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SYNOPSIS
A major operational cost for a ship is that associated with maintaining it in a safe and seaworthy condition. Savings

in this area can, therefore, have a significant effect on a ship' s profitability. To this end, the production of effective plans
which maximise operating time at minimum cost is an important task undertaken by Chief Engineers. In this paper a
description is given of the way in which advanced information technology techniques can be utilised in a new generation
of support systems for this task. These systems can produce maintenance plans which allow for the diverse factors that
affect the timing of maintenance activities, including machinery condition information.

INTRODUCTION

To maintain a ship in a safe seaworthy condition requires
execution of maintenance activities, actions which may in-
volve inspection, repairs or replacements to machinery, electri-
cal equipment or the hull. The timely and safe execution of
these maintenance activities is one of the major tasks onboard
a ship. Producing the most effective plans for these activities
for modern vessels is a significant problem which involves
consideration of many factors, eg minimising down time, stock
control, classification restrictions, voyage details and person-
nel utilisation. This paper describes the way in which advanced
information technology techniques can be used to support
engineers in producing and maintaining plans that take these
factors into account. Example user interface screens from such
a system are given.

In the next section the requirements of modem maintenance
planning systems are discussed. This is followed in the section
on components of an EMS by a description of the main
components that 'expert' maintenance systems need to possess
in order to meet these requirements. In the section on use of
expert knowledge within an EMS the various components of
expert knowledge that have to be incorporated into an advance
planning system are reviewed. The way in which engineers, the
'end users' of the system, can be provided with easy structured
access to the expert knowledge and information generated by
the system, is addressed in the section on user interaction with
the EMS. The paper closes with conclusions on the develop-
ment of expert planning systems.

BACKGROUND TO THE USE OF EXPERT
MAINTENANCE SYSTEMS

In the past decade significant advances have been made in
the development of computer based support systems for plan-
ning maintenance. These advances were instigated as a result
of the increased complexity of the planning task and the need
for greater savings in maintenance. More specifically the
advances were made to satisfy the following major require-
ments':

1. Reduced repair costs and down time. This is achieved by
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planning services of equipment before breakdown.
Extended machine life. This is achieved by systematically
planning routine preventative maintenance.
Control of spare parts/purchasing. With the large num-
bers of spares required in maintenance there is a require-
ment to minimise ordering costs. This can be achieved by
providing computerised stock control systems.
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The types of system that have been
developed to meet these requirements are
called planned maintenance systems. With
the ever increasing complexity of mainte-
nance planning there is a need to further
improve support systems for maintenance
planning. This need can be transformed
into the following requirements:

Improved planning capabilities.
Factors that affect maintenance
planning associated with other as-
pects of the operation of the ship
should be taken into account, such as
details of voyages, the weather, car-
goes being carried and statutory
regulations. For example, the main-
tenance plans produced should take
into account the times when a ship is
in port, so that maintenance that can
only be carried out in port is sched-
uled for those times.
Planning on the basis of condition
information. To fully exploit the
savings that can accrue from the use
of condition monitoring it is impor-
tant that maintenance plans are con-
tinually updated to take into account
the latest information on the condi-
tion of components.
Communications with other compu-
ter systems onboard ship. Planned
maintenance systems (PMSs) that
have been developed are self-con-
tained units with internal databases,
as shown in Fig 1. For efficient run-
ning of ships, communication be-
tween systems is becoming increas-
ingly important. A diagrammatic
representation of the potential re-
quirements placed on maintenance
systems with respect to information
flows is shown in Fig 2. This shows,
for example, a flow of maintenance
history information to a diagnosis
system. This system could use this
information in its reasoning about
which components' faults may be
the cause of alarm conditions being
detected.

Systems that can satisfy these require-
ments can be termed Expert Maintenance Systems (EMS).

Reference will be made in this paper to a prototype EMS
which is being developed as part of the KBSS HIP project.2.'
This project is sponsored by the European Commission as part
of the ESPRIT II programme. Its aim is to design, implement
and integrate onboard decision support systems for optimum
operation of ships. At present the project comprises four task-
solving systems which serve as decision-support tools for:
voyage planning (expert voyage planner), alarm diagnosis
and handling (expert diagnosis system), maintenance sched-
uling (expert maintenance system), and load planning (expert
loading system). A system manager will supervise the com-
munication and co-operation of the individual systems and
will draw on the support of a system handling all the relevant
regulations pertaining to the operation of a complex ship.
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THE COMPONENTS OF AN EMS

To satisfy the enhanced requirements described in the last
section an EMS must contain all the functionality of a PMS and
must also contain an advanced planning component, capabili-
ties for communicating with other systems, and interpreters of
condition information. An abstract design of an EMS that
combines these components is shown in Fig 3 and the compo-
nents are now described in more detail.

The planning/scheduling component
Of central importance in any EMS is a planning component
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Fig 3: An abstract design of an EMS

whilst dynamically taking into account changes in any of the
internal or external forms of information described in the last
section. Assuming that the approximate time at which it is
desired for a maintenance activity to be performed is available,
the desired or goal state for a maintenance scheduler is to have
all the maintenance activities whose desired time falls within
a time period (specified by the user) actually scheduled within
that period. The EMS scheduling problem can, therefore, be
viewed in terms of a start state (current ship condition, man-
power etc), and a set of goal states (numerous plans that detail
when maintenance activities are to be carried out).

The various factors that affect planning can be divided into
those associated with resources and those associated with
constraints. These can be defined as follows: a resource is a
commodity that can be used (for example manpower and
tools); ?constraint is some limiting factor that influences
whether a maintenance activity can in fact be performed or not
(for example certain maintenance activities can only be sched-
uled if the ship is in port). It is recognised that a resource that
is not available or already used could thus be thought of as a
constraint. However, this is not how we use the terms; when a
resource is not available it is an unavailable resource and not a
constraint. This approach is adopted as it has proved a more
natural way of discussing the problem with domain experts.

The required output from the scheduler is one or more plans.
Each of these plans consists of a list of representations of
activities which have been assigned times at which they should
be carried out. These can be presented in the form of Gantt
charts, an example of which is shown in Fig 4 and further
details are given in the section on user interaction with the
EMS. When setting the times on the activities the scheduler
must ensure that sufficient manpower and tools arc assigned to
the activity and ensure that at the times at which it is scheduled
none of its constraints are contravened in the environment.
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An example of the way in which con-
straints can affect a plan can be seen with
respect to the following scenario: a tanker is
en-route to Singapore where she is to lay up
for 3 days at a tank cleaning berth to prepare
for a cargo of white spirit. It is planned to
carry out planned machinery maintenance
during the lay up period. Twenty four hours
before ETA Singapore, the ship receives
new orders which direct the Master to pro-
ceed to Law i Lawi (Indonesia) to receive a
full cargo of crude oil. This will add 4 days
to the sea voyage and Port restrictions at
Lawi Lawi will prevent maintenance of the
propulsion machinery in the immediate fu-
ture.

To produce maintenance plans, given this
type of scenario, a planner in an EMS has to
contain knowledge about constraints that
dictate when a piece of maintenance can be
carried out and knowledge of the constraints
that are likely to affect a ship in the future.
For example, in the above scenario the plan-
ner has to have a representation of the con-
straint that main engine work should only be
carried out in port and the constraint that it
can only be carried out in a port where it is
allowed. To schedule main engine work for
the lay up in Singapore the planner also has
to know of the visit. This type of knowledge
is commonly represented in Artificial Intel-

ligence systems as temporal periods. A prototype planning
system that uses this type of representation and a state space
search solution method have been implemented as part of the
EMS system that is an integral part of the KBS SHIP project.

Like most real planning problems, one of the major tasks for
an EMS to address is the handling of change. Change can take
place in two forms. Firstly, the environment within which the
plan is being constructed may change, as predictions about the
future received from outside the system alter. Such changes
include changes to constraints (such as predicted weather), to
resources (eg sickness of crew), and to the temporal environ-
ment within which the plan is constructed. In the above
scenario a change occurs in the destination port. To take
account of this the planning system has to know of the change
to the destination. In addition, it has to be able to gain the
knowledge that main engine work can not be carried out at the
new port (Lawi L.awi). In a communicating system such as the
one being developed in KBSS HIP this knowledge is gained
directly from other systems. On the basis of the changed
information the planner can make appropriate modifications to
the plan.

In the second form of change, the goal state itself may alter.
For example, when a fault or change in fuel quality causes the
condition assessment elements of the EMS to identify a change
to the desired time to execution of certain maintenance activi-
ties, then the scheduled times of those activities should be
changed. The EMS planner must also be able to respond to
situations where maintenance has not been completed. In this
case the system should be capable of including the unfinished
work in the future plan.

The majority of the work performed by the planning compo-
nent will be the re-scheduling of existing plans. In these
situations an important requirement is that the change to the
plan should be minimised, so that disruption to the mainte-
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nance crew is minimised. This can be achieved by using the
state space approach to planning.

The condition monitoring component
The aim of maintenance operations onboard ships is to

achieve maximum operating time at minimum cost. This aim
can more nearly be obtained if an EMS is capable of automati-
cally taking into account sensor information indicating the
condition of components. It can use this information to gener-
ate predictions as to when a component may enter its corrective
maintenance zone. These predictions can then be used as the
basis for producing the maintenance schedules, leading to
possible extensions between maintenance work on that compo-
nent and reductions in failures.

Condition monitoring has been applied with some success in
a number of areas, eg by using vibration measurement on
rotating machinery and shock-pulse measurement on rolling
bearings. The condition monitoring component of an EMS
should be capable of using this information to generate auto-
matically times for next maintenance.

Other techniques for automatically setting times to next
maintenance on the basis of sensor information are less well
developed. The problems are similar to those faced by perform-
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Fig 4: An example eta five yearly maintenance plan

,ance optimisation systems, such as MAN/B&W's Computer
Aided Performance Analysis (CAPA) system,' and by failure'
diagnosis systems, such as those developed as part of the
Condition/Performance Monitoring and Predictive Systems
(CPMPS) projects.'.' The on-line data acquisition systems that
are now being developed as part of integrated ship monitoring
and control systems that facilitate the above types of diagnosis.
could well be used for wear condition monitoring. Projects to
investigate these possibilities are still under way and others are
being proposed..

The communication component
Carrying out maintenance in an efficient manner is depend-

ent on integrating maintenance work with the other operational
concerns of the ship. In the past the communications necessary
for this integration have been carried out by engineering per-
sonnel, because any computer based support systems for en-
gineers have been isolated from the other systems. The ability
to handle this communication is a vital component of an EMS..

This component must be able to:
I. Carry out the basic task of passing and receivinginformart

tion to and from other systems.
2. Update the EMS internal information store based -oil°
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information it has received, eg update its representations
of constraints.
Interpret requests for information from other systems and
send replies.
Perform housekeeping associated with communications,
eg informing other systems of the availability of EMS,
when it is booted up.

The stock control/supplier's information
component

Of vital importance to the efficient running of maintenance
operations onboard a ship is an integrated stock control system.
Some form of stock control is available in many PMSs. These
systems can greatly improve the accuracy of orders by remov-
ing the need for the transfer of written requests and by storing
relevant manufacturers' numbers, thus decreasing errors in
transcription.

An important capability of an EMS is that it should ensure
that the spares required for scheduled maintenance are avail-
able. There are two aspects to this. The first is that the stock
control component can automatically generate orders on the
basis of the projected requirements dictated by the mainte-

Fig 5: An example worksheet
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nance plan. Given an EMS which is an integral part of the kind
of information technology environment described in the last
section, the orders produced can prescribe delivery locations
based on the voyage details available to the EMS.

The second aspect is that, using its advanced planning
capabilities, an EMS can take into account information about
the availability of components when producing plans. For
instance, if for some reason the stock control system knows that
a part required for a particular piece of maintenance cannot be
obtained, then the planner will not schedule the maintenance
until it can be.

THE USE OF EXPERT KNOWLEDGE
WITHIN AN EMS

As with a PMS an EMS contains a great deal of expert
knowledge on the components that make up the ship, and the
maintenance activities that are carried out on those compo-
nents. In the case of an EMS this knowledge has to be more
extensive and much of it has to be in a form that can be
understood by the computer. The expert knowledge can be
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incorporated into the system whilst it is being set up, but
engineers can be provided with facilities to modify it in the light
of their experience.

The description of maintenance activities
The fundamental knowledge required is that of running'

hours intervals between maintenance for activities on particu-
lar components. This is used by the planner to schedule
activities. Added flexibility is provided to allow the onboard
expertise of the ship's staff to influence the basic plan by
increasing planned maintenance intervals if they consider this
can safely be done, or by reducing them if this is likely to reduce
the risk of breakdown or excessively costly repairs. The hours
of components under condition based maintenance can be
adjusted on the basis of this information.

Information on each survey and maintenance activity should
be individually described in detail on a worksheet which can be
displayed on screen and printed out for the use of the mainte-
nance engineer. The worksheets are arranged in sections de-
signed to lead the user through the planned task in a logical
order, as shown in Fig 5 and outlined as follows:

I. safety precautions;
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HOTS: An.example weekly maintenance plan

tools required;
men and hours required;
time required;
spare parts required;
overhaul procedure;
constraints on the activity.

These items have to be stored in a form that can be inter:
preted by the planning component, so that their values can be
taken into account when plans are being produced.

In addition to the information shown facilities should be
provided for inspection reports and special notes, including
measurements and calibrations, spares actually used and notes
of any abnormality found or any inspection requirement or
feature requiring special attention. This section can be brought
up to date upon completion of the task and the information
'entered will then be available in the worksheet for the mainte-
nance engineer and planner on the next occasion when that task
is to be done.

The activity and component numbering system
The key to a maintenance system is an indexing system

which enables the computer to obtain access to the stored
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Mg 7: Anexampie 'display of voyage detail constraint Information

information about individual machines, survey and mainte-
nance tasks, components and maintenance records. One scheme
that is being used in the KBSS HIP project is a system of unique
identification codes intended to enable every survey and main-
tenance task and every machine and component part of a ship,
including tools and consumables, to be identified.

As will be seen from the examples provided, each code
number comprises three number groups of 3, 2 and 3 digits
respectively. The fast digit of the first group defines the main
category in the ship and the second and third digits define a
main element within that category, for example:

3XX = Machinery
321 = Main Propulsion Engine No 1
The second group of two digits defines ,a main component,

for example:
321.02 = Main Engine No 1, Cylinder Unit No 2
If between 001 and 009, the final group of three digits

defines the survey task, for example:
321.02.003 ME No 1, No 2 Unit, Crankpin bearing and webs

survey
If between OMIt and 0.049, a maintenance task Is defined,,

for example:
321.02.019 ME Nol, No2 Unit, Exhaust valve overhaul.

Trans 1MarE: Vol1103.. pp 365 -37.r,

Subsequent numbers between 050 and 099 are for instru-
mentation and controls and numbers from 100 to 999 are for
component parts.

USER INTERACTION WITH THE EMS'

The success of an EMS, as with all computer based support,
systems, is dependent on how easy it is to use. Great care must
be taken, therefore, in the design and implementation of the
facilities for providing engineers with access to the informa-
tion it contains.

The interactions that an engineer requires to have with an
EMS can be divided into the following areas:

Maintenance schedules. Functions associated with view-
ing and editing maintenance schedules.
Ship data. Functions for editing and inspecting data per-
taining to shipboard machinery (includingstock informa-
tion), manpower, vendors and specialised tools.
Constraints. Functions for editing and inspecting factors
that influence the generation of a maintenance schedule.
Reporting. Functions for keeping the system updated on
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work carried out and reporting changes to the environ-
ment

In addition to these user interface facilities, functions are
required for analysing data associated with maintenance car-
ried out. These are covered in various PMSs and are not
addressed here.

Maintenance schedules
The central purpose of the EMS is to generate the schedule

of maintenance that is to be carried out. This schedule is
generated automatically by the planning component of the
EMS. Structured access should be provided to these schedules,
allowing an engineer to obtain information easily about the
maintenance activities that are planned.

An engineer can be greatly assisted in locating important
information if he is provided with facilities for viewing the
maintenance plans at various levels of detail. For example,
facilities can be provided that allow an engineer to inspect
schedules over different time spans, such as 5 years, 1 year,
quarterly, monthly, and weekly. The maintenance activities
that are actually displayed in each of these time spans can be
filtered, eg in the five yearly schedule only important mainte-
nance activities such as those defined in the master list of
surveyable items need be displayed, whereas on the weekly
schedule all maintenance activities should be displayed includ-
ing daily checks. Examples of presentations of five yearly and
weekly schedules are displayed in Figs 4 and 6 respectively.

Although schedules are automatically generated it is impor-
tant for engineers to be in ultimate control. For this reason
functions should be provided in an EMS that allow an engineer
to add, delete and edit maintenance activities that are displayed
in the schedule. In addition, to assist an engineer in easily
obtaining information on maintenance activities, facilities can
be provided for displaying all the information associated with
an activity, as shown in Fig 5. In this figure the information is
displayed on top of the maintenance schedule.

Ship data
When using an EMS an engineer has to have access to all the

data used by the planner when constructing schedules. A large
portion of that information can be considered to be associated
with the ship. The following facilities associated with this
information are required:

I. Maintenance activity details. Functions for inspecting and
editing details of maintenance activities.
Component details. Functions for inspecting and editing
details of machinery and associated components.
Stock control. Functions for inspecting and editing details
of machinery parts stock.
Crew. Functions for inspecting and editing crew details.
Specialised tools. Functions for inspecting and editing
details of the specialised tools that are available on the
ship.

Constraints
In an EMS, information on the constraints that affect a plan

will mostly be supplied by other systems. An engineer does,
however, need access to this information. The reason for this is
that he needs to be able to inspect the factors that arc influenc-
ing the generation of schedules. This is particularly important
in situations where the planning component is unable to gcner-
ate a schedule that includes all the maintenance to be carried out
if all the constraints are to be satisfied.

Facilities have to be provided for entering and editing
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constraints. These may be required if one of the systems that
provides constraint information is unavailable.

Information associated with constraints can be presented in
many ways. One way that allows a user to gain a good
impression of the interaction between constraints and planned
activities is by providing the information in the form of Gantt
charts at various levels of detail as with maintenance schedules.
An example of the way in which voyage details can be
presented is shown in Fig 7.

Reporting
To ensure that effective maintenance is carried out it is

important that accurate logs of completed work and component
condition are kept An EMS can assist with this task by
providing facilities for easily entering this information, includ-
ing:

Completed work. A user should be able to enter tasks that
have been completed and the time of their completion. In
addition they should be able to enter comments on the
work carried out and hours taken. Once an activity has
been reported as completed it will be displayed in a way
that distinguishes it as such on the plan.
The user should also be able to report actual spares used.
The system will use this information to update the stock
control system.
Component condition observations. Users should be able
to enter their assessment of the condition of a component.
This can be entered in terms of a percentage of the planned
time to maintenance or in terms of hours to next mainte-
nance.
Running hours. Users should be able to enter the running
hours of a particular component. For some components
this information can be made available automatically by
using sensor data.

CONCLUSIONS

Expert maintenance systems can now be implemented which
can provide much greater support to chief engineers when
developing maintenance plans for ships. In this paper the
requirements for these systems, a high level design that meets
those requirements, the knowledge involved and the human
computer interface facilities required have been described.
These have been illustrated with examples from a system that
is currently being implemented as part of the KBSSHIP project.

At the core of this new type of 'Expert Maintenance System'
is the use of advanced planning techniques that have been
developed in work on Artificial Intelligence. These techniques
provide the power required to produce much more accurate
plans, which take into account information that may affect the
smooth carrying out of maintenance plans, such as voyage
details. They also permit easy incremental updating of the
plans to take account of changes in constraints or other influ-
encing factors.

The planning capabilities of such a system allow ready use
of condition information to produce revised plans. Even trends
generated from sensor data can be used to automatically revise
the planned 'time to maintenance' interval. By such means
maintenance plans can take precise account of component
condition and thus ensure necessary maintenance is done and
unnecessary maintenance is avoided.

Powerful management tools, with easy to use and flexible
methods for access and control of information, can now be

3:



developed using advanced computing techniques. These tech-
niques have been applied in the production of a prototype EMS.
This system indicates the potential cost savings inherent in this
particular application and the practical benefits to ship's en-
gineers and hence their ships.
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GLOSSARY

Booted up: To start or restart a computer system by
reading instructions from a storage de-
vice into the computers memory.

Domain expert: An individual who has a good working
knowledge of a particular problem area.

EMS: Expert Maintenance System.
ESPRIT II: A programme of research projects funded

by the CEC.
ETA: Estimated time of arrival.
KB S SHIP: An ESPRIT II project, whose aim is to

design, implement and integrate onboard
decision support systems for optimum
operation of ships.

PMS Planned maintenance system.
State space search: The representation of a problem as a set

of attributes, called a state, and the or-
dered search through those states LO find
one that matches a predefined goal state.

System manager: A computer system responsible for com-
munication between individual expert
systems.

Temporal periods: A time interval.
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