-CVI system along with their operational statuses. On the left,
the observation parameters section shows the variables currently
being monitored by the selected Wave Master. By selecting the
variables to be visualized, the central curve window dynamically
generates an equal number of coordinate systems to display the
chosen parameters.

In addition, the OPO-CVI system also incorporates a rose
Diagram component, which facilitates the analysis of interrelated
information among wind speed, wind direction, frequency, as well
as current speed, current direction, and frequency. As depicted in
Figure 7B, users can specify the time range and elements for which
the rose diagram can be generated. Upon querying, the interface
produces a 16-compass Rose Diagram that displays the respective
speeds and frequencies for each of the 16 cardinal directions. Two
types of elements can be selected: wind speed and current speed.
Choosing ‘wind speed’ generates a wind rose diagram, illustrating
the relationships among wind speed, wind direction, and frequency.
Conversely, selecting ‘current speed” produces a Current Rose
Diagram, which portrays the interrelationships among current
speed, current direction, and frequency.

3.1.2 Comprehensive query

In the OPO-CVI model, the comprehensive query component
is categorized into two types: real-time data query and historical
data query. The real-time data query displays current readings of all
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observational parameters from the selected observation platform
and automatically refreshes the data at predetermined intervals. On
the other hand, the historical data query presents data in a tabular
format, generated based on the selected observation platform, time
range, and data type. As depicted in Figure 7C, the interface allows
users to specify the start and end times for observation, as well as
the type of elements to be queried. Upon querying, a data list is
generated, where each entry is annotated with the time of
observation, the observational parameters, and their respective
units. Users can easily navigate through the data by scrolling up
and down.

3.1.3 Calculation and analysis

The primary function of the data analysis module is to compute
statistical metrics, including mean, variance, standard deviation,
maximum value, minimum value, local maxima, local minima, as
well as daily, monthly, and yearly accumulations for the selected
observation platform, time range, and data type. Additionally, the
module allows for the setting of threshold values and provides alert
notifications when the data exceeds or falls below these thresholds.
This aids users in gaining a comprehensive understanding of
oceanographic and meteorological data. As illustrated in
Figure 7D, the data analysis interface allows users to specify the
start and end times for observation and the elements to be analyzed.
Upon querying, a data analysis list is generated, where each row
represents a specific statistical metric, while each column represents
a different observational parameter.
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3.2 Performance evaluation

3.2.1 Interoperability of OPO-CVI

In order to validate the interoperability between OPO-CVI
models, two distinct models were developed, referred to as O,
and O,. O; consists of five Wave Master platforms, each equipped
with various sensors such as CTD and anemometers. On the other
hand, the O, system comprises four Wave Master platforms, each
outfitted with an Acoustic Doppler Current Profiler (ADCP), which
measures water current velocities over a depth range, using the
Doppler effect of sound waves. This enables the O, system to collect
seven parameters, such as temperature, roll, pitch, and velocity. The
specific conditions for O; and O, are detailed in Table 5. When O,
attempts to access or manipulate data from O,, it first retrieves
configuration description file of O, to obtain metadata about the
number of Wave Master platforms, their descriptions, and sensor
configurations in O,. This metadata is then locally loaded into Oy,
establishing an interlink between the two models. Subsequently, O,
accesses the time-series observational data from O, by invoking
standardized data interfaces. An integrated interoperability
interface of O; and O, is illustrated in Figure 8.

3.2.2 Scalability of OPO-CVI

Additionally, we explored the scalability of the OPO-CVI
model. Scalability is crucial as the OPO-CVI is designed to
integrate various CVI models. However, as the number of
integrated OPO-CVI nodes increases, the efficiency tends to
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TABLE 5 Conditions of two integrated OPO-CVI model.

Description OPO-CVI 1

Amount of Wave Master 5

Observing instruments
thermometer, PH meter

Observing parameters ADCP

CTD, anemometers, thermometer, PH meter

10.3389/fmars.2024.1324523

OPO-CVI 2

4

Conductivity, water temperature, depth,
wind speed, pressure, air temperature, PH

Temperature, roll, pitch, depth and, velocity, pressure, salinity

decline. This is primarily due to the increased latency from data
request to reception and display, which directly impacts user
experience. To evaluate this, we conducted tests to measure the
average response delay and throughput for each data request under
different numbers of OPO-CVI integrations. A response delay
occurs from the time the request is sent to the end of receiving all
data. All OPO-CVI models were deployed on computers running
Windows, equipped with 3.8 GHz 4-vCPU virtual machines, 32GB
RAM, and SSDs as local disks.

Several factors influence data response latency and throughput,
including network topology and data size. As such, we investigated
the response latency and throughput during data exchange between
local area networks (LANs) and wide area networks (WANSs) as the
number of integrated OPO-CVI models increased from 2 to 10.
OPO-CVI models were configured to simultaneously send requests
to the standardized input interfaces of other OPO-CVI models.
Each request aimed to retrieve 500K of interconnected data. The
average time taken from sending the request to receiving all the data
was calculated. The experimental results are shown in Figure 9A.
The results indicate that as the number of integrated OPO-CVI
models increased, the average response time also increased.

However, all response times remained under 1 second, which we
consider to be acceptable. This demonstrates that OPO-CVI
possesses excellent scalability. Furthermore, LANs outperformed
WANS in terms of response time, suggesting that a higher-quality
network can provide a better user experience for OPO-
CVI interoperability.

In the interconnection of OPO-CVI models, the size of the
requested data is a critical parameter that significantly impacts
response latency. To assess the influence of varying data request
sizes on response latency, we measured the time taken from the
moment a request is sent until all the returned data is received.
During this evaluation, we varied the number of integrated OPO-
CVI models from 2 to 10. The sizes of the requested data were set at
three sizes: 500 kilobytes (500K), 1 megabyte (1M), and 2 megabytes
(2M). The experimental results are illustrated in Figure 9B.

4 Discussion

This study has introduced the “Wave Master,” a novel wave-
powered vertical profiler, and we designed the Ocean Profiling

OHM-CVI for Wave Master
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FIGURE 8

Integrated OPO-CVI interoperability interface. The right-hand navigation panel displays all Wave Masters deployed in both OPO-CVI 1 and OPO-CVI
2, allowing for simultaneous access. The central graph window overlays data of the same type and time period from both OPO-CVIs for

comparative analysis.
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Observation Complex Virtual Instrument (OPO-CVI) for it,
developed in accordance with the ISO 21851 standard. The
integration of these systems represents a significant advancement
in the field of oceanic observation, addressing the critical need for
standardized, scalable, and modular approaches to ocean profiling.

4.1 Comparative analysis of ocean profiling
instrumentation and observation
system software

In the realm of profiling instruments, existing marine profiling
instruments have made significant strides in the collection of
oceanographic data. However, these instruments, including
seabed bases (Send et al., 2013), shipboard winches (Nash et al.,
2017), and McLane profilers (Morrison et al., 2000), are not without
their limitations. While approaches relying on mooring chain
networks, such as the NorthEast Pacific Time series Undersea
Networked Experiments (NEPTUNE-Canada) (El-Sharkawi et al.,
2005), offer the advantages of stable energy supply and real-time
data transmission, autonomous vertical platforms provide greater
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flexibility. These platforms are particularly advantageous for
studying mesoscale phenomena, researching ocean climate
change, and observing internal ocean waves due to their low cost,
easy maintenance, and flexible operation (Chai et al, 2020).
Originating in the late 20th century, this approach involves
attaching sensors to mooring cables, enabling repeated
observations of vertical profile parameters through controlled
ascent and descent (Eriksen et al., 1982). Among the various
types of autonomous vertical platforms, including seabed base
(Send et al.,, 2013) and shipboard winch (Nash et al., 2017; Kock
et al,, 2023), moored profilers stand out for their lower operational
costs, ease of deployment, and retrieval.

In 1998, a collaboration between the Woods Hole Oceanographic
Institution and a marine technology company led to the
development of the McLane moored profiler (Morrison et al.,
2000). This instrument, driven by electric motors, is equipped
with temperature, salinity, and depth sensors, as well as acoustic
current meters. Observational data is stored within the profiler and
retrieved upon system recovery. However, this type of instrument
lacks real-time data transmission capabilities. With advancements
in technology, the McLane moored profiler has integrated inductive
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coupling technology with surface buoys, enabling real-time data
transmission to surface buoys and subsequent satellite relay to shore
stations. Nonetheless, these instruments are still subject to
constraints related to underwater energy supply.

In the 1990s, the University of California, Scripps Institution of
Oceanography developed the Wirewalker (Rainville and Pinkel,
2001), a wave-powered profiling float. This instrument harnesses
wave energy at the sea surface for autonomous vertical profiling,
employing an all-mechanical design that requires no electrical
power and can operate continuously for extended periods (Pinkel
et al, 2011; Omand et al, 2017). The Wirewalker has proven
successful in various oceanographic research applications,
including the study of internal waves (Wang and Pawlowicz,
2011), ocean-atmosphere interactions (Wijesekera et al.,, 2016),
plankton ecology (Omand et al., 2017), coastal circulation
(Feddersen et al., 2016), ocean turbulence (Fan et al., 2018), and
coastal water quality assessment. However, despite its achievements,
challenges persist, including switch device malfunctions,
detachment of switch cams, sensor looseness, and mooring cable
abrasion (Cumbee, 2019).

We developed an innovative wave-powered vertical profiler,
named “Wave Master”, as the profile data acquisition device in the
sensing layer of our ocean profiling observation system. The Wave
Master builds upon the existing Wirewalker structure with detailed
improvements, addressing issues such as switch device
malfunctions and switch cam detachment, addressing issues such
as switchgear malfunctions and cam detachment. It offers a more
reliable and enduring method for data collection. We present a
comparative analysis with existing oceanic profiling methods, as
summarized in Table 6.

While the development of advanced frontend observational
instruments is crucial, they are most effective when integrated
into a well-structured backend oceanic IoT system. With the
rapid advancement of IoT technology, several countries have
established their own oceanographic IoT systems. The Array for
Realtime Geostrophic Oceanography (ARGO) is a pioneering
system that deploys a global array of autonomous floats to
measure temperature and salinity in the upper 2000 meters of the
ocean, forming an extensive ocean observation network. This
network rapidly and accurately collects and analyzes oceanic data

TABLE 6 Comparison with other oceanic profiling methods.

10.3389/fmars.2024.1324523

on a global scale, thereby improving the accuracy of climate
forecasts and providing timely prevention of the impact of global
natural disasters on humanity (Jayne et al,, 2017; Wong et al., 2020).
The Integrated Ocean Observing System (IOOS) in the United
States is a comprehensive effort that goes beyond just data
collection; it integrates a variety of oceanic and coastal data
sources, including satellite observations and buoy networks. This
system supports a wide range of applications, from navigation and
disaster response to scientific research and environmental
management, making it a cornerstone of U.S. marine policy
(Muller-Karger et al., 2013). The Victoria Experimental Network
Under the Sea (VENUS), situated off the coast of British Columbia,
Canada, delivers real-time data and power to a broad array of
instrumentation in coastal environments. This makes it a versatile
platform for multidisciplinary oceanographic research, including
studies on marine ecosystems, sediment transport, and underwater
acoustics (Painter and Flynn, 2006). The UK’s Proudman
Oceanographic Laboratory Coastal Ocean Modeling System
(POLCOMS) specializes in high-resolution modeling and
forecasting for the coastal ocean. It focuses on applications that
are particularly useful for tidal and storm surge predictions, as well
as coastal erosion studies, thereby playing a critical role in coastal
management and hazard mitigation. Collectively, these systems aim
to achieve high resolution real-time monitoring and data collection
of the marine environment, supporting various fields such as
meteorological forecasting, marine scientific research, and
environmental protection (Le Traon et al., 2019).

However, they were developed with a local focus to address
specific issues, often overlooking the need for a global perspective.
This localized approach has resulted in low utilization rates of ocean
data and poor system reusability on a broader scale (Pearlman et al.,
2016). Although some systems have a global perspective, they often
neglect the heterogeneity of ocean observation systems and lack a
unified model for processing ocean observation data. For instance,
profiling floats [e.g., Argo (Riser et al., 2016)] or sampling geometry
such as time series measurement at one location [e.g., OceanSITES
(Send et al., 2010)] can be employed. These programs are
independently governed and funded, serving different
stakeholders, yet they often share commonalities. Addressing the
needs of individual stakeholders impacts the design of information

Instruments Power Operational Cost stability = Air-Sea Ease of Deployment
Source Depth Synchronous and Retrieval
Observation

NEPTUNE Electric Cable Fixed High High X X

APEX Buoyancy Variable Moderate | Moderate X 4

Seacycler Battery Variable Moderate | High X X

Shipboard Electric Winch Variable High High X

Winch X

McLane Battery Variable Moderate | Moderate 4 4

Wirewalker Wave Energy Variable Low Moderate 4 v

Wave Master Wave Energy Variable Low High v v
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systems for managing and distributing observations. This
uniqueness of stakeholders results in distinct information systems,
contributing to a lack of interoperability across systems (Snowden
et al,, 2019). This oversight has led to difficulties in data exchange
and sharing among heterogeneous systems, impeding
comprehensive research and analysis of large-scale marine
observation data. The lack of standardized technical protocols
results in low reusability of software modules in general cases.
The development of these systems did not prioritize the
standardization of large-scale interconnection interfaces, limiting
data utilization rates (Qiu et al., 2018).

To address these challenges, we proposed the OPO-CVI model
by referencing ISO 21851 requirements and aligning them with the
practical needs of ocean profiling observation. This study contribute
to the evolving understanding of ocean profiling by demonstrating
the feasibility and benefits of a standardized approach to oceanic
data collection. The OPO-CVTs modular architecture enables
seamless integration with existing and future oceanographic IoT
systems, potentially revolutionizing how ocean data is collected,
shared, and analyzed (Le Traon et al,, 2019).

4.2 Limitations and future directions

While the OPO-CVI offers several advantages in terms of cost-
effectiveness, flexibility, and alignment with ISO 21851 standard,
some limitations still exist in our proposed OPO-CVI.

Data Transmission: One of the primary limitations lies in the data
transmission mechanism. Unlike the Wirewalker system, which uses
sheathed steel cables for communication, our system opts for a two-
step process. Data is initially stored in an onboard storage module and
later transmitted to the communication buoy via short-range radio
frequency communication when the vehicle ascends to a proximal
distance. This design choice, although cost-effective and stable, prevents
real-time acquisition of hydrographic data.

Standardization Challenges: Another challenge is the limited
adoption of ISO 21851 standard, which poses difficulties in
integrating OPO-CVI with legacy systems. This lack of
widespread standardization hampers the system’s interoperability
and could slow down its adoption in broader marine research
communities (Pearlman et al., 2019).

Performance Scalability: Lastly, the system faces performance
degradation in scenarios involving large volumes of data. The
service interface’s performance significantly declines under heavy
data loads, which could be a bottleneck in future deployments
involving comprehensive data collection.

Future Directions: Addressing these limitations will be crucial
for the next stages of this research. Future work could explore
alternative data transmission methods that allow real-time data
acquisition while maintaining system stability. Additionally, efforts
should be made to advocate for the broader adoption of ISO 21851
standard to enhance system interoperability. Performance
optimization techniques could also be investigated to improve the
system’s scalability.
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5 Summary

In this paper, we have presented two significant contributions
to the field of oceanographic profiling and data interoperability.
First, we introduced the Wave Master, an innovative wave-powered
vertical profiler that builds upon the existing Wirewalker structure.
Through a series of enhancements, we have significantly improved
its stability and reliability for long-term oceanic observations.
Second, we designed the OPO-CVI for our Wave Master, a
standardized model that adheres to the ISO 21851 standard.
OPO-CVT serves as the interoperability framework for Wave
Master, facilitating seamless data exchange and integration with
other oceanographic profiling systems. Our performance
evaluations confirm the scalability and interoperability of OPO-
CVI, demonstrating its capability to handle varying data sizes and
network conditions effectively. The response latency remains within
acceptable limits even as the number of integrated OPO-CVI
models increases, confirming the system’s robust scalability. By
integrating Wave Master with OPO-CVI, we have not only
advanced the state-of-the-art in oceanographic profiling but also
laid the groundwork for more integrated, efficient, and scalable
ocean observation systems. Future work will focus on further
optimizing these systems and exploring the integration of OPO-
CVI with existing oceanic IoT systems like ARGO and IOOS to
create a more comprehensive oceanographic data network. We aim
to make OPO-CVI an even more robust and versatile tool for
oceanographic research.
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