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The development of the oil and gas sector, particularly offshore production and transportation,
requires the creation of a wide range of diagnostic equipment capable of inspecting risers, pipelines,
and platform foundations under challenging conditions. Elements of this infrastructure may be
exposed to strong currents, high water turbidity, great depths, seabed burial, or biological fouling. As a
result, the use of standardized remotely operated vehicle (ROV) configurations is often impractical. It
leads to a set of challenges spanning the design of marine vehicles as well as the resolution of physical,
technological, and software-related problems, including optimization of equipment placement and
layout. During the design of an ROV, engineers must address issues related to power supply, buoyancy,
hull strength, communication systems, installation of control and monitoring instruments, integration
of diagnostic equipment, and the principles for data handling and storage. These parameters are
typically interdependent, which necessitates multivariate analysis and comprehensive optimization.
The study develops and presents a method for optimizing the parameters of an ROV intended for
the inspection of risers and offshore oil and gas platform foundations, based on TRIZ (Theory of
Inventive Problem Solving). The existing regulatory framework for ROVs is incorporated, the types
of optimization tasks are identified, and the necessary input data sets are examined. The work
demonstrates how combining TRIZ principles with multifactor optimization methods can yield an
optimal design and layout solution for an ROV.As a result, TRIZ methods have been adapted to the
problem of designing ROVs for the inspection of offshore oil and gas facilities.

1. Introduction

and eventually safe decommissioning [1]. New facili-
ties also require continuous monitoring. Performing

The development of mineral resources in the World
Ocean has been rapidly accelerating in the 21st century:
new production platforms are being commissioned, and
subsea infrastructure-oil and gas pipelines, risers, and
other systems-is being expanded. This progress is driv-
en by a technological revolution marked by the emer-
gence of innovative materials, new structural solutions,
and advanced software capable of performing complex
load calculations and modeling the behavior of offshore
structures in the marine environment.

At the same time, the number of offshore infra-
structure facilities continues to grow. Many of them,
especially those built in the 1970s-1990s, require reg-
ular diagnostics, assessment of technical condition,

such tasks underwater is practically impossible with-
out the use of Remotely Operated Vehicles (ROVs) [2].
Over the past decades, a substantial body of literature
and practical experience on underwater vehicle design
has been developed. However, the challenges involved
in creating such systems remain complex and multifac-
eted. They include selecting the optimal hull configu-
ration, arranging onboard equipment, designing power
supply architectures, communication and control sys-
tems, and many other components [3]. The final design
depends on the intended purpose of the ROV and its
operating conditions. This reduces the number of via-
ble options, yet still leaves a wide field for engineering
exploration [4].
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From a structural standpoint, ROVs required for the
inspection of risers and elements of offshore oil and gas
platforms differ significantly from ROVs intended for
“standard” underwater operations. In the vicinity of ris-
ers and load-bearing platform structures, localized tur-
bulent flows arise due to the interaction of the ambient
current with vertical and inclined structural elements.
The vehicle operates under confined-space conditions,
characterized by small inter-pipe clearances, a high
probability of mechanical contact, and the need to main-
tain a specified position relative to the inspected object
for extended periods of time.

Conventional remotely operated underwater vehi-
cles are typically designed to perform a wide range of
tasks (inspection, manipulation, tool transportation)
and are optimized for universal operating conditions. As
a result, such vehicles exhibit excessive mass, dimen-
sions, and power characteristics, while their control
systems are primarily oriented toward motion in open
space rather than high-precision positioning in close
proximity to complex engineering structures. During
the inspection of risers and offshore platform elements,
these characteristics lead to reduced inspection accura-
cy, increased energy consumption, and a higher risk of
collisions with structural components. Therefore, this
study focuses on developing tools that support the se-
lection of optimal engineering and design solutions for
ROVs intended to assess the technical condition of off-
shore oil and gas infrastructure. Establishing such a
methodological framework should simplify the work of
designers, improve the quality of engineering decisions,
and provide more structured guidance for scientific in-
quiry [5]. Before formalizing combinatorial optimiza-
tion tasks within ROV design, it is necessary to examine
the regulatory documents governing their development
and operation, as well as the initial data provided by the
customer-typically an oil and gas company. Analysis of
these materials helps define the boundaries of the de-
sign process and, figuratively speaking, outline the
search space for the optimal engineering solution [6].

Within this defined space, the next stage consists of
the engineering search itself, which involves solving a
series of optimization tasks. Several approaches to or-
ganizing this process exist. One of the most established
and widely applied is the Theory of Inventive Problem
Solving (TRIZ). TRIZ includes problem formalization,
identification of functional deficiencies, algorithmizing
of scientific search, and the use of methods for resolving
physical contradictions. Applying TRIZ makes the de-
sign process significantly clearer and more structured,
while the contradiction-elimination techniques align
naturally with optimization procedures.

The objective of this study is to assess the feasibility
of applying the TRIZ methodology to the design of spe-
cialized ROVs for the inspection of offshore oil and gas
facilities. The primary function of the ROVs considered

is defined as the inspection of offshore oil and gas infra-
structure, including visual surveys, acquisition of diag-
nostic information on the condition of riser structures
and platform foundations, as well as precise positioning
of measuring and observation instruments in close
proximity to the inspected elements. As a result, priori-
ty is given to requirements related to the control sys-
tem, maneuverability, flow stability, energy efficiency,
and the arrangement of diagnostic equipment, which
renders the use of unified or standardized design solu-
tions ineffective.

Using TRIZ principles, we develop an algorithm for
solving optimization tasks during the design of an ROV
intended for the inspection of offshore oil and gas facili-
ties. By defining the sequence of design stages and the
set of tasks addressed at each step, we outline the pos-
sible directions for optimization-oriented engineering
search.

2 Input data and standards. General
procedure for designing ROVs for the for the
inspection of offshore oil and gas facilities.

Operations on the seabed are carried out under con-
ditions of high hydrostatic pressure gradients, low tem-
peratures, strong currents, limited visibility, and the
absence of natural lighting [7,8]. The combination of
these factors imposes increased requirements on the
design, reliability, power supply, and controllability of
remotely operated underwater vehicles (ROVs) and, as a
rule, leads to partial unification of design solutions. At
the same time, there are currently no unified interna-
tional standards that comprehensively regulate the de-
sign and application of ROVs for all classes of
underwater tasks [9,10], which leaves room for variable
engineering approaches in the development of special-
ized vehicles.

The most formalized regulatory requirements relate
to offshore oil and gas facilities and subsea production
systems. In particular, ISO 13628-8 (ROV interfaces on
subsea production systems) and ISO 13628-9 (ROV/
ROT intervention systems) define requirements for in-
terfaces, allowable loads, and conditions of interaction
between ROVs and elements of subsea infrastructure,
including risers, pipelines, and wellhead equipment.
The requirements of these standards directly influence
vehicle configuration, the selection of working tools, po-
sitioning systems, and permissible operating modes. In
addition, the formulation of requirements takes into ac-
count provisions of standards and recommendations
governing the design and operation of offshore oil and
gas structures, including ISO 19901 (loads, reliability,
and operating conditions of offshore structures), ISO
19906 (arctic offshore structures), as well as the practi-
cal guidelines DNV-ST-N0O1 and DNV-ST-*, which speci-
fy requirements for strength, stability, and safety of
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subsea structures and pipeline systems. These docu-
ments define the limiting external conditions (hydrody-
namic loads, vibrations, temperature regimes) that
must be considered when designing ROVs intended for
the inspection of such facilities.

Alongside international standards, national and in-
dustry-specific documents are also applied: in the Rus-
sian Federation—rules of the Russian Maritime Register
of Shipping and GOST R 60.7.0.2-2022 for work-class
ROVs; in Norway—NORSOK U-102; as well as standards
and guidelines of classification societies (e.g., DNVGL-
CG-0264) [12,13]. These documents regulate permissi-
ble operating depths, requirements for hull strength,
power supply systems, umbilical cables, launch and re-
covery operations, and industrial safety issues.

Within the framework of this study, regulatory docu-
ments are considered not as sources of specific design
solutions, but as a set of constraints and boundary con-
ditions that define the feasible design space of ROV con-
figurations. These constraints are incorporated into the
problem formulation at the pre-design stage and are
used in forming the set of admissible solutions in multi-
criteria optimization tasks. Such an approach makes it
possible to reconcile the requirements of the regulatory
framework for offshore oil and gas facilities with the
TRIZ methodology, while preserving the potential for
identifying rational and innovative engineering solu-
tions. Based on the analysis of the presented standards,

Defining the consumer’s

requirements for the
functionality of the ROV

)

Organization of the design and

a procedure for determining the main characteristics of
ROVs will be developed with reference to the require-
ments of ISO 9001:2015, particularly Sections 8.3.2-
8.3.5 (Figure 1).

The design of any product, including an ROV, is a
process of transforming customer requirements, regula-
tory standards, and operational conditions into specific
technical characteristics. A key part of this process is
the implementation of mechanisms for design control,
validation, verification, and the establishment of feed-
back loops between designers, manufacturers, and us-
ers [14].

In the development of an ROV, the following se-
quence of steps should be followed. First, the customer
defines the functional requirements for the ROV. Upon
receiving these requirements, the designer determines
the input parameters for design and development. This
includes specifying operational conditions such as
working depths, duration of deployment, type of com-
munication with the surface, list of operational tasks,
and dimensions. It is recommended that the stated re-
quirements be prioritized. Once the boundary values
are defined, the designer proceeds to the second stage -
solving optimization tasks. At this stage, it is necessary
to achieve the highest possible quality and performance
characteristics of the ROV within the defined limits (or
with minimal deviations based on a priority matrix).
The full range of mathematical and software-based ana-

Current international and national
requirements for ROVs

l

planning process in accordance with
1SO 9001, clause 8.3.2.

e

Y

Development and modification
of functionality in accordance
with the ISO 9001 procedure,

(ISO 9001, clause 8.3.3)

Detinition of input parameters for the
design and development of the ROV

«
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Figure 1 Organization of the ROV design process (Based on ISO 9001:2015)
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Figure 2 The ROV design process and the key tasks addressed at each stage

1 - Development of the technical specification and preliminary design work; 2 - Design and manufacturing; 3 - Testing and transition to series
production; 4 - Definition of system requirements based on the ROV mission (inspection/repair of risers and offshore platforms); 5 - Determination
of key operational characteristics to meet system requirements; 6 - Estimation of preliminary production costs; 7 - Identification of upgrade and
future development points for the ROV project; 8 - Establishment of system performance criteria; 9 - Determination of the minimum system cost;
10 - Definition of minimum and maximum dimensions and weight of the ROV; 11 - Specification of requirements for transportation, storage, and
deployment of the ROV; 12 - Hull design (strength calculations); 13 - Design of the power supply system; 14 - Design of the ROV propulsion system;
15 - ROV positioning and navigation design; 16 - Development of software and remote control systems; 17 - Arrangement and connection of ROV
working tools; 18 - Placement of ROV lighting systems; 19 - Design of ROV launch and recovery systems; 20 - Standardization and unification of the

ROV hardware base; 21 - Quality control of the production process

lytical optimization methods can be applied to find opti-
mal solutions.

Based on the developed design solutions, technical
documentation is prepared, and the resulting opera-
tional characteristics are subsequently verified against
the stated requirements, thereby closing the quality
loop. In the event of design errors or new requests from
the customer, the process is repeated [10]. In this study,
particular attention is given to the stages of defining
functional requirements, organizing the design process,
determining input parameters, and solving optimiza-
tion tasks. These stages are critical because they direct-
ly shape the ROV’s design and, through the search for
optimal solutions, ensure that the vehicle meets the cus-
tomer’s requirements as fully as possible [10]. The ROV
design procedure can also be viewed not only from the
perspective of the classical quality loop but also from
the production standpoint. In this context (Figure 2),
the stages of the process may differ slightly, although
the principles of development and the presence of feed-
back remain unchanged.

In the process of designing ROVs intended for the in-
spection of offshore oil and gas facilities, several exam-
ple tasks are considered (13,14, Figure 2), within which
it is possible to carry out procedures for searching opti-
mal design solutions using the TRIZ methodology. A set
of mathematical and analytical methods is presented

that enables the solution of such problems in design, en-
gineering, and optimization.

3 Approaches to ROV design using TRIZ
combined with multicriteria optimization

The process should begin with an analysis of the sys-
tem requirements - including diving depth, mission du-
ration, maneuverability, payload capacity, level of
autonomy, communication channel bandwidth, resist-
ance to pressure, temperature, and salinity, as well as en-
ergy consumption. From the TRIZ perspective, the first
step is to identify the technical contradictions arising be-
tween these characteristics [15]. For ROV design,
Altshuller’s matrix-based approach can be applied. This
method provides a systematically validated way to re-
solve engineering contradictions that inevitably occur
during the operation of complex technical systems. The
matrix approach allows designers to move from intuitive
solution search to a structured selection of design direc-
tions. By determining which parameter needs improve-
ment and which one may be negatively affected, the
engineer refers to the corresponding cell in the matrix,
which lists inventive principles that have proven effective
in similar conflicts. These principles serve as heuristic
guides in generating solution variants and steer thinking
toward non-obvious yet technically feasible approaches.
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Table 1 Contradiction matrix for the configuration of ROVs for the inspection of offshore oil and gas facilities.

e | Mttt |y | ettty | paseorcontro
Power 10, 29,2 1,18,38 11,35,1 15, 28
Maneuverability 15, 29, 40 6,19 1,3 -
Strength 1,35 28, 34 - 3,17
Dimensions - 1,26 2,3,35 15,17

Where: 1 - Segmentation; 2 - Extraction; 3 - Local Quality; 6 - Universality; 10 - Preliminary Action; 11 - Cushion in Advance (Buffering);
15 - Dynamics; 17 - Transition to a New Dimension; 18 - Mechanical Vibration; 19 - Periodic Action; 26 - Copying; 28 - Replacement of a
Mechanical System; 29 - Pneumatics and Hydraulics; 34 - Discarding and Recovery; 35 - Change of Physical or Chemical Properties; 38 - Use of

Strong Oxidizers; 40 - Composite Materials [15].

An example of a fragment of the technical contradic-
tion matrix adapted to the tasks of developing ROVs for
the inspection of offshore oil and gas infrastructure is
presented. Vertically, the matrix lists the parameters to
be improved, and horizontally, the parameters that could
potentially worsen as a result. At each intersection, the
matrix specifies the numbers of inventive principles that
have demonstrated effectiveness in analogous situations.
This fragment covers typical conflicts between energy ef-
ficiency, maneuverability, weight, strength, and reliability
- characteristics critically important for offshore ROV op-
erations (Table 1).

Each cell contains a list of inventive principle num-
bers from the classical TRIZ set [15]. In practice, the
most technically feasible and tested methods were con-
sidered. It should be noted that Altshuller’s full matrix
contains 39 technical parameters and 40 inventive prin-
ciples, requiring a comprehensive comparison and anal-
ysis of all possible combinations.

The selection of optimization criteria and their pri-
oritization in this study were carried out based on the
specifics of inspection operations in the vicinity of ris-
ers and elements of offshore oil and gas platforms,
where precise positioning, stability, and energy efficien-
cy during prolonged hovering are of primary impor-
tance. For example, in the considered case it is evident
that increasing the power of an ROV designed for the in-
spection of offshore oil and gas facilities leads to an un-
desirable increase in its mass. To address this problem,
the matrix recommends considering the principles of
preliminary action (10), the use of pneumatic and hy-
draulic systems (29), as well as extraction (2). These
principles indicate possibilities such as relocating heavy
functional units outside the main hull, pre-assembling
hardware modules before deployment, or replacing tra-
ditional electromechanical drives with lighter hydraulic
systems. In the case of a conflict between maneuverabil-
ity and energy consumption, principles such as Univer-
sality or Mechanical Vibration can be applied. This may
suggest, for example, implementing adaptive control
systems or vibration-based drives to reduce overall en-
ergy consumption during maneuvering. When attempt-

ing to increase strength without adding mass or
reducing controllability, methods such as Local Quality
Improvement (Principle 3), Material Structure Modifi-
cation (Principle 35), or selecting differentiated struc-
tural solutions based on local loads are appropriate.

Continuing the previous example of increasing the
battery for greater ROV autonomy, which leads to in-
creased weight, we can also observe a decrease in
maneuverability and an increase in hull size. To resolve
such multifaceted contradictions, the TRIZ method of
eliminating contradictions without compromise can be
applied. The contradiction can be formulated as follows:
“We want to increase the ROV’s operational autonomy
(improvement) without increasing its mass (deteriora-
tion).” According to TRIZ, appropriate inventive princi-
ples are then selected-for example, Segmentation,
Extraction, and Inversion [16]. At this stage, it is useful
to employ the concept of the Ideal Final Result (IFR).
For instance: “The ROV operates indefinitely without
needing energy replenishment and has no mass.” From
this ideal, ideas emerge such as using external power
sources, cable charging, energy recovery from water
flow, and other approaches.

From the perspective of mathematical formalization,
the design of ROVs within the TRIZ methodology can be
represented as a multi-objective optimization problem.
In each design variant generated using TRIZ inventive
principles, an implicit system of objective functions is
defined, reflecting the effort to resolve identified techni-
cal or physical contradictions. In general, the design
problem reduces to finding values for a set of objective
functions, the contradictions between which are to be
resolved using TRIZ methods [17].

Formally, the set of design solutions can be denoted
as x € X, where X is the set of permissible system con-
figurations, determined by the choice of structural and
functional parameters of the ROV. Each configuration x
is associated with a vector of objective functions
f(x) = (f,(x), £,(x), ... f,(x)), each corresponding to one of
the key performance criteria of the vehicle, defined by
its primary purpose — the inspection of offshore oil and
gas facilities.
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The feasible solution space X. is formed by a system
of constraints, including operational, regulatory, and
structural requirements. These constraints cover opera-
tional depth, vehicle dimensions and mass, energy
budget, reliability and safety requirements, as well as
limitations imposed by conditions near offshore oil and
gas installations. The set of design variables is generat-
ed based on solutions obtained using TRIZ inventive
principles, which define permissible options for the
configuration, layout, and functional structure of the
ROV. As an example, consider the following criteria.

For example, let f, (x) be the system mass (to be mini-
mized), f,(x) be autonomy (to be maximized), f,(x) be
manufacturing or maintenance cost (to be minimized),
and f,(x) - be the diversity of observation and diagnos-
tic tools on the ROV (to be maximized). The design
problem then reduces to the search for the minimum of
the following vector function:

min_, f (%) = (f, () - £,(), £,(x) - £,(x)) (1)

Unlike scalar optimization, there is no single abso-
lute minimum in this case. Instead, the concept of Pare-
to optimality can be used [18]. A parameter vector x’ € X
is called Pareto-optimal if there does not exist x € X,
such that f{(x) < f(x), for all i € {1, 2, ..., n}, and there ex-
ists at least one index j, for which the strict inequality
f(x) < f(x), also holds. In other words, no solution can

Operational endurance (hours)
[

150

285

be improved in all criteria simultaneously without
worsening at least one of them.

The set of such solutions forms the so-called “Pareto
front” — a hypersurface in the objective function space
that separates the region of feasible but suboptimal so-
lutions from the region of solutions at the efficiency
frontier (Figure 3). Visually, in the two-dimensional
case, this front can be represented as a concave curve,
each segment of which corresponds to a particular
trade-off between two competing criteria [18].

This approach aligns well with the conceptual
framework of TRIZ. Pareto optimality describes the
boundary of feasible trade-offs within a fixed system ar-
chitecture, whereas TRIZ is focused on identifying and
eliminating the underlying contradictions that give rise
to these trade-offs. For example, in a conflict between
mass and autonomy, the Pareto method is limited to
finding a balance between energy source capacity and
structural mass, while TRIZ offers a way to go beyond
the compromise by applying principles such as “seg-
mentation,” “extraction,” or the use of environmental re-
sources (e.g., harnessing energy from surrounding
water).

In practice, before developing a fundamentally new
solution using TRIZ, it is necessary to determine where
the boundary of the system’s compromise possibilities
lies in its current configuration. In this sense, Pareto

._? O\N et ng"

Figure 3 Example of a Pareto hypersurface in the objective function space during the preliminary design study of a ROVs for the
inspection of offshore oil and gas facilities.
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analysis serves an analytical function, allowing the lim-
its of efficiency of the existing architecture to be identi-
fied [19]. Regions of the design space beyond the Pareto
front correspond to areas with potential for applying
TRIZ inventive principles.

To select a single specific solution from the set of
Pareto-optimal configurations, a scalarization method
can be applied, based on the introduction of a general-
ized scalar objective function:

FG) = ) wifito) 2)

where: w, are the weighting coefficients reflecting the
priority of each criterion.

However, this approach requires correctly assigning
the weights and may shift the result toward solutions
that do not lie on the Pareto front itself. An alternative is
the so-called utopian point method, in which ideal (but
practically unattainable) values are specified for each
criterion fid = (f,, f,, - f,), and then a search is per-
formed for x € X, that minimizes the distance to this
point:

40 = [fe - fll = Y (h = £)’ 3

This method is more neutral, as it does not require
specifying weights and operates on the principle of min-
imizing losses across all directions simultaneously.

The connection of this approach with the Algorithm
for Inventive Problem Solving (ARIZ) is direct. Within
ARIZ, technical and physical contradictions are formu-
lated, the Ideal Final Result is defined, and the available
system resources are identified, after which solutions
are generated using inventive principles [20]. Pareto-
based multi-objective optimization allows the analytical
stage of this process to be formalized by defining the
limits of the current generation system'’s capabilities. If
even the best Pareto-optimal solutions do not meet the
requirements, TRIZ provides a methodology for transi-
tioning to a new system architecture and developing
fundamentally different design solutions [21].

Thus, within the framework of this study, the design
problem of ROVs is formulated as the task of determin-
ing the set of Pareto-optimal configurations X cX ob-
tained as a result of multi-objective optimization over
the vector of criteriaf(x). The set X, reflects the extreme
trade-offs between the key performance characteristics
of the vehicle within a fixed system architecture.

The selection of a specific design solution is carried
out at a subsequent stage by reducing the multi-objec-
tive problem to a scalar one, using either the scalariza-
tion method or the utopian point method, depending on

the requirements and priorities of a particular ROV in-
spection mission. In this case, the optimal solution is de-
fined as:

x=argmin _ d(x) 4)

where the function d(x) is defined by expression (3),
with the subsequent selection of a preferred configura-
tion from the set of Pareto-optimal solutions, taking into
account the vehicle’s intended purpose and the priori-
ties of the inspection mission.

Unlike traditional approaches to ROV design, which
rely on proven structural schemes and standardized
solutions, the presented methodology combines multi-
objective optimization with TRIZ principles. In conven-
tional design, improving a single key parameter, such as
autonomy or mass, is often accompanied by deteriora-
tion in other characteristics, and opportunities for fun-
damentally altering the architecture are limited by the
boundaries of existing trade-offs. The TRIZ methodolo-
gy allows for the systematic identification and resolu-
tion of such technical and functional contradictions.
When combined with Pareto front analysis, this ap-
proach not only enables the assessment of the limits of
existing compromises but also identifies points for qual-
itative system improvement, where one objective can be
enhanced without directly compromising others. Thus,
TRIZ expands the design solution space, opening possi-
bilities for innovative changes at early design stages and
formalizing the process of transitioning from compro-
mise solutions to radically improved configurations.

Next, the potential application of the proposed ap-
proach for designing ROVs intended for the inspection
of offshore oil and gas facilities will be considered. Ex-
amples will be provided to demonstrate how the meth-
odology allows formalizing the process of selecting
optimal design solutions.

4 Exploring the application of TRIZ in
designing ROVs for inspecting an offshore
oil and gas facilities

Designing ROVs intended for the inspection of risers
and components of offshore oil and gas platforms is a
multi-objective engineering task, in which systemic con-
tradictions are combined with a high degree of environ-
mental uncertainty. Under conditions of limited space,
variable currents, high hydrostatic pressure, and strin-
gent positioning accuracy requirements, the vehicle
must combine compact dimensions, maneuverability,
energy autonomy, disturbance resistance, and low oper-
ational cost [14].

Unlike multi-purpose work-class ROVs, which are
designed to perform manipulation, assembly, and auxil-
iary operations in relatively open underwater spaces,
inspection ROVs operate primarily in close proximity to
complex engineering structures. For these vehicles, crit-
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—

Figure 4 Inspection of offshore oil and gas facilities, pipelines, and platform foundations using ROVs.

1 - Support vessel; 2 - Subsea pipeline; 3 - ROV; 4 - Offshore platform; 5 - Platform foundation

ical factors are not thrust or lifting capacity, but rather
positioning accuracy, stability in turbulent flows, com-
pactness, minimization of hydrodynamic disturbances,
and the ability to hover for extended periods in a fixed
position. These operational features give rise to a spe-
cific set of technical contradictions, the resolution of
which using TRIZ differs from the tasks typical of stand-
ard work-class ROV design. In this context, the following
examples illustrate solutions relevant to vehicles in-
tended for inspection missions in the vicinity of risers
and offshore platforms (Figure 4).

At the TRIZ level, the analysis is conducted by identi-
fying and resolving a technical contradiction of the
form: if Al =XT, then simultaneously Al =B, (|,
where A is the ROV’s mass, X is maneuverability, B is en-
ergy capacity, and, C is stability in flow conditions. In
TRIZ logic, such a model can be transformed by applying
resolution principles: function extraction (for example,
placing energy sources outside the hull), segmentation
(modularity), universality (combining steering and pro-
pulsion elements), as well as the use of physical effects
(for example, variable stiffness of the hull materials, ad-
justed depending on depth).

Let us consider in practice the contradictions that
arise when determining the configuration of the ROV’s
propulsion system and power supply.

We begin with the layout and placement of the ROV’s
thrusters. The theoretical set of solutions generated us-
ing TRIZ tools is denoted as S = {51, Sy e Sn}, each repre-
senting a specific configuration aimed at resolving one
or more contradictions. However, not all of these solu-

tions will be rational in terms of the trade-off between
criteria such as mass, precision, stability, cost, and ener-
gy efficiency [23].

These criteria are key in defining the solution space
for the propulsion system of an ROV. Energy efficiency
characterizes the specific energy consumption of the
propulsion unit during maneuvers and position stabili-
zation. Positioning accuracy determines the ROV’s abili-
ty to maintain a specified spatial position relative to a
riser or platform element under current conditions.
Mass reflects the impact of the layout on overall buoy-
ancy, transportability, and permissible load on launch
and recovery systems. Stability indicates the propulsion
system'’s operational steadiness under turbulent distur-
bances and its fault tolerance in the event of partial
thrust loss. Cost accounts for both the complexity of
manufacturing the propulsion system and the anticipat-
ed expenses for maintenance and repair. Physically,
however, it is impossible to satisfy all criteria
simultaneously.

Therefore, an evaluation system based on the Pareto
optimality method is introduced. Let each design S, be
evaluated by a vector fq(Si) = (fy fy - f,), where each }j
corresponds to a specific criterion. Then a solution S, is
considered Pareto-optimal if there does not exist anoth-
er S, such that ﬁ(Sl.) p j;(Si) for all j and strictly better for
at least one criterion. For illustration, a comparative ta-
ble of design solutions obtained using various TRIZ
principles can be provided (Table 2). At the next level, a
multi-criteria normalized Pareto evaluation is per-
formed, forming Table 3.
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Table 2 Propulsion system layout solutions for ROVs intended for the inspection of offshore oil and gas facilities based on TRIZ

principles
Solution TRIZ Principle The idea implemented in the solution Innovation Level
s Extraction Placement of thruster modules on pivoting Architectural
1 consoles outside the hull
S, Universality Integration of thrust control and stabilization Functional
. Implementable adjustment of geometry and ) .
S D . . Confi t 1
3 ynamism direction of vector thrust ontigurationa
. Diffi i 1 fth i .
s Local Quality ifferentiated p acemgnt of thrusters according Systemic
* to functional zones

Based on the resulting Pareto evaluation table, the
next analytical step is to rank the Pareto-optimal solu-
tions for the ROV’s thruster layout, taking into account
weighting coefficients for the criteria, which can be as-
signed using the Analytic Hierarchy Process (AHP). For
the targeted design of an ROV operating under condi-
tions of riser and offshore platform inspections, a typi-
cal priority of criteria can be defined [14].

Thus, positioning accuracy for the ROV in the inspec-
tion of risers and platform components is a critically
important parameter, so we assign it a weighting coeffi-
cient of w, =30. Energy efficiency is also significant,
considering the large number of zones to be inspected,
so we assign it w, = 25. Reliability is essential during
ROV operation under turbulent currents near the plat-
form base, and we assign it w, = 20. The ROV’s mass af-
fects buoyancy, ergonomics, and logistics constraints
[23], but it is not as critical as the previous factors, so
we assign it w, = 15. Cost, given the custom nature of
the ROV, will already be substantial, so it is assigned the
lowest weight, w, =10.

Let us introduce an overall utility (evaluation) func-
tion for each solution in the form of a weighted sum of
normalized values:

5
UGS) = ) we- filS) (5)
k=1

where: w, is the weight of the criterion, and, f,(S) is the
normalized score of the criterion for solution S.

Using the presented formula, the specified criterion
weights, and the previously developed TRIZ-based solu-
tions, we calculate the efficiency values for each propul-
sion layout and configuration. To demonstrate the
procedure for calculating the overall utility, consider so-
lution §,. Given the assigned criterion weights (w; =30,
wy =25, wz =20, wy = 15, ws = 10), the integrated utility
function is defined as:

U(s,)=0,30-0,90+0,25-0,80 +0,20- 0,70 + (6)
+0,15-0,65+0,10-0,55=0,7625

It should be noted that the presented propulsion lay-
out solutions are specifically tailored for the inspection
of risers and offshore platform elements and are less
applicable to standard work-class ROVs. In conventional
ROVs, the propulsion system is typically optimized for
translational movement in open water and compensa-
tion for relatively uniform currents, with positioning ac-
curacy achieved through excess power and vehicle mass
[24].

In riser inspection conditions, this strategy proves in-
effective. Local turbulent flows, reflected jets from cylin-
drical structures, and narrow inter-pipe gaps require the
ROV to perform micro-positioning corrections with mini-
mal energy expenditure. Therefore, solutions based on
the principles of “universality” and “dynamic functionali-
ty,” which combine thrust and stabilization functions, be-
come a priority specifically for inspection vehicles. For
work-class ROVs, similar solutions are often impractical
due to increased reliability requirements for tool trans-
port and the execution of force-intensive operations.

Table 3 Pareto-based multi-criteria evaluation of ROV thruster layout solutions

Solution Energy efficiency Accuracy Mass Stability Cost
S, 0,85 0,70 0,60 0,75 0,50
S, 0,80 0,90 0,65 0,70 0,55
S, 0,75 0,85 0,95 0,60 0,40
S, 0,70 0,65 0,50 0,80 0,85
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Using the presented formula, the assigned criterion
weights, and the TRIZ-generated solutions, we calculate
the efficiency values for each thruster layout and place-
ment solution. Thus, the overall ranking indicates solu-
tion S, as the most balanced in terms of the criteria,
with the highest total utility. Its distinctive feature is the
implementation of TRIZ Principle N26 (“Universality”),
achieved through the constructive integration of pro-
pulsion and steering functions within a single drive sys-
tem. Overall, this eliminates the need for additional
stabilizers and steering mechanisms, reducing the
ROV’s mass and dimensions. Simultaneously, by using of
integrated drives with vectored thrust, stability is en-
sured under turbulent flow conditions, along with the
capability for precise six-degree-of-freedom position-
ing. The results of the integrated utility function calcula-
tion for the considered propulsion layout options are
presented in Table 4.

Table 4 Optimal TRIZ-Based design of ROV propulsion
systems for offshore riser and platform inspections.

Solution S, S, S, S,
Integrated utility
function 0,7125 | 0,7625 | 0,745 0,690
u(s)

The technical configuration of the optimal ROV cor-
responding to solution S2, includes a composite, hydro-
dynamically balanced hull with neutral buoyancy,
capable of passing through confined inter-pipe clear-
ances. The propulsion system consists of six vector-con-
trolled thrusters that perform both thrust and
stabilization functions, eliminating the need for sepa-
rate steering systems (Figure 5).

Let us consider the second problem, specifically the
design of the power supply subsystem of ROVs for the

Figure 5 Example of ROV thruster placement according to the selected layout solution.

1 - ROV thrusters; 2 - Lighting units; 3 - Main camera; 4 - Launch-and-recovery tether mount; 5 - Frame; 6 - Top cover; 7 - Rear-view camera



290 P, Shcherban / SCIENTIFIC JOURNAL OF MARITIME RESEARCH [Pomorstvo] 40 (2026) 280-293

inspection of offshore oil and gas facilities. The desire to
increase the vehicle’s autonomous operating time im-
plies increasing the battery capacity, which leads to
greater mass, larger dimensions, and higher system
cost. An alternative is cable-based power supply; how-
ever, a long power umbilical creates significant drag and
reduces maneuverability, especially in the complex ge-
ometry of platform piping and structural elements. A
systemic contradiction arises: increasing energy effi-
ciency and autonomy requires a larger energy reserve,
but traditional solutions result in reduced controllabili-
ty and mobility in confined spaces [25].

In TRIZ terms, this situation is formalized as a techni-
cal contradiction of the form: if A T = X T, then simultane-
ously AT= B, Cl, where A is the capacity of the power
system, X - is the duration of autonomous operation, B is
maneuverability, and, C is resistance to external mechani-
cal disturbances. Such a contradiction is subject to reso-
lution using various TRIZ principles (Table 5).

Each of the solutions has both advantages and limi-
tations. For example, solution S, reduces the load on the
ROV itself but increases the load on the cable and reduc-
es maneuverability. Solution S, is technologically effi-
cient but requires an additional mechanism for battery
handling and replacement, which increases mechatron-
ic complexity. Solution S, based on the “intermediary”
principle, is implemented in the form of a deployable
garage module lowered from the surface vessel, which
simultaneously serves as a shelter, charging station, and
buffer between the vessel and the ROV. It resolves multi-
ple conflicts at once. Solution S, involves installing a sta-
tionary charging point directly on the platform but is
constrained by the geometry of the structure.

The specific operational requirements of inspection
ROVs for offshore oil and gas facilities significantly influ-
ence the design of the power supply subsystem. Unlike
conventional ROVs, which typically operate with contin-
uous power via a tether and perform tasks near a sup-
port vessel, inspection vehicles often must operate in
areas with complex structural geometry, where a long
tether increases the risk of entanglement, adds hydro-
dynamic loads, and reduces maneuverability [25].

For the inspection of risers and platform founda-
tions, scenarios often involve the ROV repeatedly mov-
ing between structural elements, holding position, and
performing extended measurements. Under these con-
ditions, solutions that minimize the mechanical impact
of the tether on the vehicle and allow for reduced tether
length become especially important. Consequently, so-
lutions based on the principles of “intermediary” and
“preliminary action” (e.g., using an intermediate garage
module) prove more effective for inspection ROVs than
for standard work-class vehicles, where such architec-
tural complications are often unnecessary [24].

A multi-criteria evaluation of the solutions was car-
ried out according to the following parameters: energy
efficiency, reliability, mass, maneuverability, and tech-
nological complexity. All values are normalized (Table
6).

The weighting coefficients for the criteria are also
determined using the Analytic Hierarchy Process (AHP).
The highest weight (w,=30) is assigned to the reliabili-
ty of the power supply system, as a power failure criti-
cally affects the ROV’s return and mission safety. The
second most important parameter (w, =25) is energy
efficiency. The mass of the power system (w, =20), af-

Table 5 Power supply subsystem layout solutions for ROVs intended for the inspection of offshore oil and gas facilities based on

TRIZ principles
Solution TRIZ Principle The idea implemented in the solution Innovation Level
s, Extraction Relocating the batterr})lorz;‘zl; to the surface; cable Architectural
S, Self-service Built-in syslgeergh(;fnsi\é\:ﬁiilln);;?;ﬁteries with Functional
S, Intermediary Use of an intermediate relay module (“garage”) System-level
S, Preliminary Action Recharging ata docl;ig‘cgfsierlgion mounted on the Configurational
Table 6 Pareto-based multi-criteria evaluation of ROV power supply subsystem solutions
Solution Energy Efficiency Accuracy Mass Stability Cost
S, 0,85 0,80 0,60 0,55 0,50
S, 0,75 0,85 0,70 0,65 0,55
S, 0,90 0,90 0,85 0,80 0,65
S, 0,70 0,75 0,65 0,70 0,60
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fects buoyancy and stability. Maneuverability (accuracy)
has a relative weight (w,= 15), as it is partially compen-
sated by the control software. Technological complexity
and implementation cost (w,=10) are given minimal
consideration. As a result, using formula (5), along with
the criterion weights and TRIZ-derived solutions, we
calculate the efficiency values for each configuration so-
lution of the ROV power supply subsystem. The final in-
tegrated utility values for the power supply subsystem
solutions are presented in Table 7.

Table 7 Optimal TRIZ-based design of ROV power supply
subsystems for riser and offshore platform Inspections

Solution S S S S

1 2 3 4

Integrated utility
function
uEs)

0,695 0,735 0,835 0,705

Solution S, based on the use of an intermediate mod-
ule (“garage”), received the highest overall utility score.
This configuration allows the power and life-support sys-
tems to be housed in a separate protected module de-
ployed from the surface vessel, from which the ROV
emerges only for the duration of the inspection. The
module is designed to allow recharging, diagnostics, and
temperature stabilization. ROV power is supplied, if nec-
essary, via a short flexible cable that does not impose sig-
nificant load [25]. This solution minimizes the load on
the ROV itself, increases stability, and reduces the risk of

Hoisting and

291

cable snagging or breakage in challenging hydrotechnical
conditions (Figure 6). Additionally, the module can be
equipped with a data relay system, reducing the require-
ments for the ROV’s radio link.

Thus, the presented examples of applying TRIZ dem-
onstrate not abstract design techniques, but targeted
methods for resolving the specific contradictions that
arise in the design of inspection ROVs operating near
risers and offshore oil and gas platforms. For general-
purpose work-class ROVs, similar contradictions either
do not exist or have different priorities, leading to fun-
damentally different architectural solutions.

By combining TRIZ principles with various mathe-
matical tools, it is possible to solve design and engineer-
ing optimization tasks both for the ROV as a whole and
for its individual modules or components. By generating
optimal configurations, the customer’s requirements
can be best satisfied. It is important to note that the re-
sulting solution must not conflict with the current regu-
latory and technical documentation for ROVs. On the
other hand, if during the design process the engineer
identifies an exceptionally advantageous solution whose
implementation is limited by existing standards, proce-
dures for reviewing and amending the standards should
be initiated. This is possible according to the previously
described procedures. Thus, it is rational to use TRIZ for
searching design solutions tailored to specific condi-
tions and operational purposes of ROVs, such as those
intended for inspecting risers and the foundations of
offshore drilling platforms.

lowering device

Subsea support
vessel

Wire rope

Deployment garage-

Power and control cable -

Remotely
Operated
Vehicle -
(ROV)

Figure 6 Example of ROV power supply subsystem placement according to the selected layout solution
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5 Conclusion

The conducted study comprehensively analyzed the
applicability of TRIZ (Theory of Inventive Problem Solv-
ing) tools, as well as a range of mathematical optimiza-
tion methods, for generating rational design solutions in
the development of remotely operated underwater ve-
hicles (ROVs). The analysis and the presented examples
demonstrated that the TRIZ methodological framework
has significant potential for systematizing creative
problem-solving and identifying key technical contra-
dictions, thereby substantially improving the quality of
design solutions under specialized operational require-
ments. The demonstration of TRIZ application in specif-
ic ROV development scenarios convincingly shows the
feasibility of integrating its tools into the existing regu-
latory and technical framework governing the design of
underwater robotic systems. This approach enables a
more formalized and justified selection of architectural
and structural solutions while maintaining flexibility
and adaptability in the design process.

As part of the validation of the proposed methodo-
logical approach, engineering calculations were per-
formed, and recommendations were developed for the
layout of an ROV intended for the inspection of offshore
oil and gas facilities. The designed configurations of the
propulsion system, thruster arrangement, and power
supply subsystem demonstrate optimal performance in
terms of energy efficiency, maneuverability, and opera-
tional reliability. The results confirm that the combina-
tion of TRIZ and optimization methods enables a
justified selection of the vehicle’s technical parameters
and enhances its functional capabilities in complex off-
shore infrastructure environments.

The results obtained in the study confirm the univer-
sality, practical value, and relevance of TRIZ principles
in addressing modern design challenges for complex
technical systems. In particular, it has been shown that
the use of TRIZ contributes to increased efficiency in the
development of ROVs intended for the diagnosis and
monitoring of offshore oil and gas facilities, making this
approach a promising tool for the further advancement
of underwater robotics.

At the same time, the application of TRIZ in combi-
nation with multi-criteria optimization methods has
both advantages and certain limitations. Key benefits of
the proposed approach include structuring the engi-
neering search process, formalizing the identification of
technical contradictions, and enabling targeted solu-
tions beyond traditional compromise limits defined by
the Pareto front. This is especially important when de-
signing specialized ROVs operating under non-standard
and demanding conditions of offshore oil and gas
infrastructure.

Among the limitations of the method is the subjec-
tive nature of assigning criterion weights when forming

the integrated utility function. Weight values are gener-
ally determined based on expert assessments and client
priorities, which can influence the final ranking of solu-
tions. Moreover, the effectiveness of TRIZ largely de-
pends on the designer’s qualifications and the accuracy
of formulating technical and physical contradictions.
These limitations can, however, be partially mitigated
through group expert evaluations, sensitivity analysis,
and iterative procedures for revising weights and crite-
ria at various stages of the ROV lifecycle. In the future,
the presented approach could be expanded by incorpo-
rating stochastic optimization and machine learning
methods to refine weight coefficients and identify ro-
bust design solutions.
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