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Using cognitive work analysis to develop predictive maintenance tool for vessels
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Implementation of multisource sensors combined with data analysis systems (e.g. machine learning) might provide new
solutions for predictive maintenance to improve sociotechnical system reliability. The Seanatic project aims to develop a
decision support tool to increase maintenance processes in the maritime field, considering limits and benefits of human factor
expertise. Under this perspective, this paper describes the Cognitive Work Analysis (CWA) approach for investigating new
key functions that emerge in future maintenance sociotechnical systems. After phase one of the CWA was completed (WDA -
Work Domain Analysis), the functions identified were used in the subsequent phases (ConTA - Control Task Analysis and
SOCA - Social Organization and Cooperation Analysis) to highlight different implications for human cognitive activities. Real-
time and prediction of machine breakdown of a vessel could be significantly reduced by assisting the chief engineer for
supervision and planning activities. Based on a CWA approach, ecological design interfaces could support those activities.

Keywords: Cognitive Work Analysis, Control Task Analysis, Ecological Interface Design, Maritime Maintenance, Social
Organization & Cooperation Analysis, Predictive Maintenance, Work Domain Analysis,

1. Introduction

Multiplication of data from sensors on equipment
offers increased capabilities for companies (Culot,
Nassimbeni, Orzes & Sartor, 2020). Combined with
techniques from data mining or machine learning, new
systems allow enhanced capabilities in monitoring,
modeling, analysis, and calculations (Longo et al.,
2017). These technological developments contribute to
changing maintenance practices and evolving towards
predictive maintenance (Yan, Meng, Lu & Lee, 2017 ;
Wan & al, 2017 ; Yang, Yang, Yang & Chen, 2020).
Maintenance can be categorized into different types,
according to NF-EN 13306:V2018. Corrective
maintenance (which is carried out after failure
detection) is distinguished from  preventive
maintenance (the equipment is still working).
Furthermore, this proactive maintenance strategy can
be divided into systematic (timestamp data-based,
without controlling equipment” state), condition-based
(key parameters are controlled such as temperature),
and predictive (using historical data of parameters such
as viscosity curve in order to identify unusual patterns).
Development of predictive maintenance strategies (or
maintenance 4.0) is the next logical step for
companies, after  preventive  condition-based
maintenance (Lazakis & Olger, 2016). Thanks to
predictive analysis based on repeated observations and
measurements, maintenance teams can now be aware
of accurate states of the machines. Finally,
maintenance 4.0 offers great opportunities to reduce
costs and environmental impact, this latter challenge
being a normative requirement of the NF-EN
13306:V2018 standard.

The present communication deals with the
ongoing project called Seanatic. The aim of this project
is to implement predictive maintenance in the maritime

sector. The bulk of maintenance is preventive
systematic and condition-based maintenance. For
systematic maintenance, CMMS (Computerized
maintenance management system) tools integrate
manufacturers’ recommendations in terms of usage
time (e.g., change equipment after 10,000 hours of use)
or calendar dates (e.g. every 18 months). Condition-
based maintenance relies on human observations of
physical values (there may be some sensors). Costs of
maintenance derive from inventory materials (Tinga,
Tiddens, Amoiralis & Politis, 2017). Turan, Olger,
Lazakis, Rigo and Caprace (2009) indicate that
expenses related to maintenance for tankers would be
between 25 and 35% of global operating costs. Studies
in the maritime domain have shown the benefit of
preventive maintenance compared with corrective
(Goossens & Basten, 2015; Eruguz, Tan, & van
Houtum, 2017). In a survey among the experts
(technical manager of a maritime company, chief
engineer, second engineer, engineer officer), Lazakis
and Olcer (2016) pointed out that predictive
maintenance would be the most appropriate for
vessels. The most advance maintenance used actually
is the conditional maintenance and is focused on
unique data (e.g., tightness or level of battery). Only a
few collect and process multiple data from sensors
(e.g., temperature probes, pressure sensors). Data are
processed and analyzed off the ship in order to
postpone maintenance operations. Ship classification
societies, which certify that the construction and the
maintenance of a vessel complies with relevant
standards, have agreed to integrate these solutions in
the maritime domain.

The Seanatic project aims to develop a decision
support tool for predictive maintenance. From a human
factor perspective, this paper describes the Cognitive
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Work Analysis approach to analyze the maintenance
system in a maritime environment. The objective is to
identify new key functions and their implication for
cognitive human activities. This methodology is used
to develop ecological interfaces for supporting human
decision making.

2. Method: Cognitive Work Analysis

For Holman et al. (2020) Cognitive Work Analysis
(CWA) is an appropriate method to analyze
sociotechnical systems. There are three main
characteristics of these systems (Walker, Stanton,
Salmon, Jenkins and Rafferty, 2010) that can be
applied to the field of maintenance:

e Dynamism: the system can change state over time
without human or autonomous agent intervention.
For maintenance system, many physical
components (e.g., propulsion, air conditioning,
electrical devices) may have to change their
condition without external intervention

e Uncertainty: it is complex to know all the
components of the system and their changes over
time. For the maintenance system, it is
complicated to know the states of all the
components of the system because of their large
number and their poor accessibility.

e  Multiplicity: a multitude of causes can lead to the
same problem. For maritime maintenance system,
there are many ways to lose the engine of the ship
(e.g., piston breaking, fuel leak)

CWA is a framework developed for the design of
complex sociotechnical systems (Rasmussen, 1986).
CWA is a formative constraint-based approach. Unlike
the descriptive approach (which describes how tasks
are performed) and the normative approach (which
indicates how tasks should be performed), the
formative approach identifies the constraints
determining the tasks and the limits of the work
environment (Raymond, Prun & Cegarra, 2016). The
CWA method consists of five successive stages
(Rauffet, Chauvin, Morel & Berruet, 2015): a) Work
Domain Analysis (WDA), b) Control Task Analysis
(ConTA), c) Strategies Analysis (StrA), d) Social
Organization and Cooperation Analysis (SOCA), and
e) Worker Competencies Analysis (WCA). In this
paper, we present the three phases developed in the
Seanatic project: WDA, ConTA and SOCA.

Work Domain Analysis allows to define the
functions of the work domain but also the physical
objects that can provide data. WDA helps to
understand the physical or social constraints of the
work environment. WDA is associated with a
modelling tool, the Abstraction Hierarchy (AH) The
AH reflects the main objectives of the system
(“functional purpose™) and what leads to it and what is
necessary to take into account (“values and priority
measures”). The AH also reflects the main functions
which contribute to the functional purpose (“purpose-

related function”) and the physical object used in these
activities (“object-related process” and “physical
object”). Control Task Analysis is related to the
activity required for achieving a system's purpose.
ConTA enables us to understand tasks carried out by
agents (human operators or machines) of the system.
ConTA is associated with a modelling tool, the
Contextual Activity Template (CAT). The CAT uses
the “purpose-related functions” and the object-related
processes” to highlight how they are used in a specific
situation or for an activity. Social Organization and
Cooperation Analysis addresses the constraints
governing the distribution of work and cooperation
amongst the different agents. Jenkins et al. (2010)
propose to map agents with a color code onto the CAT
(SOCA-CAT).

CWA is based on data gathering techniques
(Jenkins et al., 2008). For the Seanatic project, we used
document review, interviews and expert review in the
maritime domain. The main documents are NF-EN
13306:vV2018  standard and the technical
documentation of Kongsberg simulator (Engine Room
MAN B&W 5L90MC — L11). Two modes of interview
were conducted: open-ended and semi-structured.
Three themes were carried out during semi-structured
interviews (maintenance work, integration of
predictive maintenance, user requirements for a
decision support tool for predictive maintenance).
These interviews took between an hour and an hour
and a half. Five former chief engineers participated
(Age M =50y, SD =9 y; Navigation experience M =
19y,SD=15Yy).

3. Results

There has been little attention on maritime
maintenance systems using CWA. To our knowledge,
only the study of Torenvliet, Jamieson and Cournoyer
(2006) used this methodological framework to analyze
damage management on ships. The authors sought to
better understand what happens before and after
damage occurrence using domain analysis (WDA
stage of CWA) but their research spectrum was not
how maintenance was done on day-to-day.

3.1. WDA

The work domain analysis was carried out from the
point of view of the maintenance teams, more
particularly the chief engineer. The main objective was
to have a better understanding of the integration of
predictive maintenance in the current work activities
and relationship with condition-based preventive
maintenance. The analysis is limited to the merchant
navy. Merchant marine vessels are diverse (from small
passenger ships to supertankers) and this diversity is
considered in the analysis by adopting a generalist
vision. Due to the health situation, vessels can't receive
visitors therefore we couldn’t visit it.

The integration of predictive maintenance into
the maintenance system highlights two new functional
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purposes (“optimization of equipment knowledge” and
“optimization of CMMS") (blue items) (Fig. 1). The
integration of predictive maintenance will also impact
the red items. There are three functional purposes in
maritime maintenance and they are interconnected.
The wvessel’s safety is directly related to the
authorization and the vessel optimal condition. Value
and priority measures are particularly linked to
compliance with legislation (“Adapted management of
critical elements”, “Respect or modification of
CMMS”). The two main purpose related functions
have been identified: supervised activity (“Know the
condition of the equipment”, “Monitor energy
consumption”, “Assess future failures”, “Take into
account contextual elements”) and planning or
replanning of the maintenance schedule (“Follow

CMMS instructions", “Readjust the CMMS schedule”,
“Plan maintenance interventions"). The knowledge of
the equipment condition is an important aspect of the
work domain. Knowledge of the context is also an
important aspect of the work domain because it will
allow the operator to infer the equipment condition.
Concerning the object-related processes, visualization
is one of the main processes (visualization of control
measure, visualization of energy consumption,
historization and  visualization of contextual
information). Maintenance uses different types of
tools. Some are technological ("exterior sensors",
"camera”, "CMMS”), some are biological (“nose or
eyes”) and some might be considered as databases

(“manufacturer information”, “passage planning”).
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Figure 1: Abstraction Hierarchy for Predictive maintenance in maritime domain
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3.2. SOCA-CAT

It’s important to remember that the crew size differs
between the vessels. Some vessels will have only
two-member crew (one chief engineer and one
technician maintenance) when other vessels will
have a larger crew member (one chief, one second,
two or more officers and two or more technicians).
This SOCA-CAT (Fig. 2) is used in a situation where
the crew consisted of more than 5 members. This
SOCA-CAT only includes the functions that will be
impacted by predictive maintenance.

Situations
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Adjust alarm Il Chef engineer
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Ship owner
Bridge

Evaluate future

: 3 . Maintenance officer
failures (Predict)

Maintenance technician

Second eqineer
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schedule ! !

Detection of 8
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behaviour T

Visualization of
machinery 0
information and
ship history

Historization of |1 I
control measures

Display of CMMS
data and integration
of additional i i
information i i

Figure 2: SOCA-CAT (supervision and planning)

With a reduced crew the chief engineer will
assume multiple roles. As a reminder, when the cell
is empty it means that the function never occurs in
this situation. If the box is filled with a box and
whisker plot, then the function is very often used.
When the function might be used in this situation,
but not every time, then the cell will have a dash
outline. This SOCA-CAT highlights two things. The
first one is that re-planning will need less
functionality than the supervision. Re-planning will

mainly use the function “Follow the CMMS” and the
function “Know the condition of the equipment”.
The second one is that the chief engineer and his
second are in charge of a lot of functions for
supervision and re-planning. They are in charge of
the planning of the interventions and then dispatch it
to the other crewmate. We can see that the alarm
center plays a major role because it will display the
alarm. Alarms help with the major function of “know
the condition of the equipment”. The supervision
activity is in close relation with the alarm center
because it is the main tool which it uses to have
access to the equipment’s information. Taking into
account the contextual elements is a crucial function
of supervision and re-planning activity. It will allow
engineers to understand any abnormal behavior (in
the supervision) and it will allow to re-plan some
maintenance by, for example, taking into account the
“Passage Planning " of the vessel or the weather.

For a better understanding of the re-planning
activity we have created a separate CAT (Fig. 3).
This CAT associates the function of re-planning that
will be impacted by predictive maintenance with
different time of navigation. We can see that the
activity of re-planning exclusively takes place
during calm periods (“technical stop” and “calm
sea”). Therefore, this activity is only performed
when there is no time pressure and contextual
constraint for the operator. Another CAT has also
been made for the supervision activity and shows
that this activity takes place in all contexts.
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4. Discussion

The three functional purposes of the maintenance are
“maintaining the authorisation”, “keeping the crew
and the passengers safe” and “maintaining the vessel
in an optimal condition”. Actually, to fill this
purpose the chief engineer will try to follow the
CMMS strictly. The re-planning doesn’t really exist.
If an operation can’t be done, it will impact the future
days of work and might create a work overload. On
rare occasions the chief engineer will report
maintenance when he sees an interesting opportunity
like a dry dock. This dry dock happens every 5 years
in the merchant navy and the chief engineer has
nothing but his experience to judge the possibility of
this report. With predictive maintenance, re-
planning will become a key new function making it
easier and safer. To avoid a work overload, the chief
engineer will be able to re-plan some operations and
adjust the calendar to the open possibility. To adjust
this calendar, the chief engineer will need some
information from diverse sources (material
information, crew  information,  equipment
information, planning information etc.).

In a predictive maintenance system, the re-
planning activity will be supported by two tactic
functions. The first one is the supervision activity. It
will give information about the possibility to re-plan
maintenance (to advance or to report) by knowing
the past, the present and the future state of the
equipment. The state of the equipment will guide the
re-planning decision. With predictive maintenance
the supervision activity can be more complex
because of a higher number of data than a classic
supervision. In a classic supervision, numeric values
are the most used. There is a temporality in
predictive maintenance, so the number of data is
higher and those data need to be represented with a
line graph. Furthermore, the operator might need an
explanation to understand them. Since some of the
data are historized, it is necessary to have the
acquisition context.

The second one is the activity of gathering
information from contextual elements. There are
many contextual elements that need to be taken into
account: the availability of the crew, the weather, the
vessel schedule (technical stop, long period at sea,
mooring, etc.), the other maintenance operations and
the stocks. The contextual elements will help the
chief to identify the appropriate time for the re-
planning.

The chief engineer will aggregate the data from
the supervision and the contextual element to
improve his environment knowledge. On one hand
the state of the equipment, and its limits, and on the
other hand the possible good time to plan the new
maintenance operation. At the end, it is still the chief
engineer who decides to re-plan or not, but the
predictive maintenance will offer opportunities, and
a higher flexibility.

As we have seen, the representation of the
numerous data in predictive  maintenance
(supervision) might be problematic for the operator.
Big data is known as a problem that needs to be
treated (Woods, Patterson & Roth, 2002). Big data is
a key for predictive maintenance and the future user
needs their utilization. Also, there are plenty of
different types of contextual elements that need to be
presented to the user. Another aspect is that
predictive maintenance is using algorithms. For the
user, it can be seen as a black box and there is a risk
associated with the use (Parasuraman & Riley,
1997). To help and improve the cooperation between
those algorithms and the chief engineer the interface
will serve as a broker agent. A reflection needs to be
carried out on those interfaces, specifically on the
information’s presentation (Thoben, Wiesner &
Wouest, 2017). Those observations lead to the need of
an interface that can represent information in a
usable, understandable and effortless way.

One solution to solve those problems is to
design ecological interface. Multiple domains, like
military or healthcare domains, are already using
ecological interfaces (Mcllroy & Stanton, 2015). Sea
domains related, like submarines, are also using
ecological interfaces (Fay, Roberts & Stanton, 2020;
Fay, Stanton & Roberts, 2017, Judas & al, 2012).
Those interfaces improve the situation awareness
(Van Dam, Mulder & Van Paasen, 2008), reduce the
cognitive load (Nielsen, Goodrich & Ricks, 2007;
Schewe & Volrath, 2020) and more generally
improve the performance (Bennett & Flach, 2019).
Ecological interfaces are also useful for handling
unexpected events (Burns & Hajdukiewicz, 2004;
Bennet, 2017) and for a supervision activity (Naikar,
2017). Maintenance activities tackle both
unexpected events (e.g., when an equipment broke)
and supervision activity (e.g., monitoring the alarm
center in a vessel).

The analysis from the CWA helps to identify
the main information needed for the key function
(supervision and re-planning) and guide the design
of the interface. The interface will improve the
situation awareness and help the user to make
decisions. For example, the WDA highlights the
need to know the context for a re-planning. The
interface will need to represent those contexts in a
calendar or in a Gantt Chart if we want to create an
ecological interface. Displaying this information
would allow the chief engineer to make relevant
decision, by knowing environmental constraints. For
the supervision activity, the WDA has highlighted
the need to have access to the manufacturer’s
information. Therefore, the representation of the
data will have the limitations of the equipment. This
representation will allow the user to know the
maximum or minimum pressure that can endure an
equipment with a limited effort. The SOCA-CAT
shows that the supervision activity requires to have
access to the contextual information like the
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weather. This will help the user to understand the
line graph and the explanation of some abnormal
behaviors.

Finally, the SOCA-CAT has allowed us to
identify the possibility of separate interfaces for
different user classes. A technique that has already
been used in adaptive interface (Akiki, Bandara &
Yu, 2013). For example, the chief engineer may need
to have access to all functions and information of the
entire system, when the electric team officer will
only need to analyze electrical system’s information.

5. Conclusion

The objective of this paper was to identify how the
introduction of a predictive maintenance system in a
maritime environment impacts human cognitive
activities. The Cognitive Work Analysis has allowed
us to understand those impacts and gave us design
advice for an ecological interface. All teams who
want to implement can refer to this analysis to
understand the need of the chief engineer for good
use of predictive maintenance. Having access to
contextual element for the re-planification and the
supervisory tasks are crucial to ensure a good
implantation of predictive maintenance. The other
crucial information for the chief engineer is to have
access to a comparative with the CMMS because it
will always be the baseline of the maintenance
calendar.

This paper highlights the fact that predictive
maintenance in the maritime context is peculiar
because the vessel can be considered as a “moving
industry”. This “moving industry” will have to
consider more contextual and environmental data
than a classic industry and it will create two major
difficulties. The first one is related to the interface
that the operators will use. Those data will
complicate the comprehension of the system by the
operator. There is a need to focus on the human-
machine interaction and the allocated interface to
solve this problem. As previously explain, an
ecological interface could be a solution. The second
one concerns the algorithm. It will need to take into
account those multiple extern factors. Those many
changing extern conditions have a big incidence on
the components, and the predictive algorithm will
need to take them into account.

Another peculiarity of predictive maintenance in
maritime domain is the legislation. Obtaining a
navigation authorization is very regulated and strict.
The implemention of predictive maintenance needs
to consider an agreement from the manufacturer (to
keep the assurance) and from the classification
society (to keep the right to navigate).

Predictive maintenance is new for the maritime
domain. Nowadays, the most advance maintenance
used is conditional maintenance (for petrol platforms
for example). With this implementation, new
activities arise like re-planning the intervention

based on projection. There are a lot of implications
because it will lead to an update of the current
formation and the current chief engineer might need
formation in order to change it habits.

Predictive maintenance is one of the applications
of technological pillars of Industry 4.0. The
introduction of technology requires a better
understanding of human-machine cooperation
mechanisms because humans and autonomous
agents pool their skills in order to “feed each other
and help each other” (Fantini, Pinzone, & Taisch,
2018) for the emergence of a joint cognitive system
(Rauffet et al., 2018). For these reasons, the human-
machine symbiosis must be based on rules for
adapting functions and interaction conditions
(Romero, Wuest, Stahre and Gorecky, 2017 ; Steijn,
Oosterhout, Willemsen & Jansen, 2020). The CWA
method has already been used in research on human-
machine cooperation for Industry 4.0 (Guerin et al.,
2019; Pacaux-Lemoine et al., 2021) but further
studies are needed. These future works will improve
our understanding of operator 4.0 or analytical
operator, in cognitive interaction with technological
systems (Romero et al., 2016). In this perspective,
the maintenance operator 4.0 will be able to make
relevant decisions assisted by systems with higher
ability to deal with many data.
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