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Abstract

Deep water activities are essential for many industrial fields, for instance in repairing and
installation of underwater cables, pipes and constructions, marine salvage and rescue opera-
tions. In some cases, these activities must be performed in deep water and hence require
special equipment and prepared and experienced personnel. In some critical situations, re-
motely controlled vehicles (ROVs) can't be used and a human diver intervention is required.
In the last case, divers are required to perform work at high depths, which could be as low
as 300m below the water surface. Usually, this is the limit depth for commercial diving and
when operations must be carried out even deeper, ROVs remain only possibility to perform
them. In the past, the safety regulations were less strict and numerous operations on depth
of 300-350 meters of seawater were conducted. However, in the beginning of the 90s gov-
ernments and companies started to impose limits on depths of operation; for instance, in
Norway maximum operational depth for saturation divers is limited to 180 meters of sea-
water (Imbert et al., 2019).

Obviously, harsh environmental conditions impose various limitations on performed activi-
ties; indeed, low temperature, poor visibility and high pressure make it difficult not only to
operate at depth, but even to achieve the point of intervention.

One of the main problems is related to elevated pressure, which rises for about 1 bar for each
10 meters of water depth and could achieve up to 20-25 bars at required depth, while pressure
inside divers’ atmospheric diving suites must be nearly the same. Considering this, there are
several evident limitations. First is related to the fact that at high atmospheric pressure oxy-
gen becomes poisonous for human body and special breath gas mixtures are required to
avoid health issues. The second one is maximum pressure variation rate which would not
cause damage for the human body; indeed, fast compression or decompression could easily
cause severe damages and even death of divers. Furthermore, surveys found that circa 1/3 of
divers experience headache during decompression which usually last for at least several
hours and up to several days (Imbert et al., 2019). The same study indicates that majority of
the divers experience fatigue after saturation and it lasts on average more than 4 days before
return to normal. Obviously, risk of accidents increases with high number of compression-
decompression cycles.

To address these issues, in commercial deep water diving the common practice is to perform
pressurization only one time before the start of the work activity which typically lasts 20-30
days and consequent depressurization after its end. Hence, divers are living for several weeks
in isolated pressurized environments, typically placed on board of a Dive Support Vessel
(DSV), usually barge or a ship, and go up and down to the workplace using submersible
decompression chamber also known as the bell.

While long-term work shifts provide numerous advantages, there is still necessity to perform
life support supervision of the plant, the bell and the diving suits, which require presence of
well qualified personnel. Currently, most of training activities are performed on empty plant
during idle time, but obviously this approach is low efficient and costly, as well as accom-
panied by the risk to broke equipment.

To address such issues, this research project proposes utilization of simulator of plant and
its life support system, devoted to train future Life-Support Supervisors (LSS), taking into
account gas dynamics, human behaviour and physiology as well as various aspect of opera-
tion of saturation diving plants.
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1. Introduction

Since thousands of years, humans are exploring underwater environment. For example, in
the Roman Empire royal purple dye, required to colour clothes, was extracted from sea
snails, while in other cultures it was common in order to collect pearls, corals, sea sponges
but also for spearfishing (McGovern & Michel, 1985). Obviously, in the distant past only
ways to perform such activities were free-diving and in some particular cases snorkelling,
which were limiting maximum time available for underwater activities. One of consequences
of the difficulty of this kind of operation was the elevated cost of obtained goods. For exam-
ple, pearls in such antique civilizations as Roman Empire, pharaonic Egypt, India and As-
syria were considered as highly precious objects, usually available only to noble citizens
(Avial-Chicharro, 2019). Similarly, valuable red corals in Mediterranean sea were harvested
starting from 1 century BC.

Another, but less typical, activity in this time period was marine salvage. Indeed, there were
attempts to recover goods from sinked ships, but due to technology limitations many of them
had only limited success.

More recent example of marine salvage is cannon recovery from sinked Vasa ship near
Stockholm; important to note that in this case a diving bell was one of critical instruments
which allowed to conduct the whole operation (Mayol, 1996).

The situation drastically changed only after the industrial revolution with development of
more advanced diving equipment, such as more advanced diving bells, self-contained un-
derwater breathing apparatus (SCUBA) and ultimately saturation diving techniques.

1.1. First Deep Water Diving

One of main technological advances in the field of diving is development of a diving bell,
which allowed to deliver divers at unreachable for a free diver depth. This type of diving
chambers got its name due to external similarity with a bell as presented in the following
figure. This system normally foresees supply of the breathing gas for a bell from the surface
through a hose, however, the atmosphere inside can be also self-contained. An obvious char-
acteristic of this kind of systems is that pressure control is not required due to the fact that it
is always equal to the pressure of the water outside, but for the same reason it must be oper-
ated carefully to prevent fast compression or decompression illness of divers inside it, which
is especially dangerous in case of fast decompression during rising phase. Despite this con-
sideration, simplicity of construction allowed its utilization much earlier than the beginning
of the industrial revolution. Indeed, some sources state that apparatus of this kind were used
by Alexander the Great in 332 B.C. (Davis, 1934).



In any case, diving bells became widely used since the middle of the 17th century after de-
velopment of first air pumps, which was one of the most important steps in evolution of
diving bells. Main difficulties these years were atmosphere control and a lack of heating and
lighting necessary for divers.

Next significant technological breakthrough in this field was done in the second half of the
19th century thanks to development of various anthropomorphic diving dresses with helmets
as shown in the next figure. These new solutions allowed to supply an air directly to divers
through a hose, hence increasing divers' mobility.



Figure 1-2. One of first diving suites

In the same period of time techniques of carbon dioxide's removal from the air using various
chemical reactions were invented, allowing the development of completely autonomous sub-
mersible vessels and suits. Although this gas captured effect has relatively short duration,
these “rebreathers” permit to significantly increase divers' mobility. Indeed, these technolo-
gies were lately upgraded to SCUBA (Self Contained Underwater Breathing Apparatus) sets
which are used nowadays for a diving up to tens of meters.

It is interesting to note, that while most of advances in this field were economically or mili-
tary motivated, one of most known promoters of this type of diving equipment who also
contributed into evolution of diving suites and was one of inventers of aqua-lung, Jacques-
Yves Cousteau, used it extensively for oceanography (Matsen, 2009; Cousteau & Dumas,
1953).

Most recent big step was done in the middle of 20th century with invention of the saturation
diving, which became widely used at the present. This technique opened up many opportu-
nities because it allows to surpass constraints of a human body, such as maximum acceptable
pressure and compression rate. In this case, divers live in modified environment in a hyper-
baric complex above the sea surface, for example installed on a barge, and go up and down



using a closed bell. Photo of the plant of this type is shown in the next figure. Details of this
technique are presented in the next section in description of a typical plant.
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1.2. Examples of Modern Underwater Activities and Operations

In the second half of XIX century a conceptually new type of underwater infrastructure was
requested — submarine communications cable (Charles, 1898). Indeed, starting from devel-
opment of telegraph it became evident necessity to guarantee connectivity not only in bound-
aries of same land mass (e.g. continent, island), but all around the world. In that time period
the most requested communication channels were between North America and Europe. In
the beginning of XX century the underwater telegraph network expanded to connect most of
Commonwealth of Nations.

The next step of increase of importance of underwater communication was caused by devel-
opment of fibre-optic cables which much higher bandwidth. For example, while first trans-
atlantic telephonic line (TAT-1) has capacity to support simultaneously only 35 calls, first
fibre-optic line allowed contemporary utilization by 40000 users (Glover, 2005).

Most operations of installation of these cables are performed by special ships without diver
intervention, however, in case of necessity of repair autonomous vehicles and human divers
are required to fix it. Indeed, this type of infrastructure can be damaged by different factors,
starting from natural ones such as seismic activity and currents and up to artificial ones, for
example collision with anchor or fishing trawlers.

Similarly, nowadays there are numerous underwater power cables which require installation
and repairs (International Cable Protection Committee, 2011).




Among other motivations to achieve seabed in deep water there is also archaeology; in some
cases, artefacts, such as amphora or ship wreck sites are situated in non-accessible for air
diving depths (Keith & Frey, 1979).

Most known nowadays scope of offshore commercial diving activity is related to the field
of oil and gas. Indeed, oil platforms require a lot of pipeline connection work as well as
continuous support in terms of underwater inspection, maintenance and repairs (Bevan,
2005).

A quite particular field of oil extraction is that one which employs FPSO (Floating Produc-
tion Storage and Offloading). Indeed, fixed seabed pipelines have little to no economic ben-
efits in case of remote location of oil wells, or in case of their excessive depth. In this case
floating sites are used to extract, store and offload products (de Ruyter, Pellegrino & Cariou,
2005). Often, FPSOs are built on top of an oil tanker, taking advantage of its huge storage
capacity, but sometime new ad-hoc ships are built for this purpose. This approach has several
advantages respect to traditional platforms; for example, in case when oil field is relatively
small it could be economically inefficient to install a platform. Meanwhile, FPSO could be
easily relocated to new position after depletion of old field. In case FPSO, divers are usually
employed in connection and reconnection phases of operation of the ship. Indeed, as shown
in the following figure, this kind of vessels is characterized by big amount of connected
infrastructures. In particular, operation of the vessel requires installation and maintenance
of:

¢ Anchoring (mooring) in order to prevent displacements of the vessel and consequent
damage to equipment.

e Installation of production tree. As tree or “Christmas tree” in oil & gas industry is
called an assembly of spools, valves and fittings required to provide pressure regula-
tion when connecting to a well (oil, gas or water injection wells).

¢ Installation of injection trees which are required to maintain constant pressure in the
underwater reservoir.

e Connection of risers, which is a special type of piping for vertical transportation of
gases and liquids.

e Attachment of control cables and sensors.
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Figure 1-4. FPSO operation

1.3. Dangers of Deep Water Diving

Obviously, such work environment is very dangerous for several reasons: high pressure, low
temperature and visibility at first place. Indeed, pressure of water grows approximately at 1
bar for each 10 meters of sea water, hence at 200-meter depth the relative pressure is about
20 bars. The problem is that at this pressure oxygen becomes toxic for a human being, so
special gas mixtures with low oxygen concentration must be used. A typical breath mixture
contains 2 gases - oxygen and some inert gas, for example helium or nitrogen. The acceptable
mass concentration of oxygen depends on depth and decreases from normal 20% up to 4%
in case of 200-meter deepness, which usually is near the maximum for a commercial diving.
However, the main problem is not the pressure itself but compression and decompression
rates. In case of rescue operations some specially prepared divers with excellent health can
achieve such a high pressure as 20 bars in few hours and turn back in one day, but for a
normal operation of commercial divers few days for both procedures are required. In some
situations, decompression requires even one week. Obviously it is not convenient to make a
difficult for life-support supervisors (LSS) and divers compression-decompression cycle for
each work shift, especially considering that whole cycle requires many days. Indeed, the US
navy diving manual identify maximum acceptable compression and decompression rates,
which depend on the actual pressure but also requires numerous intermediate stops. Taking
average values for estimation, the maximum compression rate in case of immersion to 200m
depth would be about 30 m/hour, which makes it necessary to spend near 7 hours just to
reach the working depth. However, in case of normal operation the decompression is even
slower and corresponding rate is closer to 1-2 m/hour, and the decompression would require
almost one week. Hence, only down and up trip would require more than one week.

Considering this, the best solution which is currently used by commercial divers is to use
special high pressure living hyperbaric chambers installed on a barge or on a ship and to
reproduce artificially conditions under the sea and go down to the bottom and back up to
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make a shift using a special lift - submersible decompression chamber (SDC) — modern ver-
sion of antique bell.

Such operations are nowadays have strictly defined safety related procedures, equipment and
policies, however, as it is described in the following chapters, number of small accidents and
even fatalities in this field is relatively high.

For instance, according to the Bureau of Labor Statistics (BLS, 2019a; 2019b; 2019c) of
USA, in 2017 there were 5 fatal occupational injuries, while number of the non-fatal ones is
130, from which 110 lead to more than one-month absence from work. Considering that
estimated number of commercial divers in USA in 2019 is 3420 (BLS, 2020), it is possible
to conclude that a commercial diver in USA has relatively high probability to face severe
consequences for his or her health, considering very high level of preparation, health checks
and quality assessment of this kind of personnel.

Indeed, in order to be allowed to perform commercial diving, a person should obtain proper
certification, demonstrating that requirements are satisfied (e.g. holding a recognized diver
certificate) and accredited training program and hands-on experience have been successfully
completed (IMCA, 2020b). These courses include but not limited to underwater operations,
diving medicine, safety procedures and operation of equipment. Usually, in order to obtain
higher level of certification (e.g. to be allowed to dive deeper) it is required to have valid
certification of lower level of diving and confirmed experience of defined number of hours;
typically, each stage requires hundreds hours of courses and practice (Bruzzone et al.,
2017f).

1.4. Autonomous Systems

Apart from human interventions, in many cases Remotely Operated Vehicles (ROVs) are
used. Indeed, in this case it is possible to avoid time-consuming operations of compression
and decompression of personnel as well as related risks to health and life of personnel. Fur-
thermore, in case of utilization of autonomous or remotely controlled vehicles number of
personnel required to support operations could be lower.

In the context of the research, it is foreseen possibility of feature integration of components
suitable for training autonomous system operators. Indeed, often divers and autonomous
systems are deployed from the same vessel and their activities are coordinated. Hence, pos-
sibility to combine training of LSS, Diver Supervisor and ROV operator could be useful.
Considering this, industry of deep water operations follows other industrial sectors and tends
to employ autonomous systems in order to address safety issues (Bruzzone et al. 2017b;
Bruzzone et al. 2019b; Bruzzone et al. 2019c; Frascio et al., 2019). The next figure illustrates
virtual prototyping of an unmanned ground vehicle (UGV) dedicated to support human op-
erators in high risk areas. In this example, the system is intended to perform one of most
dangerous operations in an industrial plant and the simulation is used to support its develop-
ment. Indeed, it is possible to check different configurations, accessibility constraints inter-
actions with other systems and personnel before physical system is available, hence optimize
its development and exclude dead-end solutions since the beginning. Furthermore, once the
real system is ready, its digital counterpart can still be used to support development of pro-
cedures, test modifications as well as to train personnel without risk of creation of damage.
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Figure 1-5 Virtual prototype of autonomous system to support operation in dangerous in-

dustrial environments

1.5. Definition of Objectives

Deep water diving is complex and dangerous activity and is characterized by long-time neg-
ative consequences to divers' health even after normal operation. Furthermore, existing prac-
tice of training on real empty plants has numerous limitations and do not allow to a trainee
to experience all aspects of Life Support controls. Considering this, it is possible to identify
following principal limitations of actual procedures:

Empty but functional saturation diving plant is required for training, causing idle
costs as well as risk to damage equipment;

Empty plant cannot provide proper feedback regarding vital parameters of divers,
hence, trainee could perform potentially harmful action and do not realize it;
Practical impossibility to properly simulate emergency situations.

These issues are often make training process very expensive and low efficient. Considering
this, it is proposed development of a simulation based solution capable to address these prob-
lems. In particular, it is essential that the solution has following critical capabilities:

Possibility to reproduce all activities normally performed by LSS in life support
control rooms, including interactions with control equipment;

Realistic behaviour in terms of gas & thermodynamics;

Model of divers and their principal vital parameters as well as reactions to external
factors typical for environments of interest;

Preloading of scenarios, including both normal and emergency conditions.

Considering this, it is evident necessity to conduct proper research in order to identify par-
ticular requirements of the proposed system as well as to analyse existing solutions and tech-
nologies.

12



2. Framework of Operation

Modern commercial saturation diving foresees operation at depth up to 200-300 meters be-
low water surface and is requested principally for such tasks as construction and inspection
of underwater installations; for example, it is used in inspection of dams and platforms, in-
stallation of pipes, cables etc. (Bissett & Viau, 2003).

Considering that the whole research project addresses such specific field of operation, it is
essential to perform detailed analysis of operation of this kind of industrial plants in order to
identify requirements and to build realistic and useful solution suitable for training of life
support supervisors. In particular, this chapter presents study of:

Field of operation of saturation diving plants.

Structure of the plants and their control equipment.

Procedures.

Human behaviour, safety and diving medicine.

2.1. Saturation Diving and Typical Industrial Plants

As anticipated, when analysing saturation diving it is necessary to consider not only under-
water activities, but also operation of life support system of bell and numerous auxiliary
systems. Indeed, typical saturation diving plant contains following essential parts:

e Living chamber
Compression and decompression chamber
Submersible decompression chamber (Bell)
Rescue chamber
Bath
Auxiliary systems (locks for passing objects)
Control system
Normally, each chamber and connection trunks have their own gas mixture inputs (blow-
down) and output (exhaust), meanwhile principal chambers have connectors also for gas and
pressure analysis. Furthermore, for safety reasons some chambers have inputs for pure oxy-
gen and an emergency built in breathing system (BIBS) with masks which are used in case
of problem with gas contamination or sudden decompression. In normal operational condi-
tions BIBS's blowdown and exhaust are completely separated from the plant’s gas supply
system and BIBS gas mixture could be exhausted in chamber only in case of leakage.
Often, exhaust of gas from chambers is connected directly to the atmosphere, simplifying
discharge of the gas. However, considering relatively high price of the gas (e.g. pure hydro-
gen or nitrogen), in some cases gas reclamation systems are used. They allow to treat ex-
hausted gas with the objective to reuse it in the future. This approach allows to reduce ex-
ploitation costs of the plant but requires initial investments.
The principal idea of the gas supply system and several main components (gas cylinders,
pressure regulators, blowdown & exhaust manifolds and corresponding valves) are pre-
sented below.
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Figure 2-1 Gas supply sstem.

In order to operate at depth special gas mixtures with low concentration of oxygen are es-
sential. Considering that oxygen level depends on actual working pressure and on corre-
sponding depth and that activities are often required to be done in quite wide range of depths,
it is common practice to have available several gas cylinder packs with slightly different
mixtures. For instance, reference plant normally carries following helium-oxygen mixtures:

e Mixtures A and B for normal plant operation

e Mixture C for the bell

e Pure oxygen

The gases are stored at high pressure which could arrive at 100 bars. Typically, a mixture of
an inert gas and oxygen is used in such plants, most common combinations are:

e Nitrox (nitrogen and oxygen), it is usually used for shallow water diving.

e Heliox (helium and oxygen) — most commonly used in saturation diving. A tiny
amount of nitrogen could still be present in the chamber after initial compression
phase.

e Trimix (oxygen, nitrogen and helium) — based on Nitrox but includes helium to avoid
narcosis

e Hydrox (hydrogen & oxygen) — for more than 300m depths.

e Hydreliox (hydrogen, helium & oxygen) is an exotic gas mixture for extreme depth
diving. IT was used for instance for 1992 record 701m pressurization, which then
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required however 24 days of decompression and 2 and half months of medical sur-

veillance (Gardette et al., 1993).
In the following image it is presented a typical configuration of a living part of a saturation
diving plant installed on board of a barge. In particular, it is possible to see a minimal set of
chambers and locks required for safe and efficient operation. Indeed, the presented plant
includes a living room where divers sleep and spend most of their time, the bell or submers-
ible decompression chamber, which is required to go to the seabed, transfer chamber called
also TUP (Transfer Under Pressure) for safe operation of the bell and other auxiliary func-
tions (for instance it can be used to place toilet) and the rescue chamber. Typically, rescue
chambers are bigger than the bell due to the fact that they are required to handle all divers
for extended period of time in case of evacuation. It is important to note that the available to
the divers space is very small; for example, the living room could have volume of only 15m?
and to accommodate contemporary 4 divers. All chambers are typically interconnected by
trunks equipped with a hatch on both ends in order to guarantee safety of operation. In some
cases, transfer chamber is used to rapidly deploy a person inside the plant, which usually
occurs when a professional medical intervention is required inside and the long decompres-
sion cycle is not acceptable for the patient.

‘ Bathroom ‘

Barge

Transfer
chamber

Entry lock

Rescue
Chamber

Figure 2-2. Example of pressurized part of a saturation diving plant, view from the top.

The bells is essential for the operation of the plant; indeed, it is the only way the divers could
achieve working depth. In order to submerge the bell with the divers, first it is necessary to
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ensure that the bell’s ballast, which is necessary to avoid unnecessary displacements, is de-
ployed using dedicated winches. After that the bell could start its journey to the seabed, while
its movement is regulated by bell winches; contemporary, umbilicals for gas mixture provi-
sioning are unrolled, as presented in the following figure. The bell operation requires also
several auxiliary systems, such as hot water umbilical for diver heating, gas reclaim hose,
communication and power supply cables and pneumofathometer for measurement of the di-
vers’ depth.
There are several important considerations related to the bell management in case of emer-
gency, which are mostly caused by rapture of one of bell cables. In such situations the divers
and LSS have several possibilities to return to the surface:

e Use ballast cables to lift up contemporary bell and the ballast.

e Use umbilical to lift the bell

e Release the bell’s small ballasts to give it positive buoyancy.

Bell Ballast  Saturation
winches winches

diving plant

Umbilicals Bell cable

Ballast
cables

|-| Bell

Ballast
Figure 2-3. Underwater operations: ballast, bell, cables, winches and umbilicals.

The possibility to detach ballast from the inside the bell became essential after the Star Ca-
nopus accident in 1978, in which due to the damage to the cables the bell was dropped to the
seabed (Limbrick, 2002). In present days it would be sufficient to unpin weights from the
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inside, however, at the moment of the accident the only solution was to exit from the bell
and to do it from the outside. Indeed, the divers did not manage to open the bottom hatch
and died of hypothermia.

The most dangerous situation which could occur is fire on a vessel. In this case the bell could
not be lifted up and divers would be blocked underwater. In some circumstance, such as
permanent damage to the plant, the only hope to save the divers trapped underwater would
be in case of immediate proximity of another vessel with special rescue equipment.

As was mentioned in introduction, plants of this kind utilize special gas mixtures with lower
concentration of oxygen, while its exact value differs based on required depth of operation
and on corresponding pressure. Often, works should be performed in some range of depths,
hence, several premixed solutions with slightly different concentration of oxygen could be
used. Furthermore, a back-up supplies and separate therapeutic mixture could also be pre-
sent. Normally, gas supplies for the divers’ suits and the main chamber are different, which
allows more fine-grained control and optimization of breathing gas. Gas cylinders with the
same type of mixture are assembled in "packs" with the internal pressure which could be as
high as 100 bar.

Completely separate breathing system is done to support LSSs outside of the chambers, it
has the same composition as normal air and is used in case of presence of gases in the control
room, such as smoke.

Another aspect of plant operation is related to treatment of exhausted gases. In general, the
main possibilities are to discharge it in the atmosphere, while another option is to recover it,
at least partially for further reuse. Obviously, in the first case it is possible to save money on
additional equipment while plant’s exploitation is more expensive, while the second option
is completely opposite. Considering this, utilization of both approaches to gas exhaust can
be observed in industrial applications.

Similarly, to treat exhaled gases inside a plant, carbon dioxide scrubbers are normally used
(Nucklock et a. 1985). In normal operations their canisters must be replaced each several
hours, but this time can be reduced or increased based on specific model and work condi-
tions. Another important procedures of removal of exceed CO2 is “washing”: in case of high
concentration of CO2 in a chamber, blowdown and exhaust valves are opened contempora-
neously and the atmosphere being replaced until the concentration of a carbon dioxide is not
reduced to required level.

Another important operation which must be taken into account are related to utilization of
shower, toilet, food lock and material lock. Indeed, using of shower requires high energy
consumption to heat a water and could impact whole plant’s temperature and humidity.
Meanwhile, shower and toilet drain uses existing pressure difference to draw out blackwater,
so exhaust system is quite simple but its activation reduces slightly plant's internal pressure
every time it's being used. Furthermore, opening of such discharge valve could be quite dan-
gerous, so due to safety requirements it is mandatory to have at least two valves on each tube
- one inside a chamber and one outside, so a member of technical assistance staff or a life-
support technician (LST) outside of a chamber is required to exhaust blackwater.

Food and material locks are essential for food and object passing between external (atmos-
pheric pressure) and internal (high pressure) parts of the plant, for example to pass instru-
ments, spare parts or food. Locks are attached to a chamber's surface from outside and con-
tain two hatches and two valves each. To pass an object from outside to inside few actions
must be performed. First, lock's external hatch must be opened so an object can be putted
inside a lock, then hatch's blowdown valve must be activated to increase the pressure inside
the lock, when pressures inside the lock and the chamber are equalized internal hatch can be
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opened and an object can be taken, after this internal hatch must be closed and lock’s exhaust
valve must be opened to reduce the pressure inside it, so external hatch can be opened again.
For safety reasons all locks have special clamps/latches to prevent opening of hatches when
there is a pressure difference. So each object passing requires coordinated operation of a
diver inside the plant and a LST outside. Indeed, these locks are operating as small transfer
under pressure chambers as illustrated in the figure below.

Chamber
wall
Blowdown
valve
__Safety
latch
Lock
Internal _External
hatch ~ hatch
Exhaust
valve
Chamber Outside
internals atmosphere
(under (normal
pressure) pressure)

Figure 2-4. Material and food passing locks’ structure.

2.1.1 Control System

Control of all normal and emergency operations is performed by a LSS from control room
and it is done in several ways. First, using measurement instruments such as pressure gauges
and gas analysers to control gas's pressure, concentrations, humidity and presence of con-
tamination. Second way of operation's supervising is to use voice communication system
with personnel inside and outside of a chamber. Third option is to check divers inside the
chamber using video surveillance. In normal operations all these methods are used together
to achieve redundant control and hence maximize efficiency of operation and safety level.
Control room normally contains several control panels required to modify and check an in-
ternal atmosphere, communicate with staff inside chambers and technicians outside, regulate
SDC depth, perform supervision. Example of a modern control panel of a hyperbaric plant
is presented in the following figure.
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Figure 2-5. Typcl control anel of a saturation diving plant.

2.1.2. Control Devices, Sensors and Gas Analysers

In order to guarantee safety and efficiency of operation, it is required to have a set of precise
and certified control equipment, such as flowmeters, gas analysers, pressure gauges, ther-
mometers and hygrometers. Hereafter is presented analysis of different types of equipment
typically presented in control panels, their intended purpose and principal characteristics.
Indeed, these systems are essential for the saturation diving plant management and must be
realistically represented in the training solution.

Atmosphere Monitoring Systems

One of most used devices in this kind of plant is the atmosphere monitoring system, which
nowadays allows to connect also different sensors and to acquire almost any information
about environmental conditions inside the plant.

ANALOX
One of widely used devices, called ANALOX, allows to connect numerous remote sensors
certified for control of (Lillo & Caldwell, 2005):
e Oxygen level
CO. concentration
Pressure
Temperature
Humidity
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For any of these parameters it is possible to set a range of acceptable values in order to get
automatically an alert in case of dangerous values of some parameter; meanwhile the system
is smart enough to recognize failure of sensors and to inform the LSS.

NALOX SUB Mk Il F

Figure 2-6. ANALOX Atmosphere Monitoring System.

Considering this, the training must foresee possibility not only to use such system to visual-
ize values, but to perform also all required configurations and control. In particular, the
trainee must be capable to do following procedures:

e Properly read data

e Configuration of date and time for proper reporting

e Do tests of inputs and outputs (e.g. alarm)

e Setalarm levels:

o Low concentration of O2

o High concentration of O2

o Elevated concentration of CO2

o Dangerous concentration of CO2
Depth variation levels:

o Pressure is too high

o Pressure is too low
Of cause, this implies that trainee is capable to estimate proper values of parameters of in-
terest. Obviously, there is no requirement to employ this particular model of analyser, the
important consideration instead is to provide possibility to become proficient with atmos-
phere monitoring.
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San Giorgio SEIN UNS 10194

Another typically used system is San Giorgio SEIN UNS 10194, which includes a data ac-
quisition, logging and visualization system, displaying data on a configurable touch screen.
The system is universal and could be connected not only to the gas analysers, but also to
propulsion system, fuel consumption sensors as well as other numerous devices equipped
with CAN bus.
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Figure 2-7. Example of San Giorgio SEIN 10194 interface.

The trainee must demonstrate capability to operate different kinds of analysers, hence, to:
e Set thresholds for following alarms:
o Gas concentration
o Pressure
o Power consumption
o Temperature
Read data regarding atmospheric composition
Track position of vessel
Exhaust gas controls
Fuel consumption and propulsion data of the vessel

Polytron Drager

In some cases, it is critical to have an additional stand-alone CO2 sensor, which would reas-
sure proper measurements of this very dangerous gas. For instance, Polytron Drager CO>
detectors allow fast and accurate measurement of gas concentration. In this case operation
of the device is quite tricky; indeed, such systems usually not support connection to multiple
sensors and gas must be injected directly in the sensor. Considering this, a reference plant of
the research project is equipped with several hoses which connect most critical chambers to
the control panel; hence, in order to measure gas concentration, the LSS must connect sensor
to one of the hoses, open corresponding valve and read measured value, at the next step he
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or she must close the valve and disconnect the sensor, as illustrated in the figure below; the
valves and corresponding hoses are labelled with numbers 57 — 64.

Usually this kind of system is connected to the synaptic computer, responsible for mainte-
nance of log of all operations. In case of an accident and especially injuries and fatalities,
this log and recordings of audio communications are main documents for the investigations
(Sayer & Azzopardi, 2014)

This type of analysers is required to familiarize trainee with following procedures:
Properly read data

e Calibration
e Configure alarm
e Connect device to dedicated hose
2 -
Figure 2-8. Polytron Drager CO2 Analyser and connectors to the chambers.
Flow meters

In case of emergency it could be necessary to blow oxygen directly to the chamber, in this
situation it is essential to monitor the flow rate of gas. This task could be done by simple gas
flow meters; 4 devices and corresponding valves as presented in the figure below.
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Figure 2-9. Gas flow meter to monitor pure oxygen flow.

Temperature and humidity sensors

One of simplest yet critical devices for plant operation are thermometers and hygrometers.
Indeed, considering high pressure inside the plant the human beings inside become very
sensitive even to small variation of the temperature. Considering this, at least principal parts
of the plant must be equipped with such sensors; in the figure below it is presented a pair of
such sensors.

Figure 2-10. Temperature and humidity sensors connected to the living chamber of the ref-
erence plant.

Pressure gauges

Considering possible blackouts and malfunctions, it is common practice to have installed
traditional analogical pressure gauges connected directly to the chambers, trunks, bell and
divers’ umbilicals. Indeed, the most used way to measure depth of operation of divers is by
controlling the pressure. In order to provide fine granularity of readings in case of initial
stage of compression or final stage of decompression, it is possible to have additional gauges
with lower operational range. In such case the gauge is connected only when required. Ex-
ample of gauges in the reference plant of this research project is illustrated below.

23



;!

Figure 2-11. Pressure gauges in the control room.

Auxiliary monitoring systems

Apart from monitoring of the atmosphere it is crucial to acquire telemetry from the whole
plant in order to prevent possible malfunctions. For example, control room could include
systems to monitor power supply, check status of different main and auxiliary sub-systems
etc.

Video supervision

Saturation diving plants are characterized by very limited possibility of visual control. In-
deed, most of the time divers live in closed locks with only a couple of small portholes.
Considering this, internal video supervision is critical in order to evaluate state of the divers,
check for emergencies and supervise work activities. For this reason, modern plants are
equipped with numerous cameras installed inside chambers as well as on the bell and con-
stantly transmit video feed to the LSS. For example, the reference plant has multiple screens
connected to the video surveillance system to guarantee contemporary view of all critical
parts of the plant.
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Atmosphere regulation

The principal way of control of the atmospheric conditions inside the plant is by means of
regulation of blowdown and exhaust of gases. Indeed, it allows to control pressure, perform
cleaning (replacement) of atmosphere and compensate major part of leakages.

In the saturation diving plants the number of valves is very high. For example, each chamber
and trunk has its blowdown and exhaust valve; all gas cylinder packs with different gas
mixtures are connected to the manifold of the main panel, while their usage is controlled by
valves. Furthermore, all measurement equipment (gauges, gas analysers, flow meters) is
equipped with valves. In particular, the reference plant has almost 150 different kind of
valves on its control panel, with small part of them illustrated below.
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> (i)
Figure 2-13. Gas pipes connected to the manlfold (red) and correspondlng valves.

Depending on task a needle valve (high precision regulation) or a ball valve (low precision
regulation) could be used.

Typically, gas cylinders contain gas mixture at pressure up to 100 bars which goes far be-
yond acceptable range of internals of a hyperbaric plant. Furthermore, handling of such pres-
sure would require complex and expensive gas distribution system while risk of failure
would be elevated. Considering this, the plants are equipped with back pressure regulator,
which allow to introduce pressure drop between gas cylinders and other parts of the plant.
Indeed, by setting the regulator it is possible to reduce original pressure down to required
15-20 bars.

However, in some particular case this value could be elevated. For example, in case of dam-
age of the chamber and consequent leakage of gas, a significant pressure drop inside could
be observed. Considering that fast decompression is one of the worst thing that could happen
to the diver, the main goal of an LSS would be to compensate the drop: until personnel is
evacuated or until leakage is identified and stopped. In this case, normal gas flow could be
not sufficient to compensate the drop; hence, LSS has possibility to increase temporary the
pressure and to augment drastically blowdown. The pressure regulators are resented in the
following.
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Figure 2-14. Pressure regulators with pairs of gauges.

One of form of control of atmospheric conditions is Hyperbaric Conditioning Unit (HCU).
This system is required to heat and cool atmosphere inside, making living and working con-
ditions acceptable. The LSS is required only to setup the desired temperature and the system
would take care of its automatic maintenance.

Another important system is related to emergency operation and is called BIBS (Built-in
Breathing System). This system is typically controlled by means of dedicated valves and
flow meters and is required to deploy additional, oxygen rich, breath gas mixture, which is
used by personnel inside by wearing special masks.

Communications

Phone is the most efficient way to interact with divers inside the plant. Indeed, most critical
parts of the plant are equipped with phones. In case of malfunction of phones the LSS would
be constrained to use of one of auxiliary systems for communication, such as emergency
radio. Both systems are presented in the figure below.
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Figure 2-15. Phone (in the middle) and registering device (below).

Considering low possibility to monitor state of the divers and consequently elevated risk of
emergencies, the plants are normally equipped with always on sound transmission system;
hence, microphone installed in the living room transmits signal directly to the outside part
of the plant. This functionality allows to the staff to immediately identify possible problems
based on sounds or on their absence.

Other Controls

In order to operate properly saturation diving plant require several auxiliary systems. For
example, in order to detect displacement of the host vessel a positioning system is required.
Indeed, considering that the plant is floating while the bell is connected to the seabed by
means of ballasts, significant water currents could cause its damage or even loss. In such
case return of the divers to the surface could be problematic or even impossible.

Another important system related to the diving supervision is the underwater lighting. In-
deed, natural light does not arrive at the operational depths in any detectable quantity, hence,
artificial lights are essential to allow divers to perform their work.

Obviously, proper training and experience are required to be allowed to operate this kind of
plants.
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2.2. Saturation Diving Procedures

In the previous sections it is presented a set of equipment required to perform safely and
efficiency various operations underwater. Another essential part of this kind of operations
are procedures, both normal and emergency ones. Among normal operations it is possible
define:
e Compression
e Decompression
e Routine operations under pressure, such as cleaning
e SDC operation
e Material and food passing
e Shower and toilet usage
Emergency operations include but not limited to:
e Evacuation
Blackout
Pressure loss
Dangerous gas concentration variation
Emergency entry of personnel
e Chamber pollution
In the following are presented principal procedures related to each of this scenarios.

2.2.1. Compression and Decompression

Operation of the plant and work shift always starts from the checkout of equipment with
consequent compression procedure. During the compression it is necessary to have a pause
after initial increment of pressure; this pause allows to ensure that there are no gas losses
while the pressure is still relatively low and abortion is relatively simple. Slow and gradual
compression is required not only to replace normal breathing atmosphere, but to change gas
composition also in tissues of human body.

A diver's blood and tissues take in additional nitrogen (or helium) from the lungs during
saturation in modified atmosphere. If a pressure rises too fast, this excess gas would separate
from the solution and form bubbles. These bubbles produce mechanical and biochemical
effects that lead to a condition known as decompression sickness.

Typically, compression rate depends on the depth and summarized in the following table;
the presented values are approximate and could vary according to local regulations and
norms.

Table 2-1. Maximum compression rates.

Depth, m Compression rate, m/minute
0-20 <9

20-80 <3

80 - 230 <0.9

> 230 <0.6
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For example, if target depth is 200m and compression rate is the maximum one, the time to
achieve it would be

t=(20-0)9+ (80 —20)3 + (200 — 80)0.9 = 2 hours 36 minutes

Obviously, in real operation the compression rate is lower and whole procedure could last
up to 1 day.

Decompression phase in one of most dangerous normal operations and is done with partic-
ular attention. Indeed, while human body could adapt to relatively fast saturation, desatura-
tion requires much more time. Typical decompression rates are presented in the following
table.

Table 2-2. Maximum decompression rates.

Depth, m Decompression rate, m/hour
0-15 <0.9
15-30 <12
30 -60 <15
> 60 <138

For instance, decompression after work on 200m depth would require at least
t = (200 — 60)1.8 + (60 — 30)1.5 4+ (30 — 15)1.2 + (15 — 0)0.9 = 127hours

Hence, at least 5 days are necessary just to perform decompression. Furthermore, additional
day of medical surveillance is often required to ensure absence of negative consequences for
health of divers.

2.2.2. Routine Operations

In some cases, chamber demonstrate excessive presence of CO2 or other undesired gases and
their mixtures. In such situations it is required to perform one of following operations:

e Air cleaning

e COg2 scrubber cartridge replacement
In the first case the LSS opens contemporary blowdown and exhaust valves of a chamber,
creating gas flow while maintaining constant pressure.
The second operation requires intervention from the divers inside the plant. Indeed, in order
to remove CO; from the internal atmosphere special scrubbers are used to filter air and cap-
ture undesired gas. This operation is done by continuous filtering of air by means of replace-
able cartridges with typical duration of 8 hours. Hence, 3 times a day divers are requested to
substitute them with new one. Failure to do this operation would cause growth of CO con-
centration, which must be taken into account in the simulation.

2.2.3. SDC Operation

Operation of the bell requires a lot of attention from the LSS. Indeed, it is required to connect
or disconnect a part of the plant, ensure absence of losses, check pressures, control winches
and coordinate operations of divers and technical personnel. Indeed, this routine procedure
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is potentially most dangerous part of the normal plant operation. For this reason, there are
several typical requirements in order to perform this operation safely:

e The bell could be clamped and unclamped only by the command of the diving super-
visor and no-one else.

e Transfer chamber of the plant must be free of personnel with hatches closed.

e Bell’s hatch and corresponding plant’s counterpart must be opened for as small as
possible period.

e Stop of all operations in case of any doubt.

Following set of steps is typically required to lock on the bell:

e When the bell has been recovered on deck the diving supervisor instructs crew to
lock the bell to the plant and to secure the safety clamp to prevent undocking caused
by possible pressure difference.

e Diving supervisor ensures that trunk’s exhaust valves are closed and informs divers
in this regard

e Diving supervisor or the LSS pressurize the trunk to a minimal pressure, e.g. equiv-
alent to that one of 1 meter of seawater MSW, to ensure that there are no losses.

e Diving supervisor or the LSS pressurize the trunk to part of the required pressure
conducting short pressure test.

e Pressurization continues until value in trunk and in the bell are almost the same, after
the additional short pause for checks, the divers are instructed to equalize pressures
using dedicated valve

The procedure to lock-off the bell is quite similar:

e When divers are going in the bell they are instructed to close hatch of transfer cham-
ber and of the bell itself. The supervisor informs divers about start of lock-off.

e The diving supervisor or the LSS vent the trunk to a couple of MSW shallower than
original depth/pressure and check that there are no leakages.

e The exhaust continues until pressure in the trunk is equal to the atmospheric one. At
the end of this operation local trunk vents could be opened to guarantee equilibrium.

e The diving supervisor orders to unlock the clamp.

As mentioned, this part of operation is performed very often, however, single error could
cause serious consequences, including death of personnel inside. For instance, in 1983 an
explosive decompression of diving bell of the Byford Dolphin oil rig occurred (Giertsen et
al., 1988). In this case, for uncertain reasons, the clamp of the bell was opened right after
divers left the bell to the transfer chamber but before the trunk hatch was closed. The internal
pressure in the chambers was circa 9 bars at that moment, hence, the air violently pushed the
bell away killing one of technicians and seriously injuring another. All 4 divers presented in
the chamber at that moment were instantly killed.

In another case which happened in 1974, two divers died after weights of the bells were
suddenly detached; this event caused fast and uncontrolled lift of the bell from the depth of
100m, with the divers dragged by the umbilicals (Limbrick, 2002). Both divers died due to
fast decompression.

In the simulator part of these actions could be played by the instructor (e.g. diving supervisor,
technician staff). The trainee is required to follow procedure, pressurize and check chambers
and trucks, monitor for leakages or other anomalies as well as react to possible emergencies.
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2.2.4. Object Passing

Work shift of a saturation diving plant could last multiple weeks, hence, it is necessary to be
able to supply to the divers various objects, such as:
e food
e materials (e.g. replacement for CO> scrubbers)
e instruments
These operations are normally done using one or multiple locks, as anticipated in previous
chapter. The sequence of operations to pass object is following:
e LSS informs a technical operator about start of object passing
e Operator opens external hatch of the lock, which is possible because pressure inside
should be equal to the external one when not used
e Operator puts inside required objects and closes the hatch
e LSS notifies divers that they can pressure up the lock by opening a valve to equalize
pressures inside the lock and in the chamber
e The internal hatch opens while pressures are equal, while external hatch is blocked
e Divers take material and close internal hatch and the valve
e LSS informs operator to depressurize the lock

2.2.5. Shower and Toilet Usage

One of everyday operations performed by divers is utilization of toilet and shower. In case
of saturation diving plant such trivial in everyday life operation becomes quite complex and
require assistance of external technical personnel. Indeed, discharge of water after toiled
usage is done by pressure difference, hence, a valve which connects internal and external
parts of the plant must be opened. In particular, following steps are required to accomplish
this procedure:

e Diver informs LSS about his intention to use toilet and moves to dedicated compart-

ment

e LSS monitors compartment to detect any possible anomaly in behaviour

e Diver communicates to LSS necessity to exhaust blackwater

e LSS contacts technical personnel which opens corresponding valve
Motivation to employ such complex procedure is caused by a safety accident in the past,
when divers were enabled to exhaust blackwater by opening valve from inside of the plant;
in particular, in one case a diver had severe injuries after opening the valve while sitting on
the toilet, hence, tapping by his body a hole with huge pressure difference inside and outside.
It is important to mention that utilization of both shower and toilet facilities impacts state of
the atmosphere by increasing humidity and dropping the pressure. Evidently, such processes
must be presented in the simulation.

2.2.6. Evacuation

In some cases, the plant could not be used anymore due to safety reasons and personnel must
be evacuated. Normally, it happens only in 2 cases:

e Fire on vessel

e Sinking of the vessel
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It is important to note that fire inside the chamber is barely possible due to very low oxygen
concentration. However, fire heats the chamber making presence there impossible; in the
same time, fire and heat could damage HCU causing injection of smoke in the chamber. In
any case this operation is dangerous by itself and is performed only in critical situations.
Typical steps are following:

e LSS declares beginning of evacuation
Divers go to the escape trunk leading to the Hyperbaric Rescue Chamber (HRC)
LSS rises the pressure inside trunk so it can be opened
Divers proceed in the HRC, the last one closes the hatch the trunk and of HRC itself
LSS checks that hatches are closed and depressurizes the trunk. It is essential to un-
lock the latch of HRC and to prevent situation in which excessive pressure in the
trunk ‘shoots’ the HRC.

e Personnel of the plant unlocks HRC and emerges it in water
The rescue chamber has its internal supplies, typically sufficient for 1 day of autonomy,
while pressure and other parameters are controlled directly by divers using internal valves
and gauges. The HRC continues to float on the surface until rescue ship lifts it up and at-
taches it to another hyperbaric plant for controlled decompression.

2.2.7. Blackout

Nowadays power supplies are quite reliable, however, in some cases their malfunction and
consequent blackout could occur. In this case most of measurement equipment, winches and
video surveillance system becomes unavailable, creating risk for divers. Considering this,
the first step is to connect a backup power supply instead of the principal one. The commu-
nication with divers in this case is done visually through porthole or by using acoustic signals
by beating surface of the chamber.

In the simulation blackout would appear as sudden shutdown of video feeds, analysers and
part of communication system. Considering this, actions of trainee would include commu-
nication with personnel on site in order to restore power supply. Meanwhile, emergency
communication systems to contact divers could be used. Obviously, replies of trainee and
divers would be provided by the trainer.

2.2.8. Pressure Loss

Sudden loss of pressure is one of more common scenarios which is typically caused by fol-
lowing reasons:

e damage to portholes

e cutting of a gas pipe
In any case divers inside the plant note this situation immediately by ringing in ears, while
LSS sees it on pressure gauges and possibly by means of alarm of atmospheric monitoring
system. When the loss occur the first actions should be:

e compensate loss by opening blowdown valves and acting on pressure regulators in

order to improve as much as possible the gas flow

e move personnel in other locks
In 1975 two divers died in hyperbaric diving plant in Waage Drill 1l accident. In this situation
a gas leakage was detected between the bell and the transfer chamber (Scotland FAI, 1977).
The life support supervisor correctly instructed the divers to move to a secure location in the
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living chamber, however, after he misread the pressure value confusing it with another pres-
sure gauge and supposed that the living chamber is subjected to leakage as well. After this,
LSS tried to compensate pressure loss by opening blowdown in the chamber but continued
to monitor pressure variation on wrong gauge. During this procedure he accidentally in-
creased pressure two times respect the initial value, causing temperature rise almost up to
50°C, which killed two divers after two hours of hyperthermia.

This situation is included in the simulation, in particular, the trainer has possibility to open
a valve between some locks and external atmosphere, creating pressure drop. In the same
time trainee tries to fix the problem by opening blowdown and instructing divers to move in
another lock. Finally, trainee contacts personnel of the plant (played by the trainer) in order
to try to close different valves. At some point trainer could decide or not to stop the loss by
closing the valve.

2.2.9. Dangerous Variations of Gas Concentrations and Stratifica-
tion

Physical activity of divers and malfunction of scrubbers lead sometime to dangerous varia-
tion of gas concentration in chamber, for example to the lack of oxygen or the excess of COx.
Such cases must be carefully monitored by the LSS.
Another problem which occurs in chambers is stratification of gases. Indeed, due to partic-
ular composition of the atmosphere, gas mixture tends to separate creating separate layers of
oxygen and inert gas. This situation leads to an interesting but dangerous situation in which
divers, which are typically sleep in two ‘floors’, are contemporary subjected to hyperoxia
and hypoxia, based on their elevation from the bottom of the chamber. This problem is quite
rare, especially considering movements of air caused by divers and scrubbers, however it
should be taken into account.

2.2.10. Emergency Entry of Personnel

Sometime diver gets hurt and even if there is always at least one diver inside who is trained
in medical assistance, professional medical intervention could be required. Considering that
decompression is very slow and could be especially dangerous to the sick person, a medic
could be required to enter the plant by doing fast compression. In the simulation this opera-
tion is conducted as normal compression of one of chambers of the plant.

2.2.11.Chamber pollution

There are different ways for a dangerous substance to enter the chamber. For example, it
could be caused by divers which are turning from work shift with contaminated suits or
instruments; otherwise, malfunction of HCU could cause injection of oil mist.

In this situation the divers should be requested to move in another lock, while atmosphere
cleaning is performed until the problem is fixed.
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2.2.12.Emergency Operation Considerations

There are several different emergency situations which could occur in such kind of plants,
but gas leakage is most frequent and requires more attention. For example, it can be caused
by following main factors: breaking of a hatch or cutting of a tube. In any case, the plant
start to lose pressure at very dangerous rate and the main objective of all personnel is to seal
it and to restore the normal pressure. In such situation the divers inside must wear BIBS,
while LSS opens all blowdown valves to provide maximum gas flow controlling if the pres-
sure increases or not. After these operations divers are instructed to locate a leakage; for
example, in case of a damaged pipe, LSS and divers open and close valves to see when
leakage starts and stops. As the last option evacuation can be performed.

Another important problem is blackout; indeed, even if some of equipment is analogical or
has analogical backups, normal operation of the plant cannot be continued, hence, in some
cases even complete evacuation could be necessary. In case of a blackout LSS must instruct
technicians to connect backup power supply instead of the main one and the criticality is the
fact that there is no other possibility to restore power supply. If failure persists, divers must
be evacuated from the plant. It is important to mention that in case of missing power it is
impossible to use main communication systems or supervise execution of instructions by
divers through video cameras. In case none of existing communication systems is opera-
tional, tapping code must be used.

In some situations, emergency could be declared erroneously. For instance, according to
IMCA Safety Flash of 20/19, a crew member accidentally pressed emergency stop buttons
on oil lube pumps which caused immediate start of recovery of divers to the surface. Inves-
tigation found that the emergency stop buttons were missing protective covers and were
placed in a narrow passage.

Other dangerous situations which could lead to evacuation are sinking of the barge/ship or
fire on a ship.

Evacuation could be inevitable in case of persistent problem with the plant; in this case a
hyperbaric rescue chamber is used. An HRC is connected to other parts of the plant by an
escape trunk, which is always closed for safety reasons. To be sure that an escape trunk's
hatch is closed, pressure inside it maintained at lower level than the pressure inside other
chambers, and in case of evacuation is must be raised so the hatch can be opened. After this
procedure divers can evacuate themselves in a HRC, last diver closes the hatch, escape
trunk’s relative pressure is reduced to zero and a HRC is released from the plant. For safety
reasons a HRC and SDC have special clamps to prevent undocking when the relative pres-
sure is high to avoid high speed and potentially lethal ejection. Indeed, complete gas exhaust
from the trunk is required to prevent shooting of HRC. HRC have autonomous life support
system which can operate typically for one day and during this time another ship with a
rescue chamber must be available to lift up and rescue divers. Photo of HRC of the reference
plant is sown below.
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Figure 2-16. Hyperbaric Rescue Chamber (orange) on board.

Finally, saturation diving plants are equipped with multiple power supplies in order to min-
imize probability of complete blackout. Indeed, in such case not only sensors and winches
would stop working, but also heating system, which could be very dangerous especially for

the divers underwater.
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2.3. Underwater Medicine

The harsh environment could create various problems to the health of human beings and in
case of improper preparation or work coordination it could lead to severe injuries and fatal-
ities. Indeed, apart from accidents, the ambient conditions are the main challenge of the per-
sonnel and affect divers by following means:

e Temperature

e Pressure

e (as composition
Based on these considerations it is useful to refer to main analyses of different phenomena
and effects available in technical and scientific literature (United States Department of the
Navy, 2016; Evan, 2005; Fisher et al., 2011).
One of most complete and exhaustive documents in the field is the US Navy Diving Manual
that is a reference document for the whole sector; furthermore, it has detailed explanation of
health and safety issues which are essential for development of the simulator and for training
of LSS and LST, and this manual contains a lot of information regarding underwater physi-
ology and describes situations and symptoms of different diving disorders. While some prob-
lems are caused by specific events, such as vertigo could be caused by fast pressure change
rate, there are also problems which are caused by combination of different factors without
clearly identified cause. Obviously, such problems are less important to training of LSS even
if still must be taken into consideration. One of this problem is so-called "diver's hand" which
is illustrated below (Ahlen et al., 1998).

A

Figure 2-17 Diver's hand disorder
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In the following, there is presented analysis of medical conditions especially relevant for the
training of LSS; each case includes description, symptoms, conditions which cause it, pa-
rameters required to be tracked in order to simulate properly appearance of symptoms as
well as counter actions which LSS must do in order to fix the problem. These medical con-
ditions could occur in case of emergencies or even during normal operation and must be
realistically represented in the simulator in order to guarantee quality of training.

2.3.1. Barotrauma

Fast pressure variation is one of main causes on injures in the field of diving; indeed, external
pressure changes, especially dangerous in case of decompression are known to be one of
principal factors in accidents among divers (Lundgren, 1965). In case of rising pressure the
air in the body has much lower pressure respect to the external one and cannot be compen-
sated by natural mechanisms, while in case of decreasing pressure it is caused by impossi-
bility of the gas to leave cavities in time.
Typical symptoms are:

e ear ringing and pain

e pain in cheekbones area

e Dblood in the nose and in eyes

e dental pain
The problem is normally reported to LSS by divers. In order to evaluate occurrence of symp-
toms it is necessary to monitor constantly pressure in order to measure its variation in time.
While the exact value of pressure variation rate which causes problems depends on individ-
ual physiological reaction, in general, the values of acceptable compression and decompres-
sion rates provided previously could be used to estimate them. From the LSS in order to stop
the symptoms or at least to limit damage it is required to fix pressure at constant value.
During the normal operation of the plant it is possible to have temporary exceeds in pressure
variation rate which could cause some mild symptoms which disappear when situation is
normalized. However, especially during emergencies, barotrauma could be much more seri-
ous and chirurgical intervention or even lifetime care could be required (Becker & Parell,
2001; Tetzloff et al., 1997).
In the simulated scenario, based on level of details of 3D graphics, it could be possible to
include also visual representation of barotrauma; for instance, Barreiros et al (2017) provide
following illustration of barotrauma
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Figure 2-18 Barotrauma hemorrage

Another consequence of fast decompression which is sometime observer in the field of div-

ing is Cutis marmorata, or marble skin. Following image illustrates this disorder (Smithius
etal., 2016).

Figure 2-19 Marble skin

2.3.2. Vertigo

The alternobaric vertigo is caused usually by a difference in hydrostatic pressure between
the two cavities of the middle ear, which causes an imbalance between the vestibular systems
of the two sides. Indeed, vertigo is one of possible symptoms of barotrauma. However, it is
also a symptom of other health issues, such as Arterial Gas Embolism (AGE), caloric stim-
ulation and gas narcosis, hence, in case of communication of vertigo symptoms by the diver
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additional attention from personnel could be required in order to determine source of the
problem (Edmonds, 1971). When two vestibular systems do not operate in equilibrium sen-
sations of vertigo appear at times accompanied by nausea and vomiting. Hence, in order to
foresee symptoms, it is essential to track pressure variations. The symptoms are:

e Dizziness

e Nausea

e Vomiting
In this situation divers, as well as their virtual counterparts, communicate to the LSS existing
problem.

2.3.3. Hyperoxia and Hypoxia

problems related to oxygen concentration could be caused by its insufficient or excessive
values. For example, when the pressure is too low (hypoxia) it is possible to see following
symptoms:

e Celebral Effects

itching and redness of the hands and feet
twitching of the lips
dizziness
nausea
drowsiness
convulsions
unconsciousness
e Pulmonary effects
o difficulty in breathing
o cough and shortness of breath
Usually persons are able to communicate presence of such problems to the supervisors. In
case of too high concentration (hyperoxia):

e Uncontrolled convulsive movements similar to epileptic spasms

e Tic

In this case it is important to note that diver would most probably fail to communicate prob-
lem to the supervisor. In both cases it is important to keep track on oxygen concentration.
It is possible to distinguish different types of oxygen toxicity:

e Lungs toxicity. When oxygen partial pressure is higher than 0.5 bar it could cause
first signs of pulmonary toxicity (Bitterman, 2009). Considering this, the oxygen par-
tial pressure in saturation diving is usually maintained close but lower than this limit.

e Central nervous system toxicity. If oxygen partial pressure exceeds 1.5 bar even for
several minutes, diver’s central nervous system would cause seizure and similar re-
actions (Smerz, 2004).

Hypoxia, contrary, appears when oxygen partial pressure is too low, usually if it is lower
than 0,13 bar (Baillie & Simpson, 2007). In the simulation it could be possible to introduce
visual effects related to critical level of hypoxia, in particular, by changing skin colour to
make it light-blue as occurs in case of cyanosis, as illustrated in the following (Yassin &
Soliman, 2017).

o O O O O O O
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Figure 2-20 Anterior hand comparison between cyanosis suffering person (left) and his
brother (right)

2.3.4. CO2 Poisoning

Sometime, in case of insufficient filtering of CO2, its concentration in chamber could rise to
a dangerous value. Usually the symptoms are:

e Breathing difficulties (since the beginning)

e Respiratory spasms (after several minutes)

e Loss of consciousness and fainting (after 5 minutes)
Obviously, the symptoms are triggered by CO2 concentration, which should be carefully
logged in the simulator. Usually divers demonstrate spasms and communicate problem to
the LSS, which in its turn required to replace gas by cleaning (contemporary blowdown and
exhaust). However, it could give diver little or no warning until severe symptoms appear.
CO- concentration is usually expressed in parts per million (ppm) and should not exceed
5000pm (surface equivalent) in case of long time operation (NAVSEA, 2013); however,
corrective actions are required even if value is higher than 500ppm. In the following approx-
imate acceptable levels of CO- suitable for long exposure at different depths are presented.
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Table 2-3. Acceptable CO2 concentration at different depths of operation.

Meters of Sea Water COz2 (ppm)
50 800
100 450
150 300
200 250

2.3.5. Nitrogen Narcosis

As mentioned, in some situations the gas mixture stratifies inside chamber; in this situation
divers have risk to breathe elevated concentration of inert gas (Nitrogen, if used) which affect
the nervous system and the psychomotor capabilities (Petri, 2003). The typical symptoms
are:
Small tics and convulsive phenomena
Sense of intense well-being
Loss of judgment skills
Lack of coordination
Amnesia

e Unconsciousness
Usually, gas analysers cannot detect gas stratification, so constant monitoring of situation
inside the plant in order to detect it on video is required. The impact of this problem on
simulation could be negligible, while the symptoms could be triggered manually by the
trainer.; it is important to note that the reference plant uses Heliox mixture, hence risk of
nitrogen narcosis is irrelevant for the original plant.
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2.3.6. Hypothermia and Hyperthermia

Physiologically human body requires certain range of operation to function properly. Over-
heating and over-cooling depends on multiple factors apart from temperature itself, such as
humidity, pressure and individual characteristics. Considering this it could be pretty difficult
to estimate at which external temperature diver could start to demonstrate certain symptoms;
this events indeed could be triggered by the trainer in the simulator. However, there are
certain ranges of body core temperatures which must be taken into consideration when de-
fining operational limits. In the following table symptoms of hypothermia at different body
core temperatures is presented (Davis, 1979).

Table 2-4. Acceptable body core temperatures

Body core temperature, °C

Symptoms

35-36

Shivering, feeling of cold

32-35 Difficulty of concentration and speech, hallucinations
30-32 Coma
<30 Unconsciousness and death

A person is considered to have developed hyperthermia when the body core temperature

rises 1°C above normal (37°C). The maximum core temperature considered safe is 39°C.

43




2.4. Non-Verbal Communication

Main way of communication with divers inside the hyperbaric plant is by voice. Indeed, in
such case it is quite easy to describe problem or necessity, coordinate operations and tasks;
voice communication is done by means of phones. However, in case of malfunction or emer-
gency other types of communication are used, in particular, by hand signals, lights and tap
codes and even pull (pulling cables or buoys). Hereafter are described different forms of
communication of particular interest to the training of LSS.

2.4.1. Hand Signals

In the field of underwater diving there are used many hand gestures, which are essential for
coordination of operations and mitigation of emergencies. Indeed, in such environments it is
quite common to have no possibility for verbal communication, at the same time, it allows
to handle better malfunctions of communication equipment. Some of these gestures could
be used also in simulation of hyperbaric chamber internals, allowing to make visual repre-
sentation of the plant much more realistic. However, it is important to note, that while some
of hand signals are regulated by organization or authorities, most of gestures are defined by
teams of divers. For example, Recreational Scuba Training Council (RSTC, 2005) defines
following hand signals which could be used to communicate to LSS about problems.

Figure 2-21 Danger signal
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Figure 2-22 Something is wrong hand signal

Figure 2-23 Ear not clearing or trouble equilizing pressure signal

Figure 2-24 1 am cold singal
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According to the US Navy Diving Manual, following gestures must be used for numbers;
based on level of detail of diver 3D models, these signs could be useful also in evaluation of
capability of trainee to fast understand signs.

ke

Figure 2-25 Hand signals in SCUBA diving

Furthermore, other common but not official gestures could be introduced; for example, a
common way to indicate nitrogen narcosis is by pointing a finger to the head and do a
swirling motions with the hand.
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2.4.2. Light Signals

In addition to hand signals it is often necessary to employ flashlight in communication.
Indeed, while in some cases visibility could be so low that gestures are not visible at all,
while in another cases the light source could be used to make previously described hand
gestures more visible. In particular, following main light signals are used in the field of
diving to indicate normal state (“ok"), required attention or emergency (Prosser & Grey,

70 O
R

Attention Emergency
Figure 2-26 Principal flashlight signals

2.4.3. Tapping Code

In some cases, a universal tapping code is used for communication. For example, when a
bell is retrieved by a rescue ship it could be employed to coordinate operation with the
persons inside it. In case of the LSS training, tapping code acoustic signals could be used for
simulation of blackout and for corresponding training and evaluation of persons. Hereafter
is present a list of common bell emergency tapping codes (IMO, 1985).

Code Situation
333 Communication opening procedure
1 Yes
3 No
22 Request to repeat
2 Stop
5 Have you got a seal?
6 Stand by to be pulled
1212 Get ready to open your hatch
2323 Not release ballast
44 Release ballasts in 30 minutes
123 Increase pressure
333 Communication closing procedure
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3. State of the Art in Simulation for Training on Plants

At this moment almost all life-support supervisor training courses are carried out on real
hyperbaric plants without any person inside. This approach has some obvious constraints.
First, hyperbaric chambers most of the time are in operation and they are often in distant
parts of the world. Second, studying on a real chamber in normal conditions can not include
preparation in handling of emergency situations, but only regular ones. Third, is that each
step of trainee must be controlled by an instructor to prevent damage of the expensive and
specially certified equipment.

Considering this, the replacement of a real system by a simulator guarantees several ad-
vantages, such as costs' reduction, increase safety and possibility to repeat same scenario
many times which is impossible to do in the real world. Usage of simulators in marine in-
dustry continues to grow, and they are being used for many purposes, such as mission plan-
ning, development, evaluation of procedures, risk assessment and in training which is the
most interesting scope.

Simulators of the chambers are widely used in the medical field and allow to introduce train-
ing scenarios which could not be performed in the real world (Gaba, 2004). Indeed, simulator
can replace real equipment during a training process, avoiding costs related to plant's or
machine's idle and possible damage caused by inexperienced personnel. Considering this,
IMCA (International Marine Contractors Association) published few versions of "Guidance
on the Use of Simulators™ from 2010 which allows to benefit from advantages provided by
the simulation. In the following, several examples of simulation are provided. It should be
stated that in the specific sector of training for modified atmosphere environments there ap-
plications also in other sectors that we are going to mention dealing with space missions.

In addition, nowadays, there are new opportunities provided by technologies to use Model-
ing and Simulation within different kind of Plants and Environments; a very good example
is provided y the use of Virtual and Augmented Reality (VR & AR) able to create immersive
and interactive frameworks; it is evident that the availability of dynamic simulation provides
major advantage to these techniques creating an interactive realistic virtual world able to
evolve and react to user actions; in this sense there are interesting researches ongoing that it
was possible to investigate during this thesis as well as developments for testing related ca-
pabilities in specific industrial plant applications. Most of the cases analyzed and developed
are not strictly related to Hyperbaric Chambers, therefore the concept are applied to equip-
ment, instruments and machines that could be easily readapted for this sector and represent
a step forward for further innovation in this sector. From this point of view it is interesting
to outline that the combined use of VR & AR is currently defined as XR (eXtended Reality)
and represents any kind of mix among these two technological solutions; in facts while VR
is mostly used for training and presenting results, AR is very useful for support and service
of equipment as well as for remote maintenance. Sometimes by combining these two ap-
proaches it turns possible to create a common synthetic environment that could be applied
to different uses over the same plant or control system as it is expected to be done soon in
the sector of hyperbaric plants.

3.1. Simulators for LSS Training

Nowadays, simulation is actively used in field of underwater operations for different pur-
poses, such as training of personnel, evaluation of risks, development of procedures and
operations as well as familiarization and demonstrations. Hereafter, analysis of several re-
lated simulation-based systems is presented.
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3.1.1. DSS-100

Currently, considering difficulty of development and critical issues of such specific sector
as saturation diving, only several IMCA certified simulator exist. One of them is called DSS-
100 and produced by CKAS Mechatronics from Australia (CKAS).
The DSS-100 can simulate different aspects of hyperbaric chamber, such as activity of its
life-support system and another aspect related to immersions and bell operation. Using its
control panel, it's possible to manage many parts of a simulated plant: gas supply system,
heating system, dynamic positioning system, rescue system. All main functions of a real
control panel are simulated, such as gas analyser to control oxygen and CO2 level, digital or
analogic pneumofathometers, communication and video surveillance systems. The simulator
supports different scenarios and an instructor can change parameters of simulation in real-
time in any moment.
All presented on the simulator's panel valves are electronic, the simulator doesn't use any
gas. The panel has an alarm connected to dynamic positioning system (DP) of a ship. To
analyse concentrations of gas it is possible to connect gas analyser to nozzles, connected to
different parts of the simulated plant.
Voice communications are performed with instructor using a scrambler. Video feeds which
in a real panel are obtained from a video surveillance system, are simulated. Another im-
portant part is the logging system, which allows to register operator's action.
SimCor calculates in the real time gas equations, partial pressures, thermodynamic parame-
ters and another necessary for simulation values. The simulator has capability to operate not
only in a real-time mode, but also in the fast-time and the slow-time. Technologies which
were used to create the simulator originate from aeronautical industry.
Physically the simulator is placed in a 20" container with 3 chambers - 2 with control panels
and one with the operator's terminal as shown in the figure. 10S (Instruction Operating Sta-
tion) is in the centre and has own entrance. In other two compartments can are installed two
control panels, while 3 main types of simulator panels are available and any of these simu-
lators can operate independently from one another:

e Air Dive Control

e Closed Bell Dive Control

e Saturation Control - Hyperbaric Life Support System
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Figure 3-1. External view of ADAS saturation diving simulator.

Air Dive Control and Compression Chamber Simulator

This simulator can be installed in one of two available rooms and allows to simulate opera-
tions related to divers' breathing and training operations in Compression Chamber. Form of
the panel is shown in the next figure.
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Figure 3-2. Air dive control panel of ADAS.

Main functions are:

3 different gas sources

possibility to simulate up to 3 divers in a bell
analogic and digital pneumofathometers

02 and CO2 analysers

system of heating based on cold water supply
dynamic positioning of a ship

simulation of a video feed

smoke inside the control room
communication system

Closed Bell Dive (Saturation Dive) Control Simulator is shown in next figure and it can be
installed in one of two available rooms and have following main functions:

3 different gas sources/packs

possibility to simulate up to 3 divers in a bell
analogic and digital pneumofathometers

02 and CO2 analysers

system of heating based on cold water supply
dynamic positioning of a ship

gas recuperation system

simulation of a video feed

transferring in a trunk and chambers
communication system
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Figure 3-3. Saturation diving control panel of ADAS.

Saturation Control (Hyperbaric Life Support) Simulator can be installed in one of two avail-
able rooms and have following main functions:

3 different gas sources

possibility to simulate up to 3 divers in a bell
analogic and digital pneumofathometers

02 and CO2 analysers

system of heating based on cold water supply
dynamic positioning of a ship

gas recuperation system

simulation of a video feed

transferring in a trunk and chambers
communication system

Simulators can provide realistic conditions in emergency situations, for example fire on a
ship using smoke emission inside a control room as shown in the next figure.
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Figure 3-4. Utilization of smoke during LSS training.

3.1.2. Dive Control Simulator

The Dive Control Simulator is produced by Norwegian company PaleBlue AS which is spe-
cialized in simulation and is composed of several solutions (Pale Blue).
VR Diver
The simulator is using augmented and virtual reality and such systems as Oculus in order to
improve initial familiarization of divers with work environment, even before starting the
operations. It includes underwater environment, the bell with its controls and reproduces
optical effects.
Crew Familiarization
The system to train crew and personnel of the plant in different aspects including safety. It
allows to visit the working area including ship and to simulate different emergencies.
The Dive Control Simulator is devoted to training of air diving supervisors and is completely
virtual. Considering last aspect, it has only limited certification for training and cannot sub-
stitute completely training on a real plant. The solution employs several touch screens which
reproduce virtually all controls available on a real panel; meanwhile in order to create a video
feed from cameras several pre-registered videos are used. The simulator handles variation
of various plant parameters such as pressure and temperature. In particular, trainee is enabled
to conduct following activities:

e Diving supervision

e Checklist compilation

e Simulation of operations

e Communication with divers and crew
The workstation of instructor foresees following functionalities:

e Supervise trainee and his or her actions

e Act on operations

e Communicate
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e Generate scenarios for training including emergencies

e Invoke alerts on trainee’s panel
The system provides possibility of integration with other simulators and models, including
ROV (Remotely Operated Vehicle) simulator, VR Diver etc.

3.1.3. Dynamic Ship Positioning Simulators

In order to guarantee proper operation of plant it is crucial to guarantee proper positioning
of the plant. Indeed, water currents and wind could move the ship or barge, causing damage
or loss of the bell which could lead to death of divers. Considering this, one of important
parts of work of a LSS is related to monitoring of positioning of the vessel. For example,
NAUTIS simulator is certified for such training and is used as part of bigger software pack;
indeed, among others, complete set of applications includes positioning and navigation sim-
ulator Electronic Chart Display & Information System (ECDIS) as well as tug operation
model. The solution can be utilized with different visualization and interaction solutions,
such as desktops and multi-screen systems. The instructor is enabled to move vessels and to
modify external parameters.

3.2. Simulators for Personnel working in Modified Atmosphere

Apart from training of LSSs, it is important to take into consideration preparation of person-
nel for work inside facilities with modified atmosphere. Indeed, it is useful to give insight in
operations and difficulties encountered by various stakeholders, hence, it allows to develop
more suitable and relevant solution for training of the supervisors. Indeed, the problems to
be addressed by simulators is not limited only to underwater operations, dealing with high
pressure, but even operation in scenarios where pressure could be pretty low or zero such as
in space and aerospace operations.

3.2.1. Simulators based on real hyperbaric chambers

As was mentioned, most of training operations are performed on real plants rather than on
simulators. Indeed, almost all simulators which are used in training courses for LSS utilize
control panels connected to a real plant. Typical training program include several parts:
structure of the chamber, health & safety, operation during normal and emergency situations,
side effects for humans, typical procedures and documentation, auxiliary instruments, etc.
Some of these simulators are also used for diver's training. HYDRA and MEDUSA are sim-
ulators for divers' training which have been developed by HAUX. Simulators contain the
atmospheric control system, power supplies (main and back-up), communication system etc.
Maximum pressure is 16 bar which is equivalent to 160 meters depth. These simulators are
used by German and Swedish Navy. HYDRA is certified by Germanischer Lloyd and shown
in next figures, MEDUSA is shown in next figure. Both simulators contain 2 chambers:

e Diving Chamber" filled with water

e "Living Chamber" —dry
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Figure 3-6. Medusa simulator for saturation diving training.
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3.2.2. Aerospace Industry and Environmental Simulation

Many techniques came from the aerospace industry. ECLSS (Environmental Control and
Life Support System) is a set of equipment which allows to survive in a space. It supplies
air, water and food, maintain required temperature for a body, acceptable pressure, manage
black water.

V-HAB (Virtual Habitat) is a virtual simulator of LSS which was created for researches
related to space missions, such as ECLSS of an international space station. The simulator is
based on MatLab and 100% virtual. V-HAB contains all necessary for simulation of LSS's
operation modules, simulating dynamically all interactions with a crew (Zhukov, Czupalla
& Stuffler, 2010; Czupalla, Horneck & Blome, 2005; Czupalla, 2011).

ECLSS also is the name of a toolkit which supplies a set of components required for simu-
lation of ambient conditions and effects of LSS during missions in space. It supports fluid
dynamics, chemical and electrochemical reactions, heat exchange. It's a standard instrument
of ESA, NASA and another agency are using it to evaluate modules of the international
space station.

Most dangerous situation for an aircraft is a fast decreasing of a partial pressure of oxygen.
This situation can cause death or loss of consciousness and is known as hypoxia. Providing
a training of pilots in conditions of fast decompression while the temperature is extremely
high or low helps them to improve their awareness about possible symptoms and to under-
stand their physiological responses. An example of this type of chambers is the Falcon Alti-
tude Chamber (UK) is shown in the next figure.
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Figure 3-7. Hyp\'obaric chamber for pilot training
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3.3. Virtual and Augmented Reality for Plant Operators

Modern technologies allow to address training of high-qualified personnel in completely
different ways over plants of different types. Indeed, new generation of immersive, afforda-
ble and relatively reliable technological solutions introduced possibility to employ virtual
reality (VR) and augmented reality (AR) systems in the field of training of operators.

3.3.1. Virtual Reality

Virtual Reality (VR) is a set of technologies utilized to create immersive and interactive
simulated environments; hence, the user is isolated from the real world. Such systems are
used in numerous fields, starting from education and entertainment and up to training of high
qualified personnel such as surgeons and pilots. However, these solutions proven to be quite
effective in support of training of various on-site personnel, starting from such goals as fa-
miliarization of newbies and up to extensive training of senior staff to operate on new equip-
ment (Bruzzone et al., 2018a; 2017c).

The set of typically used equipment includes but not limited to Head Mounted Displays
(HMD), projected environments, controllers, motion platforms, motion tracking systems,
omnidirectional treadmills, haptic gloves and suits. Furthermore, often there are used com-
binations of physical mock-ups of systems with virtually projected environments, such as
CAVEs (Cave Automatic Virtual Environment). Following images shows mockup of a port
crane operator workstation installed on a motion platform, while view from the cabin is pro-
vided by projectors.

- - »

Figure 3-8 Port crane operator workstation mock-up on motion platform
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Obviously, VR has some limitations which can be overcome only partially and only by
means of additional, often significant, investments. First and most evident problems are im-
possibility to grab object and hold it, feel force feedback, properties of material, its temper-
ature etc. Partially these issues are addressed by utilization of haptic gloves and suits. In
other cases, the user could interact with physical equipment, such as mockup of a control
panel, which makes operation very immersive and much more realistic. Another important
limitation is impossibility to freely move to explore big virtual environments. Indeed, if in
cases of small control room this is not a problem, simulation of entire production line or
facility requires from person ability to walk more or less freely; this issues are often ad-
dressed by using combination of HMD and omnidirectional treadmill, however, cost of sys-
tem in this case is much higher.

There are 2 main approaches to positioning of HMD and tracking of movements:

¢ Inside-out — headset and controllers are equipped with cameras which locate external
fixed base station. This approach is used in HTC Vive and called Lighthouse.

e Qutside-in — headset and controllers are equipped with light emitting diodes which
are positioned in specially shaped constellations, so the external cameras can under-
stand spatial state of HMD and controllers. This approach is used by Oculus Rift.

Following figure demonstrates virtual environment in which trainee has possibility to move
around a production line, supervise production process and learn to troubleshoots some of
principal issues which occur in this part of the plant. Furthermore, it is possible to show
useful notifications such as list of risks and required personal protective equipment (PPE) in
order to facilitate familiarization.

Safety
Risks

Required
PPEs

Figure 3-9 View from VR environment, it includes indications of safety risks and required
protective equipment

In some cases, it is possible to employ also simplest smartphone based solutions. In this case,
an available device is used in combination with special holder which resembles traditional
HMD; hence, the application generates separate images for both eyes.
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Figure 3-10 3D model of seaport, view on Android smartphone (version for headset)

Figure 3-11 3D model of seaport, desktop computer view

Utilization of completely virtual solution for training of LSSs has however several limita-
tions. Principal consideration is that current regulations require a physical mock-up of the
control room in order to obtain maximum level of certification; indeed, familiarization with
physical feedback from control mechanisms is very important in this field. However, VR
can be used to generate videos, which are normally used to supervise personnel inside the
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plant. Considering this, VR is used in the simulator in order to provide feedback similar to
that one of video cameras. Meanwhile completely virtual solution would be limited to the
scope of basic familiarization.

3.3.2. Augmented Reality

Augmented Reality (AR) overlays virtual and real world. For example, it could introduce
text, images and animations on top of physical objects. Mixed Reality (MR) term is used to
describe more interactive AR. (Bruzzone et al., 2019d; 2019e).
Augmented reality allows to overlap virtual and physical worlds, providing interactive ac-
cess to required information, for example, visualizing instructions and manuals overlapped
with real machinery, facilitating installation, configuration and maintenance, extending ca-
pabilities of remote supervision. The set of equipment includes but not limited to smart-
glasses and smartphones, but it is important to distinguish between all-included systems such
as Hololens and simpler smart glasses which rely on external equipment to function, e.g. on
smartphone in case of Google Glass. Often, these solutions are quite expensive and too frag-
ile for industrial environments, however, trends are showing growing number of more pro-
tected and reliable AR solutions.
One of essential factors in development of AR-based system is synchronization between
physical world and augmented assets. Indeed, auxiliary information would not have much
sense in case if it is displayed in wrong location or not visible at all. Considering this, it is
important to identify principal approaches which are used for positioning and navigation in
AR:
¢ Image recognition — special images (tags) are placed in known locations in the way
that the headset is capable to understand its exact spatial state in the physical world
e Spatial mapping — some headsets, such as Microsoft Hololens, are equipped with 3D
cameras which allow to create an approximate 3D model of surrounding environ-
ment. Once this procedure is done, it is possible to guarantee that virtual assets are
maintaining properly their location respect to the physical world. This approach is
very similar to that one used by human beings to orientate
e Inertial Measurement — Most of AR-enabled solutions are equipped with special In-
ertial Measurement Unit (IMU) which allows to trace rotations and accelerations in
time. Hence, to keep track on spatial state of the system even after loss of image tag
from sight
In some cases, it is useful to employ more complex positioning and navigation mechanisms,
which are often not directly available with AR nor with VR headsets; in this case technology
of interest is the indoor positioning based on radio beacons. Indeed, this approach allows to
cover quite large areas with a system similar to the familiar GPS, while precision of posi-
tioning could be only slightly lower respect to spatial mapping. Obviously, this approach
requires additional infrastructure on site as well as dedicated receivers on portable devices.
In case such system is used, beacon coverage must be sufficient to avoid uncertainties in
positioning, as illustrated in the following example.
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1 beacon is available — asset is somewhere on 2 beacons — asset is somewhere in a ring formed
surface of a sphere with range R. with beacon in by intersection or two sheres with ranges R, and
its center. Pl‘c‘)ject.ion of th'is zone on Earth R,. Projection on Earth surface gives uncertainity —
surface is near-circular. 2 points
3 beacons — asset 15 in one of 2 points formed by 4 beacons are available — exact position and
intersection of spheres R . R, and R.. Single point elevation are known

on surface. elevation is uncertain
Figure 3-12 Positioning using beacons and uncertainity

Principal mechanism of interaction with the user in case of AR are recognition of gestures
and voice.

During experimentation there were created different tags to test efficiency of image recog-
nition in operative environments. In particular, it was found that QR codes are sometime
confused one with another due to very similar pattern of features (edges of graphics). Hence,
more complex patterns were used, one of which is shown in the following.

Figure 3-13 Example of image Target for Hololens
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Following examples demonstrate utilization of AR to provide additional information to an
operator or decision maker. In both cases, special markers are used to synchronize virtual
and physical worlds in terms of coordinates and rotations. Hence, image recognition func-
tionality of the AR headset is used. In the next image, it is possible to see a virtual 3D model
of a seaport overlapped with a nautical map. Hence, the user is able to observe additional
infrastructures, highlight storages of dangerous materials and in general have better idea
about the environment of interest and its surroundings.

Adjacent &S = CCTV
zones covered
zone

Storage
of dangerous
materials

Figure 3-15 Zoom on a specific area

The next figure demonstrates overlap of correct start sequence with a mock-up of a control
panel. In this case, the user is enabled to use hand gestures to call for start-up instruction.
This approach results quite effective in both training and support of operations.
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Figure 3-16 Capture from Microsoft Hololens: launch sequence (numbers) is overlapped
with the control panel mock up

Apart from visualization of information, it is possible to employ information about location
of person to support remote supervision. For example, following images demonstrate syn-
chronization between Hololens and virtual environment on remote machine; hence, the su-
pervisor sees same location and angles respect to the on-site operator, which is useful for
remote troubleshooting.

Despite some technological limitations, AR seems very efficient in training and support of
personnel; in the same time, recent solutions allow to employ always more devices (e.g.
smartphones thanks to ARCore) and provide more comfortable and less invasive solutions,
such as retinal projection (Kress, 2019). Indeed, nowadays it is possible to see utilization of
AR to support training in different fields, starting from golf and up to surgery (Ginters et al.,
2019; Fida et al., 2018).

In the field of training of LSS, AR could be used to facilitate familiarization with control
system by providing additional information and instructions; in the same time, operators and
on-site personnel could benefit from availability of additional source of information.
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Figure 3-17 Spatial state synhronzati between Hololens on-site and remote operator
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Figure 3-19 Conveyor belts and quality control machines in simulated production line

3.3.3. VR & AR Equipment Comparison

VR & AR could be used in different fields for distinct applications and with different effi-
ciency. Indeed, while the key idea is always the same — to immerse user in a virtual environ-
ment or to overlap physical and virtual worlds — set of technologies required to achieve goals
could be pretty different. The following table demonstrates comparison of equipment used
in this study, including capability of input and output as well as price, which could vary up
to 3 orders of magnitude between solutions.

65



Chara Google Samsung Gear Oculus Quest Oculus Rift Microsoft SPIDER

cteristi Cardboard Hololens CAVE
cs v2

Photo

==y

5 &* &

Type Smartphone Smartphone based Stand alone Computer based Stand alone Computer
based based
Price, ~10€ (without 90€ (without 360€ ~400€ ~4000€ ~40000€
approx  smartphone) smartphone)
Weight 96g (without 318g (without 571g 848q 56649 ~400kg
smartphone) smartphone)
Control - 1 6DoF controller with 2 6DoF controllers 2 6DoF controllers  Gesture Configurable
lers 5 buttons and joystick  with 5 buttons, with 5  buttons, recognition
joystick and touch joystick and touch
proximity sensors proximity  sensors
each each
Positio  Basic rotation Relative positioning Tracking of controller Room-scale tracking Inside-out Configurable
ning recognition using accelerometer position respect to of headset and spatial
and gyroscope the headset controllers by mapping

extemal sensors

Figure 3-20 Comparison of equipment employed in the research

3.4. Portable Solutions for Training and Safety

While employment of AR for training and service is quite common trend, it is often accom-
panied by introduction of other kinds of wearable and smart solutions. For example, same
data and IT infrastructure which is used to support AR operation (dedicated wireless net-
work, servers which elaborate and send data to clients, positioning and navigation system)
could be used on common smartphones, which are much cheaper, reliable and replaceable;
this consideration is especially relevant for harsh environment. Indeed, data acquisition and
distribution in both cases could be very similar if not identical.

Obviously, AR and smartphone solutions are quite different in terms of interactions — the
first ones are usually hands-free but data input capability from user is quite limited, while
smartphones require at least one hand, but often offer more comfortable and efficient way to
insert data. Considering this, it is important to note that both systems could be used in com-
bination in order to combine benefits and cover weak parts. Representation of such architec-
ture is presented in the following figure.
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Indeed, it was performed a study which employed combined utilization of Microsoft Ho-
lolens and Android smartphone, which demonstrated capabilities of this architecture. In par-
ticular, AR headset was used to demonstrate alerts and notifications to the user, overlapping
indicator to location of malfunction with real world; hence, the operator is able to see an
arrow pointing to the source of problem as well as receive indications with its nature. Mean-
while, smartphone application is capable to display much more detailed data as well as to
send feedback to the server. As shown in the following figures, it is possible to receive in-
formation about events (interventions, maintenance), see graphically trends of Key Per-
formed Indicators (KPI), have overview of critical system parameters as well as to have rapid
access to data of specific machine by means of QR-code scanner.
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Figure 3-22 Access to last events of a macine
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Figure 3-25 Fast access to machine info using QR-cbde scanner

In context of training of plant operators these systems are especially useful and adaptable.
Indeed, combination of AR and mobile solution allows to perform training and familiariza-
tion of personnel on testing environments, experiment with artificially generated malfunc-
tions and perform troubleshooting.
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3.5. Simulation for Emergency Management and Operations

As explained previously, numerous requirements to the training procedure are caused by
necessity to prepare divers to preventing, handling and mitigation of emergencies. Indeed,
LSS could face different kind of problems, starting from local malfunctions and up to sink
of entire ship or barge. Considering this, it is necessary to take into account existing simula-
tion-based solutions which address these issues. In this case it is necessary to take into ac-
count different factors, but while technical malfunctions and physiological issues are cov-
ered by guidelines to the use of simulators in this field, some psychological and behavioural
ISsues remain open.

In this sense, during the thesis it was possible to work on modelling human factors during
crisis over different complex scenarios (Ozel 1992; Lee et al., 2004; Bruzzone et al., 2015);
in this case the modelling approach adopted was dealing with creating stochastic discrete
event agent based simulation (Yilmaz, Oren & Aghaee, 2006; Bruzzone 2013; Tong et al.,
2020; Ovidi et al.,2021).

One of approaches could be to use Intelligent Agents (1A), which could represent persons
and systems, replicating their logic and reaction. For instance, intelligent agents are used to
manage crises in complex environments, such as entire cities; in such situation it is possible
to reproduce life cycle of single individuals, groups and entire society in order to obtain
exhaustive picture of a disaster consequences (Bruzzone et al., 2018b; 2020a; 2020b). In the
following image it is possible to see VESTIGE (Virus Epidemics Simulation in Towns &
regions for Infection Governance during Emergencies) simulator, which combines simula-
tion of emergencies, such as virus, flood, transport infrastructure collapse, and human be-
haviour model in order to evaluate consequences of disasters and efficiency of preventive
and remediation measures. Other simulation-based solutions could be used to forecast natu-
ral disasters (Merkuryeva et al., 2015) or to address emergencies, for instance by handling
of goods and optimization of logistic network (Bruzzone et al., 2017¢).
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Figure 3-26 VESTIGE simulator which models diffusion ofavirusin a city

69



In other cases, it could be possible to analyse data of past events in order to train a machine
learning algorithm, which would be able to trigger certain psycho and physiological reac-
tions reaction based on boundary conditions.

In fact the Simulation Team at Genoa University developed models of psychological factors
such as fear, stress, aggressiveness and fatigue as well as models of social elements including
social networks and interest groups (Bruzzone 2013).
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4. Distributed and Interoperable Simulation

Simulation of different components of a saturation diving plant requires employment of var-
lous simulation models, such as gas model, human behaviour and physiology model, 3D
model to generate video feeds similar to that one provided by cameras in real plants, various
user interface systems etc. Considering this, from the beginning of the project it was clear
the necessity to employ distributed simulation in it, in order to guarantee proper data ex-
change, event synchronization and timing of different sub-systems, not only of simulators.
Indeed, in case of common frameworks of operation of simulators and other systems, proper
integration is essential (Bruzzone et al., 2017d). In this chapter the most advanced standards
for Interoperable Simulation are presented as well as models and developments addressed
during this thesis in relation to other application fields. These models and the related exper-
imentation allowed to develop expertise for being applied also to Industrial Plants and Hy-
perbaric facilities in future.

4.1. High-Level Architecture

Necessity to promote and standardize interoperability was clear decades ago. Indeed, in 1989
a group of interested experts organized a conference named “Interactive Networked Simu-
lation for Training”, which lead to creation of Simulation Interoperability Standards Organ-
ization (SISO); the organization since than actively working on development of standards,
guidelines and promotion of interoperable simulation.

Furthermore, importance of simulation was clear for a long time also to the Department of
Defense (DoD) of USA. Indeed, starting from a new policy introduced in 1996 which re-
quires virtual prototype of all acquired weapon systems to be supplied (McQuay, 1997),
while at the next logical step the interoperability between such systems was requested, and
in this regard standardization became crucial. This consideration becomes evident consider-
ing that equipment and weapons could be acquired from distinct suppliers and manufactur-
ers, could have completely different nature and have distinct destinations. In fact, the goal
of interoperability was to allow synchronous execution and data exchange between such
systems without introduction of major modifications in already developed systems. The ne-
cessity to standardize and regulate distributed simulation is evident considering nature of the
system. Indeed, it represents System of Systems (SoS) in which every participant is devel-
oped and managed by distinct stakeholders, hence, governance of such projects could be
quite complex and require specific skills and knowledge as well as ability to coordinates
engineering of SoS (Bruzzone et al., 2017g).

Historically, to address interoperation issue, in 1993 first version of DIS (Distributed Inter-
active Simulation) standard was released (ANSI 1993), while in 1996 more advanced HLA
standard was presented (Moller & Olsson, 2004).

The main concepts of distributed simulation compliant to HLA are federation and federate.
In particular, federation is a group of federates connected to the same network, use same
type of RTI (Run-time Infrastructure) and do interactions described in the same configura-
tion file — FOM (Federation Object Model). Hence, federates are single programs which are
interoperate in federation, which could be simulators, visualization tools and federation man-
agement applications.

Execution of the common interoperable simulation in HLA is done by means of RTI, re-
sponsible for data exchange, synchronization of federates and overall federation manage-
ment. Indeed, RTI is a middleware which makes integration between simulators seamless
for the user and takes care of all required procedures. Currently, several commercial and
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open source RTIs are available; their main limitations is that different implementations do
not guarantee to be interoperable with each other. Hence, introducing inevitable overhead in
case of necessity to integrate simulator with federation which uses other RTI.

One of key features of HLA is declaration of exchangeable data by means of FOM (Federa-
tion Object Models), which specifies data structures and used interactions. For example,
SISO Space FOM is used in SEE project (Simulation Exploration Experience) organized by
NASA and Kennedy Space Center and includes principal information required to guarantee
a realistic space simulation. In particular, it includes entity name, type, status and name of
parent reference frame (textual values) as well as spatial state which is composed by position,
rotation and center of mass data (all double type vectors) and time (long integer) (Mueller et
al., 2016; Moller et al., 2017). This approach allowed to conduct numerous runs of interop-
erable simulation, shared among universities and institutions all around the world. Visuali-
zation of federation of one of this runs is presented in the figure below.

SpaceReferen...amePublisher FACENS_Space_Probe Harvester [UCF]
Environment Probe Rover

Tomato [UCF] DON SpaceStationArm [Munich]
Virtual System HLA to DON SpaceStationArm

SEE2020

Ice [Munich] S3Ws Space Master
Orbiter Simulation Team Genoa: Solar ... Master

SpaceStation [Munich] FACENS_Launching_Pad i FuelingSystem [Munich]
SpaceStation LAPA Virtual System

Figure 4-1. SEE 2020 federation in Pitch WebView.

As shown, the federation includes various simulators, responsible for modelling of distinct
tasks, which in some cases interact one with another. For example, SpaceReferenceFrame-
Publisher is responsible for correct hierarchy of different reference frames, which allows to
participant utilization of most suitable one. Indeed, object’s spatial state could be expressed
in relation to Earth, Moon, Sun, centre of the lunar base etc. While it is possible to check
raw exchanged data, in this project a dedicated 3D visualization solution is used and it is
denominated as DON (Distributed Observer Network) in the figure. In particular, DON fed-
erate functions as a proxy in order to connect 3D environment, which does not support direct
integration, to HLA federation. In the following a capture from DON is presented.
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Figure 4-2. DON view during SEE 2020 testing.

In the figure, there are shown two separate entities (asteroid and interceptor), demonstrating
successful interception of an astronomical object threatening to the other entities.

As anticipated, federates are necessarily simulators; indeed, based on requirements different
types of applications could be included in the federation. For example, it could be a com-
mand & control tactical map, introduced to facilitate governance of the scenario, as presented
in the figure below. In this case MMALT (Moon and Mars Assets Location Tool) was used
in SEE project in order to provide an example of support system for a lunar base manage-
ment. Indeed, MMALT demonstrates position and other attributes of entities, such as rota-
tional state, name, status, affiliation etc.

Initially in the project HLA was chosen as basis to provide interoperability. However, due
to constraints imposed by various subsystems and even their hardware it was decided to use
non HLA based solution which is still capable to provide similar functionality and even to
introduce other required functions.

Indeed, commonly used RTIs normally support only C++ and Java programming languages,
have lack of support of modern operation systems, apart from Windows family ones, and
have only fixed number of possibilities to control the distribution system (time advance,
interaction and object attributes sharing), while different RT1 implementations are not in-
teroperable between each other (Granowetter, 2003).
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4.2. RPC-based Systems

In many cases it is not necessary or even not possible to employ HLA-based interoperable
simulation. In such cases it is common to observe utilization of some task-specific middle-
ware, platforms and frameworks, otherwise, employment of ad hoc solutions. For example,
in some scenarios simulators could be required to share only limited amount of data, other-
wise to interact by means of specific API (application Programming Interface) with existing
systems, which would require development of a proxy to allow interactions with HLA. In
such cases overhead of introduction of HLA could compensate any advantage of utilization
of the standard.
In this situations, it could be convenient to adopt other approaches to the data exchange. For
example, interesting approach includes utilization of Remote Procedure Calls (RPC). In-
deed, RPC provides much more flexibility respect to HLA and allows to methods of simu-
lators to call directly functions of other ones (Van Steen & Tanenbaum, 2017). For example,
Apache Thrift provides communication protocol and allows call of remote procedures and
is used by Facebook for scalable high load cross-language communication between its sys-
tems (Rakowski, 2015). RPC allows implementation of various functionalities, such as call-
ing of remote methods, passing of parameters and handling of returned values. One very
useful example of this functionality is possibility to call also Graphical User Interface (GUI)
from a remote machine; indeed, during the research project it was implemented functionality
of calling of a JavaFX GUI of the gas model from the supervisor computer, adding possibil-
ities for fine granularity control on processes. In the following image it is presented an ex-
ample of RPC call with passing of a parameter and handling of a returned value; the sequence
of operations is following:

e Client program calls for a function “‘func”

e Client method stub builds call message

e Message is transmitted across the network

e Server handles data transfer and unpacks message

74



e Server method stub calls required function “func”

Client Server
Process Process
Client functions Server functions
call func(param) call result = func(param)
Client stub Server stub
call remote function call local function
RPC runtime RPC runtime
call serialization, call deserialization,
reply deserialization Network data reply serialization
oS < transfer > oS
data transmission handling data transmission handling

Figure 4-4. Example of remote procedure call.

Typically, in case of this kind of system, correctness of interactions is guaranteed by an IDL
(Interface Definition Language), which defines all callable methods and exchangeable data
structures in a single configuration file, which in this way has some analogy with HLA FOM.
In the project in order to provide interoperability within highly heterogeneous distributes
system this kind of solution is used. Indeed, while its functionality resembles HLA, the sys-
tem satisfies compatibility requirements imposed by different hardware and software solu-
tions and in some particular cases provides higher granularity of control.

While RPC systems and HLA’s RTI are developed for different purposes, they share com-
mon concepts, such as calls of remote procedures, declaration of data structures and their
transfer (Buss & Jackson, 1998). Indeed, both approaches require and support data seriali-
zation of objects in order to be transferred, exchanged data is defined in IDL or FOM files
respectively, while RTI’s time advance and data delivery mechanisms are done by means of
callbacks. Hence, while in cases when utilization of HLA is formally required or when a
new simulator must be integrated into consolidated federation it is convenient to employ
HLA, in situations when more flexible control is required it could be convenient to use ad-
hoc RPC systems.

One of architectures which can be built on top of RPC is REST (Representational state trans-
fer), which nowadays is principal mechanism of interaction with web services (Pautasso et
al., 2008; Feng et al., 2009). In this case the service would have client-server architecture
and stateless communication; indeed, no open session is maintained and all requests must
have all data required to handle it by the server. While in most of cases this architecture is
optimal, the statelessness could introduce significant performance drop for the communica-
tion system. Indeed, necessity to perform a handshake for each request, especially if connec-
tion is encrypted, and to pass all required data cause excessive load on server compared to
other approaches (Karagiannis, et al., 2015). For instance, in case of numerous and frequent
updates generated by the gas and human behaviour models as well as by readers of valves
values, this approach could cause some unwanted delays in execution. In such case, simula-
tors would be required to solicit periodically the server in order to get updates.
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In order to overcome this limitation, it is possible to employ a full-duplex WebSocket pro-
tocol (Fette & Melnikov, 2011). Indeed, WebSocket could be used for bidirectional data
exchange, so the clients would receive updates instantly and avoiding solicitation overhead.
In order to compare operation of these services it is possible to use following example. Let
the client be an atmospheric composition analyser installed on the control panel mock up. In
such case it would constantly need to have updates regarding the gas composition in some
chambers of the plant, for instance, in main living lock. Hence, in case of RESTful service
only way for analyser to obtain this data would be to constantly poll the server (e.g. every
10ms) to ask for update. Similar polling would be required even by other systems to check
values of interest, e.g. to control if diver 1 is still in main lock; obviously, if diver is expecting
to sleep for next hours it is inefficient to do frequent checks; however, absence of checks
could lead to missed events, such as sudden start of evacuation. In contrary, WebSocket
allows to establish bidirectional channel, so the server would be able to notify participants
(clients) about events of interest, avoiding significant network utilization and message en-
coding & decoding overhead. Comparison of data exchange by RESTful service and Web-
Socket is presented below.

RESTfuI
Initial || || ||
. request polling po ing polling
Server ‘ ‘ ‘
reply reply reply reply
WebSocket :
|ﬂitia| service Time

t
Server

The developed system uses RPC but supports different approaches to data exchange. Indeed,
it is possible to be subscribed to update and to receive them automatically, otherwise to poll
server to obtain the information.

Figure 4-5. RESTful and WebSocket service comparison.
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4.3. Distributed Ledger and Blockchain

In some situations, rather than run simulators contemporary, it is sufficient to have a com-
mon knowledge base, generated by various models. For example, traffic simulator could
interact with meteorological model of a region; in this case, the first program would benefit
from data about future weather conditions from the second one, in order to forecast better
traffic intensity and jams. Obviously, these models are not required to run in synchronous
way, especially considering the fact that data exchange would be only in one direction. In-
deed, while results produced by traffic model could be heavily influenced by precipitations
(e.g. rain, snow), the traffic does not have any significant impact on environmental condi-
tions. In this case, the interoperability could be asynchronous and be limited to utilization of
a shared reliable data storage. While in many cases it could be sufficient to have a common
database, sometime additional data certification functionality could be required.

Distributed Ledger Technology is a way to provide a distributed, decentralized shared and
synchronized for data storage (Harrison, 2015).

Distributed Ledger Technology is a distributed database that maintains a continuously grow-
ing list of data records secured from modifications. The most known utilization of DLT is
Bitcoin, a cryptocurrency system which uses Blockchain to guarantee data integrity (Naka-
moto, 2008) In this case, DLT is a core component of Blockchain, which is responsible for
storage of data. Indeed, the idea of Blockchain was born originally as part of Bitcoin cryp-
tocurrency, but after has outgrown it and currently has much larger field of potential appli-
cations. The name Blockchain reflects exactly the nature of this distributed data storage sys-
tem. In fact, a Blockchain consists of blocks, which in case of cryptocurrencies contain
batches of single transactions. While initial goal was to store log of financial operations, it
is possible to save in blocks any kind of information, such as documents and their digital
signatures. Indeed, availability of secured data storage allows, for instance, to publish docu-
ments on various less protected platforms, while maintaining their checksum or digital sig-
natures in Blockchain for integrity checks; hence, it would be always possible to certify
provenance of downloaded data.

For example, among projects which use DLT or Blockchain for non-cryptocurrency pur-
poses there are programs dedicated to tracing of provenance of products and spare parts,
guaranteeing chain of trust between participants of a distributed supply chain. Meanwhile, it
IS important to note, that often Blockchain and DLT functionality is misunderstood and the
technologies are used improperly, which often lead to failure of projects (Disparte, 2019).
One of typical problems of Blockchain is so-called “51% attack”. Indeed, many Blockchain
applications have open access to anyone, while writing on Blockchain is regulated by means
of consensus algorithm in which participants vote to trust or no to a new data entry. Obvi-
ously, in case of small networks malicious participants could approve saving of anything in
Blockchain.

In order to understand safety mechanisms of Blockchain it is possible to use the figure below,
which demonstrates how each block includes some new data (e.qg. list of new transactions or
potentially any kind of data) and meta information. In this case, this metadata is critical in
order to guarantee data integrity; indeed, that is exactly the header of an any new block that
confirms integrity of the previous one and of its stored data. In particular, header includes
information regarding timestamp (date & time) of creation of this particular block, hash of
previous block and hash of a Merkle tree root, which is required to verify integrity of single
transactions or data entries.
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Figure 4-6. Chaining of block in Blockchain.
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Figure 4-7. Merkle Tree.

Hashing is one of principal operations required for Blockchain operation. The operation of
hashing is quite simple and provides mapping of arbitrary input values into numbers (Fer-
guson, Schneier & Kohno, 2010). The resulting number is strictly deterministic but due to
nature of algorithm it behaves stochastically to an observer; this consideration allows utili-
zation of hash in numerous applications, especially that ones related to data verification and
integrity check.

As mentioned, DLT could be used to certify input and output data of single simulators, al-
lowing tracing of provenance of information. In particular, it is possible to store in blocks of
Blockchain information regarding source of input data (e.g. simulator name), its timestamp
(date and time of upload) and some metadata (e.g. scenario identification number, key pa-
rameters). Furthermore, additional functionality provided by modern frameworks such as
Hyperledger Fabric (Androulaki et al., 2018; Sousa, Bessani & Vukolic, 2018) allows to
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operate various types of data and provide fine granularity of access control and data protec-
tion. These considerations allowed in last years to employ DLT and Blockchain in various
fields, starting from certification of documents by public administration and up to exchange
of physical assets using special tokens. For this reason, it is necessary to study possible uti-
lization of Blockchain and DLT in the field of interoperable simulation.

Possibility to provide additional layer of data certification by means of DLT could be con-
firmed by the following example, which addresses town development and industrial plant
engineering (Bruzzone, Massei & Sinelshchikov, 2019). The presented scenario is used to
demonstrate data exchange between simulators which deal with traffic, human behaviour,
natural disasters, economic development and crime dynamics (Bruzzone et al., 2014; Bruz-
zone et al. 2017a). In this case a previously mentioned Hyperledger Fabric framework is
used. While in this demonstration only data storage functionality is used, the framework
allows future extension to introduce such Blockchain-specific applications as smart con-
tracts. Another advantage of chosen solution is possibility to write smart contracts in general
purpose programming languages instead of synthetic limited ones, typical for other Block-
chain implementations; furthermore, the contracts could be even encrypted. Indeed, all this
functions allow using HLF in various different fields, for example in food safety, contract
management, diamond provenance, rewards point management and identity management as
well as to target other business applications. Interesting property of HLF is separation of
nodes responsible for smart contracts execution (named peers) and that ones responsible for
consensus on order of operations. Hence, before writing on Blockchain, clients submit re-
quired data to peers in order to obtain signed results of the execution. After this, clients
submit signed update to the ordering service, which distributes a sequence of updated blocks
among the peers, which perform validation.

1. Proposal
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o Peer1 = ) .
2. Simulation 4

 results 4. Transaction Ordering

+ signature Delivery Servi
- X - ervice
- Peer2 |=

=

i

3. Broadcast
Endorsement

Figure 4-8. Hyperledger Fabric transaction approval procedure.

The testing scenario used for demonstration is named “RS” and employs 3 simulators, re-
sponsible for different aspects of urban development. In particular, urbanized area of interest
Is situated near state border, includes mountains and river, hence, threats to inhabitants could
have different nature, from natural to artificial one. In this scenario, player has possibility to
investigate impact of its investments on city development, by activating industrial plants,
power plants, developing tourism etc. Indeed, user must take into account numerous factors
and consequences of his actions, for example, of budget planning, human development, pop-
ulation growth, criminal situation and environmental sustainability of the city.
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In this demonstration 3 simulators are used to reproduce specific aspects of this urbanized
area, while interoperating by means of Blockchain. In particular, the simulators demon-
strated mutual influence caused by reading and writing of information on distributed ledger;
in the same time, it was confirmed possibility to block unauthorized access and to identify
and avoid tampered data entries. In order to overcome performance limitations of Block-
chain, a dedicated MySQL database (DB) was used to store simulation results, while Block-
chain is used to store its checksum and metadata as shown in the following figure. Hence,
every time a simulator reads data from DB, it calculates checksum and compares it with that
one stored in Blockchain. The data is stored in database in JSON (JavaScript Object Nota-
tion) format.

Obviously, interaction between sub-systems of the simulator must be in real-time, which
requires different types of middleware in order to provide communication. However, such
information as meteorological conditions, sea currents and status of surrounding infrastruc-
tures could be obtained from external sources. In this case utilization of Blockchain should
be taken into account as one of possible mechanisms for the certified data exchange.

Database Simulator

1. Request of Data

2. Search
for Data in
3. List of Data Blockchain
4. Search for
Best Hash

5. Request complete Data
by Hash

6. Complete Data

Figure 4-9. Combination of DLT and DB usage for testing scenario

In the case study, introduction of Blockchain or DLT-based solution could be used also to
certify training, for instance, by storing in tamper-proof way key information about simula-
tion parameters, date and time, trainee data, events etc. Indeed, storage of all exchanged
information could be quite computationally heavy, however, partial logging could be good
compromise in this case. In particular, it is possible to connect the Blockchain to the data
exchange system in order to periodically acquire most critical information, sign it with a
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cryptographic key (e.g. RSA) and store data or its hash in safe way. Example of such data
block is presented below.

Timestamp (Unix) Simulation state Signature

Figure 4-10 Dataframe saved in blockchain

4.4. Proxies and Gateways for Distributed Systems

Possibility to integrate different simulators, applications and even hardware components to
a distributed system is essential for deployment of the system of interest. Indeed, in order to
develop an environment with mock-up of physical control panel, simulator of gas dynamics,
human behaviour model and simulated video, it is critical to guarantee proper communica-
tion between all its component. However, in practice all data exchange infrastructures used
to establish communication between single nodes have limitations and often it is required to
introduce additional modules to be able to connect some or even all components into unique
system. Furthermore, in some cases even standardized solutions do not foresee proper in-
teroperability between implementations created by different vendors. For instance, well es-
tablished and consolidated HLA standard miss possibility to connect solutions developed to
run with different RTIs; this problem is already addressed by developers, however, solution
of this problem is still not available (Moller, Antelius & Karlsson, 2018). In other cases, the
solution used to create distributed system could have no support of programming language
of a specific software; such difficulty occurs for instance when it is required to connect a
Unity 3D environment, which uses mostly C# programming language, and commercial HLA
RTIs, such as Pitch or VT MAK, which lack support of C#.

Another example which illustrates necessity of an intermediate proxy is related to connec-
tivity to specific hardware solutions. For instance, in case an equipment is controlled by a
microcontroller or simple System-on-Crystal solution, it could be impossible to guarantee
proper data exchange in terms of connectivity, security or encoding and decoding. In such
cases a proxy, which could be a HLA federate or Object Request Broker of CORBA, is
required to connect a simulator, model or physical equipment to the distributed system, as
illustrated in the figure below.

Distributed

HLA Federate . Simulator
Object Request . Equipment
Broker

Figure 4-11. Connection of a node to a distributed system through a proxy
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4.5. Other Distributed Simulation Systems

Sometime distributed simulation is used simply to share available unused computational
power in order to ‘donate’ it to some task which owner of computer considers worthy. For
example, such middleware as BOINC allows to perform distributed computing and to con-
tribute in various important projects, such as analysis of data from Large Hadron Collider
(Karneyeu et al., 2012) or in various medical research (Hand, 2010). Another interesting
example of similar nature is Folding@Home, which became popular during COVID-19 pan-
demic (Zimmerman et al., 2020); in particular, the system is used to simulate and evaluate
impact on different drugs on the virus. The project became so popular that it was the first
system in history to surpass 1 exaFLOPS (FLoating point Operations Per Second) of com-
putational power, and in the middle of April 2020 it even surpassed capacity of all TOP500
world super computers combined (Broekhuijsen, 2020). Interesting aspect of the last system
is that contrary to high-performance supercomputers, it is composed mostly by home or of-
fice personal computer and notebooks. Indeed, this consideration shows possibility to con-
struct complex data processing systems using relatively simple, general purpose compo-
nents.
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5. System Requirements

One of the benefits of using simulators according to IMCA is reduction of LSS training
course duration. Indeed, this is caused by the fact that in case of practice on the real plant in
the usual way, only normal operation can be studied, while using a simulator the number of
events and emergency situations can be significantly increased. For example, instructor can
invoke a fire and evacuation scenario, start gas leakage and equipment malfunction improv-
ing therefore the preparation of future LSS. For this reason, LSS which is studying on a
simulator requires two times less time of practice to be able to attend to an IMCA certifica-
tion.

Main document which describes requirements to simulator to be certified is IMCA Guidance
on the Use of Simulators. It describes types of simulators which can be used in the marine
contracting industry for training and gives a definition of a simulator as the creation if certain
conditions by means of a model, to simulate conditions within the appropriate sphere of
operations. But there are many applications of simulators besides training. They can be used
to perform work planning, research and risk assessment. Main difference between simulator
and e-learning systems is high realism level of simulator, which can mimic real world, while
e-learning can teach to handle only limited set of operations and situations. Different classes
are identified to distinguish levels of simulators, for example 4 levels of LSS simulators are
presented.

It is important to notice that it is not required to simulate precise gas propagation between
chambers or through pipes using fluid dynamics. So at the moment when a hatch is opened
it is acceptable to have instant temperature and gas concentration redistribution.

From the point of view of LSS system consists of 3 principal elements: hyperbaric plant,
control room and HCU. There are also 3 secondary systems which are controlled by LSS
indirectly: gas storage and distribution system, back-up power supply system and control of
SDC position using winches. The last one in some cases is controlled from the control room.
Normally 3 winches are presented: for SDC, ballast and one for emergency situations. In
any case winches control requires coordinated work of LSS and technicians outside of the
chamber.

Simulator must be able to perform following main activities: compression and decompres-
sion of each single chamber of lock, provide information of O2 and CO2, support actions
required to clamp SDC, handle fire or pollution, blackwater exhaust, control of winches and
emergency situation with SDC. Following physiological problems of divers must be simu-
lated: gas concentration problems (oxygen toxicity, anoxia, CO2 poisoning, O2 poisoning,
nitrogen narcosis and neurological syndrome of high blood pressure; barotrauma, hypother-
mia, hyperthermia, regurgitation in water. Simulated divers have to start to demonstrate
symptoms of illness after the command of instructor or plant’s state change.

Instructor can act on plant atmosphere in real time, for example to cause gas leakage or
pollution. Both LSS and instructor can change plant's conditions, but to maintain right valves
positions instructor can't have any possibility to operate with panel's valves. Otherwise, LSS
can act only these valves.

As was mentioned above main scope of simulator is to provide high realism level, because
it directly impacts the effectiveness of the training course. To obtain maximum efficiency of
training instructor must be experienced not only in equipment usage, but also have deep
knowledge of the operations being simulated and simulation usage. Another requirement is
good communication skill of instructor, well-structured lesson plan to the activity, objective
evaluation and feedback from the instructor.
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It is very important to ensure that work in safe environment does not lead to any unsafe
action which trainee could repeat after working on a real plant, creating dangerous for divers'
health situations and causing equipment damage. One of the possibilities to do it is to make
debrief after training.

Depending of various visual parameters, realism, fault implementation and logging simula-
tors can be distinguished in 4 classes: A, B, C and S, where the first one is closest to the
typical plant control system. Detailed set of requirements is presented in the next table.
Because developed simulator will be used for LSS training and certification it is strictly
required to satisfy all class A certification criterion. It means that functionality of simulator
must completely correspond to the real plant as presented in the following tables.

LSS operation can be divided in activities, for example planning, equipment checks and
calibration, change of gas mixture, decompression etc. So it is required from simulator to
allow LSS to perform all typical and emergency activities.

IMCA developed a set of scenarios for use in training of LSS and other personnel on control
panels. Each descriptions of scenario contain an overview and possible deviations to provide
a basis for the development of more detailed training procedure by a company or training
establishment according to IMCA offshore diving supervisor and life support technician
schemes.

Table 5-1. Simulator requirements

Simulator Class Operator Interface | Visuals Environmental Real-
ism

A Real World Representation of | State of the sea

Utilizes an accurate physi- viewports/port- |External factors

cal holes Conventional

representation of the con- Lighting controls |communications

trol room equipment, realis- Camera controls |systems

tic physics, suitable visual External systems

feeds. (e.g. bell clamping)

B Comparable Representation of | State of the sea

Similar control room equip- viewports Limited external fac-

ment, realistic  physics, Lighting controls |tors

basic visuals Camera controls | Limited communica-
tions systems
Limited external sys-
tems

C Dissimilar Lighting controls | State of the sea

Similar control room equip- Camera controls | Limited external fac-

ment, basic physics and tors

limited visuals

S System Specific

System specific hardware

Table 5-2. Simulator requirements (continue)
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Simulator | Behavioural Real-|Fault, Error and|Logging Scope of Use
Class ism Failure Generator
A Accurate gas and|Extensive fault in-|Compliant IMCA D|Advanced
thermo dynamics |troduction with re- 013 — IMCA offshore |training
Accurate  subsys- alistic flow on ef-|diving supervisor and
tem and instrument | fects life support technician
behaviour schemes
B Basic gas and|Limited fault Compliant IMCA D Basic training
thermo dynamics | introduction  with|013 Concept famil-
Basic  subsystem|limited flow on ef- larization
and instrument | fects Task rehearsal
models Equipment
familiarization
C Basic gas dynamics | Limited fault intro- Not logged Concept famil-
Limited subsystem | duction larization
and instrument
models
S Not logged

Considering this requirement, it is possible to create different versions of the same simulator,
suitable for different purposes. For instance, it is possible to construct full scope simulator
to be used for certified training in fixed or rarely change place (class A) and a limited version
for familiarization in class or to demonstrate in exhibitions (class C or S).
Indeed, considering modular nature of the system, it becomes possible to employ only part
of its components in order to perform same actions a LSS is expected to do in real control
panel, but using completely virtual duplicate.
In the following, it is possible to observe more detailed list of requirements which IMCA

imposes to simulators in order to be certified for advanced training (class A).

Table 5-3. Required features for class A certification by IMCA

Item

Requirement 1/2

Controls and displays are to be arranged in a similar way to an offshore control panel

Dive controls and displays are emulated

Bell/diver gas controls are equivalent to those used offshore

Gas reclaim systems respond in an equivalent manner to those used offshore

Analogue gauges operate in response to simulated actions

Analogue gauges are represented by graphic representations

Digital gauges operate in response to simulated actions

Digital gauges are represented by graphic representations

O o N OO o B WIN

Gas analyzers display gas quality from multiple sources

[EY
o

Gas analyzers contain adjustable alarms
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Item |Requirement 2/2

11 Flow meters demonstrate flow rates

12 The supervisor can select between camera available views

13 Divers behave as divers would

14 Divers respond to request from dive control

15 DDC controls are available

16 Hot water pumps are simulated

17 Hot water pump warnings are adjustable

18 Dynamic position warning lights look and operate conventionally

19 Hydrocarbon warning devices are available

20 | Smoke generation is available in the control room

21 Visual representation of bell and clump ‘line out’ is available

22 Simulated black box recording is available

23 Communications devices are equivalent to those used offshore

24 Multiple communication devices are routed through one device

25 Communication devices are emulated or output to computer speaker

26 Communication devices simulate and adjust voice anomalies resulting from pressure
or gas variation

27 The supervisor can control diver lights and cameras

28 | Accurate representation pneumofathometer identifies and displays simulated diver or
bell depths

29 Basic representation pneumofathometer identifies and displays simulated diver or
bell depths

30 Navigation data is displayed through a survey screen

31 Navigation data is delivered as a representative view

32 Simulated trunking can occur

33 A separate instructor’s station is provided with video surveillance

34 Students’ actions are recorded

35 The instructor has control of all the variable outputs/readouts on the simulator

36 Simulator physics engine responds to instructor manipulation

37 The instructor is able to communicate with the supervisor as another entity (i.e.
bridge, crane operator, etc.)

38 The instructor is able to fault or trigger faults during a simulation

39 | Theinstructor is able to control diver depth
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Fulfilment of presented above requirements is essential for obtaining certification of the final
system for LSS training activity. Considering that this is exactly the main goal of the research
project, each step of development since the beginning was accompanied by verification of
presented requirements. Apart from requirements to the system, IMCA identifies list of pro-
cedures which should be possible to perform on a simulator, with main actions and steps
summarized in the following. These operations are intended to train different kind of per-
sonnel, indeed, some scenarios are intended only to diving supervisor or to LSS with LST
(Life Support Technician), hence, based on scope of the simulator only some of them could
be implemented.

Table 5-4. Training scenarios

ID Name Main target personnel | Goals
1 |Pre-dive planning — Diving Supervisor Check essential knowledges of trainee, control
briefing room checks
2 |Set-up of air dive Diving Supervisor Check and calibration of panel equipment
control/panel
3 | Set-up of saturation|Diving Supervisor Check and calibration of panel equipment, bell
diving control panel and vessel alarm, gas analysis
4 | Bell diving Diving Supervisor Move divers from transfer chamber to the bell
and its sealing
Bell launchrecovery | Diving Supervisor Bell deployment and recovery
Air Diving Diving Supervisor Deploy and recover diver
Pre-saturation LST/LSS/Diving Control room and external equipment checks
checks Supervisor
8 | Panel checks LST/LSS/Diving Provide gas supply to the panel
Supervisor
9 | Analyser setup and|LST/LSS/Diving Calibration, check of gas composition in cham-
Calibration Supervisor bers, alarms setup
10 | Life support startup |LST/LSS/Diving Control and setup of HCU and scrubbers
Supervisor
11 |Chamber blowdown | LST/LSS/Diving Gas selection, initial blowdown and leakage
Supervisor check, pressurization to required value
12 |Maintaining storage LST/LSS/Diving Maintenance of level of pressure, temperature
depth Supervisor and humidity
13 | TUP procedures LST/LSS/Diving Diver transfer between bell and transfer cham-
Supervisor ber
14 |Sealing  chambers LST/LSS/Diving Sealing truncks, pressure equilization
and trunks Supervisor
15 |Changing over of LST/LSS/Diving Line venting & pressurization, disconnection of
gas mixes Supervisor one gas supply and connection of another one
16 | Decompression LST/LSS/Diving Su-|Complete decompression procedure
pervisor
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All presented scenarios include remediation of possible deviations, such as missing docu-
mentation or marking of equipment, leakages, diver sicknesses, equipment malfunction, ab-
normal gas concentrations, fire etc.

5.1. Goals and Tasks

As mentioned previously, the main goal of the project is to develop an innovative simulation
solution suitable for training of Life Support Supervisors responsible for saturation diving
activities. Considering this and the requirements to the system imposed by certification au-
thority, it is possible to identify following principal subsystems which must be included in
order to attain all requirements:

e Gas dynamic model

e Human behaviour model including physiological reactions

e Mock-ups of real equipment to be used as user interface for trainee

e Instructor command interface
Furthermore, all subsystems must be integrated in order to interact with each other. For ex-
ample, when trainee rotates a valve on a mock-up panel, gas dynamic model has to receive
corresponding signals in order to recalculate gas composition in different parts of the plants.
Meanwhile, virtual divers in the plant must provide realistic feedback to actions of the oper-
ator, which could be vocal notification of ringing in the ears due to rapid pressure growth.
Furthermore, it is required to provide a communication functionality in order to be able to
interact with virtual divers. In this case, due to unnecessary increase of complexity due to
speech recognition, voice generation and behavioural logic, it was decided to allow to a
trainee to use replicas of internal phone communication system to speak directly with the
instructor. Obviously, it creates some additional work for the operator.
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6. Principal Simulation Models

The simulator is a complex system composed by a set of sub-systems, developed by different
stakeholders and required to interact with each other in order to guarantee proper training
experience. Indeed, the main components are gas dynamic model, human behaviour model,
control panel mock-up, instructor workstation and infrastructure required to guarantee
proper interaction between other sub-systems.

6.1. Gas Model

First task in creation of the simulator model is an analysis of gas distribution system in the
existing plant. This system consists of gas cylinders, tubes with valves and different volumes
such as chambers, trunks and locks. Furthermore, there are several manifolds where gases
are mixed.

Another consideration is that there are different types of valves in the plant. First is a sphere
valve which is used to control gas flow, second is a needle valve required to switch off some
measurement equipment and the third is back-pressure regulator required to reduce pressure.
Typically, pipes have a diameter less than 1 inch (2.54 cm), so their volume is negligibly
small.

Considering this, physical model can be represented as a mathematical graph as shown in
the following figure where tubes are represented as arcs and all other parts of a plant includ-
ing surrounding atmosphere, are represented as nodes (Van Steen, 2010). This kind of rep-
resentation simplifies development of system, modification of configuration and initializa-
tion; indeed, only key parameters of nodes and arcs are required to build the system while
graphical representation resembles plant’s P&ID which makes it easier to control.

This approach allows simplification of calculation of gas transfer, because only one step is
required to find a flow between two connected nodes. In particular, gas containing cylinders
are marked as G, while pressure regulators are labelled by P, while other plant components,
such as manifolds, chambers and external atmosphere are labelled as M, C and A respec-
tively.

89



' Y

Gas
Cylinders Manifold Living Manifold
Chamber
FPressure }

s, A
Regulator

- R | . o
*[ ‘Wj Rescue

E— . > Chamber P Atmosphere

©-0& OO ¢
@ @

Figure 6-1. Representation of gas distribution system (part) as a mathematical graph

To describe an ideal gas flow inside a tube at subsonic speed Bernoulli equation can be used

/2 P, — P
FlOW = %STUBE

where P1 and P2 are pressures in two nodes, p is a density of gas in a node with highest
pressure and Stuge is a cross-section of a tube. It is important to consider an aperture angle
of a valve, which affects cross-sectional area of a tube. In case of a sphere valve it can be
done multiplying calculated flow by
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dZ
SVALVE = STUBE(]' - COS(“)) = 77.'?(1 - COS(a))

where a is an aperture angle of a ball valve.

Presented above flow equation has obvious limitations caused by properties of the gas dis-
tribution system. Indeed, taking into account gas viscosity, effects caused by turbulent flow,
tube and joint rugosity and other parameters, it is possible to setup an upper bound of speed
of gas in pipes, which was confirmed by experimentation conducted in collaboration with
subject matter experts.

In order to avoid errors caused by too big calculation time step, which is equal to 10ms and
could be too long in case of rapid transitory processes, such as break of a pipe and sudden
fast gas leakage. To address such issue, the calculation of flow employs Riemann sum to
find numerically gas flows (Davis & Rabinowitz, 2007), which foresees division of the ini-
tial time interval in steps of reduced duration. In this particular case it was decided to divide
intervals by 2 at each iteration k:

At = (tnewz_k told)

Hence, first iteration is done using time interval Az, while the consecutive ones could be 4¢/2,
At/4, At/8 etc. When applied to the gas flow, the method performs immediately two calcula-
tion steps, one with time interval A¢ and another with A4#/2, consequently comparing results.
Than the difference between obtained values is compared to be less than 10%; if so, the flow
calculation is decided to be completed and the last obtained value used to address mass
transfer and further recalculations related to gas and thermodynamics. Otherwise, following
iterations with higher k are invoked; to address possible errors, k is limited by maximum
value equal to 10.

In order to prevent modifications of the plant state during operations, capture and restore of
atmospheric parameters is implemented using Memento pattern (Gamma et al., 1994). In-
deed, this technique allows to take a snapshot of an object/class and restore it later without
violating its encapsulation. In case of the gas model it allows to store state in the nodes’
internal classes, perform calculations of flows in connecting pipes and to restore or not initial
state based on necessity to perform additional iterations. Indeed, in case when remaining
error is small enough, the last calculated state remains and the calculation proceeds with
another pipe and pair of nodes. Considering this, the calculation process could be illustrated
as presented in the following flow chart.
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Figure 6-2. Flow calculation sequence.

The next figure illustrates process of creation and reverting processes performed implement-
ing Memento pattern. It is possible to observe, that a Node object is capable to create an
instance of Memento class which contains values that must be saved; when required, external
client could call this procedure as well as that one required to restore previous state. In case
if entire state should be transmitted to other participants it would be convenient to serialize
the objects of interest, which would facilitate data exchange. However, in this case this re-
quirement is absent, hence, faster procedure consisting of copy of object variables to provide
save & restore functionality is implemented (Maeda, 2012).
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Figure 6-3. Memento pattern implementation in gas simulation

Another critical parameter of the plant is temperature inside chambers. Typically, it is af-
fected by climate control unit, presence of divers and some equipment as well as by variation
of pressure caused by compression and decompression. The last factors could have less im-
pact on final temperature, however, basic model which reflects variation of temperature is
required.

In this case, to calculate a temperature T inside chambers and other volumes ideal gas equa-
tion is chosen

PV
T =
mRg
where P is a pressure inside a volume V, m - mass of gas and Rs - medium specific gas
constant. To perform the calculation, it is necessary to know absolute pressure in a volume,
mas of gas mixture and medium specific gas constant, which is obtained using following
formula

R = ZRl'Ci
where R;j are specific gas constants and c; are mass concentrations of these gases. Same equa-
tion is used to recalculate total pressure in a node after some gas has been transferred.
Another important thing is calculation of gas mixture's temperature after a mixing, for ex-
ample temperature in ML after some oxygen is supplied. To calculate the new temperature,
it is required to know heat capacities C of both mixtures, which can be obtained as

CZ = ZCimi
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where Ci and m; are gas heat capacity and mass. Knowing initial temperatures of both gas
mixtures A and B it is possible to obtain new temperature using following equations

t4Cy + tgCp
New =0 TG,
These formulas describe all physical process in the plant, so it is possible to define each
flow, hence complete mass transfer and the temperature in every volume.
Apart from modification of atmospheric composition by gas distribution system and opera-
tion of hatches, there are several other mechanisms which affect environment inside the
plant:
Oxygen consumption by divers
CO2 production by divers
Utilization of shower and water vapour generation
Discharge of blackwater and pressure loss
Heating by humans

e COq elimination by scrubbers
Indeed, while atmospheric conditions affect divers, the opposite influence is very important
as well. Considering this, the research project analyses gas dynamics and human behaviour
and physiological models as parts of one unique solution rather than separate models.
In particular, sitting quietly and completely relaxed person indicatively consumes 3,5 ml of
oxygen and produces 17 cal of heat each minute for each kilogram of his or her body weight
(Hills et al., 2014). Meanwhile, a worker without particular physical activity consumes on
average 4,13-4,29 ml of oxygen per minute per kg of body weight (Matsuo et al., 2020).
Finally, during sport exercise a man without special athletic preparation, which is the case
for most of the divers), consumes circa 35 ml of oxygen per minute per kilogram of body
mass (Heyward, 1998). Another important aspect is CO2 production, which in case of low
intensity activity is equal to 3,5 ml per minute per mass of body weight (Loer et al., 1997).
Finally, there are numerous studies on oxygen consumption during swimming, which iden-
tify oxygen consumption between 50 and 75 ml per kg of body weight in one minute, hence,
taking average value of 62 and multiplying it by oxygen density equal to 1,428 g/L it is
possible to obtain expected oxygen consumption equal to circa 6,2 g/min (Sousa et al., 2014).
Considering average diver weight circa 70kg and that density of oxygen is 1,428 g/l and
applying linear approximation to missing data, it is possible to estimate following values for
oxygen consumption and heat and CO- and heat production rates.

Table 6-1. Human oxygen consumption, heat and CO2 production rate.

Activity Oxygen consumption, CO; production, |Heat production,
g/min g/min cal/min

Relax 0,35 0,26 1200

Low intensity activity, 0,42 0,3 1400

e.g. paperwork

Physical activity 3,5 2,6 12000

Intensive activity | 6,2 4,6 21000

(swimming)
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The value of oxygen consumption in case of low intensity work corresponds to the design
rules done by NASA, which indicate a metabolic consumption of oxygen by a crew member
as 0,84 kg/day or 58 g/min (Jones, 2003).

The COz scrubbers are designed to be capable to compensate any reasonable amount of gas
produced by crew, so until their cartridges are exhausted it is safe to assume that their ab-
sorbing capacity covers the production.

This information if fundamental in order to implement functional gas ant thermodynamics
of a hyperbaric chamber. Considering this, the instructor must have possibility to assign
certain status to divers in order to modify their breath and heat production.

6.2. Plant Initialization

As mentioned the plant is represented as a mathematical graph. One of advantages of this
approach is easiness of its configuration. Indeed, it is sufficient to provide a configuration
file which identifies nodes (chambers, trunks, manifolds, atmosphere outside) and corre-
sponding arcs (tubes with valves). For example, following block of configuration file is re-
sponsible for generation of main lock:

<node id="4">
<type>2</type>
<init_pressure>1.0</init_pressure>
<init_temp>298</init_temp>
<volume>13.7</volume>
<init_02>0.23</init_o2>
<init_he>0.0</init_he>
<init_c02>0.0</init_co2>
<init_n>0.765</init_n>
<init_vapor>0.01</init_vapor>
<name>ML</name>
<corba>ML</corba>

</node>

Here, every node has its unique ID, which is essential for its connection with other ones,
type (0 — manifold, 1 — pressure regulator, 2 — chamber, 3 — auxiliary connector), initial
absolute pressure (bar), initial temperature (K), volume (m®), initial percentage of gases
(<init_02>, <init_he>, <init_co2>, <init_n> and <init_vapor>), human readable name
(<name>) and textual name for data exchange with other models (<corba>).

At the next step every node is connected by pipes with valves, which are taken from the
same file. For instance, following tube represent hatch which connects main lock and escape
trunk leading to HRC:

<tube id="69">
<diameter>0.5</diameter>
<node_1>4</node_1>
<node_2>10</node_2>
<default_angle>0</default_angle>
<name>Equipressione ML-Escape_trunk</name>
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<corba>Hatch[ML-Escape_trunk-eq]</corba>
<type>valve</type>
</tube>

Each pipe is characterized by its id, diameter (m), indication which nodes it connects
(<node_1> and <node_2>), default aperture angle of the integrated valve, human readable
name for controls, name for interoperable communication (<corba>) and type (<type>).
Other important systems created in the virtual plant during initialization are Hyperbaric Con-
ditioning Unit (HCU) and CO> removing scrubbers. They are initialized in following way:

<cooling_unit id="0">
<node_id>4</node_id>
<max_power>1200</max_power>
<corba>HCU[0]</corba>
</cooling_unit>

Indeed, each unit has its id, node in which it is installed, max cooling and heating power and
name for data exchange <corba>). The scrubbers are represented in the following:

<scrubber id="0">
<initial_node>7</initial_node>
<name>TUP Scrubber</name>
<corba>Scrubber[1]</corba>
</scrubber>

Similarly to HCUs, scrubbers have id, node id where they are located initially (in case they
are moved even if this is not foreseen in the scenario), human readable name (<name>) and
data communication identifier (<corba>).

Divers are initialized using similar technique. In this case their id, name and data exchange
identifier are included:

<diver id="0">
<initial_node>4</initial_node>
<name>Diver 1</name>
<corba>Diver[1]</corba>
</diver>

During the development of gas simulation and initialization systems it was created also a
mechanism that generates representation of the plant in DOT format. This graph description
language and set of visualization tools allow to produce following images which represent
interconnections between different parts of the plant, discarding their mutual physical loca-
tion.
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Figure 6-4. Interconnections of different parts of the gas distributed system.

For instance, in the image it is possible to observe gas cylinders (light yellow circles on top),
pressure regulators (triangles), manifolds and auxiliary connections (grey circles) and locks
with trunks (green squares).

6.3. Physiological Reactions and Human Behaviour

In many cases, simulation allows to significantly improve human safety by analysing pro-
cesses and performing more effective training. In fact, to maximize its positive effect, influ-
ence of LSS's decisions on divers' health must be considered. Obviously the quantity of
physiological factors which could cause effects on diver is enormous and their implementa-
tion could require a lot of resources, while most of them have very limited effect or rare
impact considering that the divers are selected people with excellent health. In addition,
some pathologies in real life would require detailed interaction with medical doctors and it
IS not required to train the LSS on such issues. So it's necessary to choose several most
important factors considering field of application of a simulator and real effects on quality
of training.

After analysis the different health care cases the following main elements were identified to
be modelled for the simulation: barotraumas, hypoxia, hyperoxia, carbon dioxide poisoning,
nitrogen narcosis, hypothermia, hyperthermia and various problems caused by contamina-
tion.
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These disorders, which are summarized in the next, are caused by atmosphere composition,
temperature and pressure change rate, hence during simulation health indexes of every diver
are calculated using data about current and previous states of the plant, for example concen-

tration of oxygen in last 10 minutes.

Table 6-2. Principal Disorders included in the simulation

Disorder and Sick-
ness

Cause based on Simulated pa-
rameters

Effects and Symptoms presented
by virtual simulation

Barotrauma Pressure variation in time Ear pain; Pain in front or cheek-
bones

Vertigo Pressure variation in time Vertigo
Nausea

Hyperoxia Oxygen concentration Uncontrolled movements

CO2 poisoning

CO2 concentration

Breathing difficulties

Respiratory spasms
Loss of consciousness

Hypoxia Oxygen concentration Shortness of breath

Narcosis Inert gas concentration (Nitro- Small tics and convulsive phe-

gen, Hydrogen) nomena
Hypothermia Shivering
Hyperthermia Temperature Sweating

From this point of view virtual humans driven by agents could be used to reproduce pathol-
ogy evolution in the simulator (Bruzzone et al., 2012).

It should be outlined that in some cases it's difficult to provide enough data to decide if
certain medical condition should be applied; for instance, hypoxia could be caused by strat-
ification of atmosphere inside the chamber in case of low gas circulation rate. Another ex-
ample is contamination which could be caused by different agents placed inside the chamber,
usually transported from out of the plant after the completion of an underwater work shift.
For these reasons, it could be more effective to generate, some of these disorders, manually
by direct commands from the instructor's control panel. For instance, he could inject within
a simulated virtual diver the symptoms of hypoxia to check trainee reaction. However, it's
important to distinguish events generated automatically from these introduced by the instruc-
tor; from this point of view is useful to block inconsistent situation, for example, to avoid
that a simulated diver presents barotrauma symptoms while there is no any pressure change
in that zone.

As mentioned, some disorders' symptoms are triggered by the simulator based on analysis
of current and previous states of diver and the plant. To provide such functionality it is pos-
sible to use several techniques, starting from simple if/else logic and up to neural network.
However, due the fact that performance is one of crucial requirements of the real-time system
and that each disorder is typically caused by variation of one single parameter, it is decided
to trigger disorders' symptoms basing on results of 'straightforward' calculations. To illus-
trate this logic lets analyse cases of hyperoxia and barotrauma.
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As shown in the table, hyperoxia occurs when oxygen concentration in the chamber with
diver exceeds limits, which are typically imposed by pressure inside. Hence, the simulator
must calculate such limits in every single moment for every diver, compare them with actual
values and save these data for future calculations. As shown in the following equation, ex-
ceeded concentration Ce in moment t is equal to the difference between measured concen-
tration Cm and maximum allowed concentration Cwax at pressure in the moment of measure-
ment P(t), but only when measured value exceeds the maximum one.

Cr = {CM - CMax’ CM > CMax
E 0,Cy < Cyax

During next steps, the system performs integration of these values, compare result with given
limit and, if necessary, trigger symptoms, in this example it makes divers perform uncon-
trolled movements. This process, which performs integration of difference between maxi-
mum and actual oxygen concentration in last 20 minutes, as shown in equation, where A is
accumulated exceeded value.

T
A= f Cp (£)dt

T—-20min

Due the fact that time is discrete, this equation is represented as sum of differences between
observed and maximum concentrations during samplings multiplied per time step At be-
tween them. In this example time step is equal to 1 minute, however it could have any rea-
sonable duration. Hence, previous equations should be expressed in new form, where Cm(N)
- measured concentration during sampling N, Cwmax(P(N)) - maximum concentration allowed
at pressure P measured during sampling N. In case of saturation diving maximum concen-
tration of oxygen decreases with pressure, for instance it is less than 10% at pressure which
corresponds to 200m depth.

Accumulated value, obtained using this formula is used to estimate intensity of this typical
disorder. For instance, value near or equal to zero will not cause any symptoms, while big
positive one would correspond to injure or even death. Of course, it is possible to take in
consideration also time passed after measurement, for example by multiplying samples by
coefficient reversely proportional to the time passed, which would reduce importance of
older samples.
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Figure 6-5. Example of gas concentration log, with excessive value shown in dashed area

Process of calculation is illustrated in figure above, where shaded area A corresponds to the
accumulated value, calculated when measured concentration Cy exceeds the maximum one
Cwmax.

Cu(N) — Cuax(P(V)),C,, (N)>Cyax (P(N))
o,c,vg (N) < Cuax(P(V))

A= Cz (N)At
2,5

=-20

Ce(N) = {

Hyperoxia itself is rare in real plants, however described logic is applicable for some of other
pairs of parameter & disorder, such as hydrogen concentration & narcosis otherwise temper-
ature & hypothermia. In the last case, for example, divers are becoming more sensitive to
‘'uncomfortable’ temperature at high pressure.

Another interesting scenario is related to fast pressure variation in chamber, which occurs
sometime during both normal and emergency operation. This case is similar to the previous
one, with major difference that instead of considering pressure value in given moment it is
necessary to calculate its variation in time, as presented in following equations.

{‘dPM(t) - dPMAX(PM(t)) ‘dPM(t) S dPMAX(PM(t))
PL(t) = ! dt | dt dt
y dPy(t) dPMAX(PM (t))

L 0" a | = dt

T
A= f Py (t)dt

T—-20min
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where Pe (t) - exceeded pressure change rate, Pm (t)- measured pressure in moment t, dPvax-
maximum allowed pressure change rate at given pressure and A - accumulated exceeded
value of pressure change rate, which is used to trigger different symptoms. Important to
notice that maximum acceptable pressure difference depends on actual pressure; typically,
at high pressure (de)saturation rate is very slow, about 0.1bar in one minute. Another im-
portant consideration is that pressure change rate affects divers in case of both compression
and decompression, hence absolute value of pressure variation in time must be taken into
account. However, response of human body to compression and decompression is slightly
different, so to improve precision of the model it could be useful to introduce additional
coefficient which would change 'weight' of exceeded pressure samples depending on which
of these cases is observed.

As the next step, due the discrete nature of time in simulation, it is necessary to replace
integration in time by sum of samplings, which lead to following equations.

Pe(N)

(PuN) = Pu(N +1)  APyax(Pu(V)) Pu(N) = Pu(N +1) _ APyax(Pu(N))
_ At At ' At At

{ 0PM(N)_PM(N+1)<APMaxPM(N)

\ ’ At - At

0
A= Z P, (N)At
N-20

where Pm(N) - pressure value measured during sampling N, APmax - maximum allowed pres-
sure change in time At between two samplings, Pe - exceeded pressure change rate.

As well as in previous example time step is considered to be 1 minute and number of samples
to analyze is equal to 20. Furthermore, it is possible to perform multiplication by time step
in equation, which allows to represent them in more readable form, as presented in the fol-
lowing

[Py (N) = Pyy(N + 1)| — APy ax (Pu(N)),
Pg(N) =1 if |Py(N) — Py(N + 1)| > APy ax(Py (V)
0,if |Py(N) — Py (N + 1)| < APyux (Py (V)
0

In case when accumulated value A is more than zero, virtual divers are showing symptoms
of barotrauma, for instance in case of value close to 0 they simply inform the LSS about ear
pain, while at higher values nausea symptoms and even bleeding are shown using 3D repre-
sentation of the plant.

Process of calculation is presented in the figure, shaded area corresponds to the accumulated
value.
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Figure 6-6. Example of pressure variation log with excessive value shown in dashed area

This examples illustrate approaches to trigger symptoms of disorders listed in the table. For
instance, barotrauma and vertigo both depend on pressure variation in time and controlled
in a way presented in second example, while all other scenarios covered similarly to the first
example, with difference that in cases of hypoxia and hypothermia instead to compare cur-
rent values with upper bound of acceptable range, minimum bound with corresponding cor-
rection of boundary condition's sign is used.

In the simulator the limit values for each disease of interest is introduced by means of a XML
(Extensible Markup Language) configuration file. Indeed, for each sickness there is follow-
ing block of settings:

<disorder id='5">
<corba>barotrauma compression</corba>
<sign>false</sign>
<coefficient_1>1030</coefficient_1>
<coefficient_2>-0.0000000879</coefficient_2>
<parameter>p</parameter>
<pressure_rising>1</pressure_rising>
<level _1>100</level_1>
<level_2>200</level_2>
<level_3>500</level_3>
<symptoms_1>Ear pain</symptoms_1>
<symptoms_2>Ear pain, lack of balance, weakness</symptoms_2>
<symptoms_3>Vomiting, unconsciousness</symptoms_3>
</disorder>
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First, each disorder has its identification number (id), corresponding unique human readable
name for data exchange (corba), exponential coefficients which approximate limit-value as
function of depth and pressure (coefficient_1, coefficient_2), sign which indicates if normal
value should be higher or lower than the curve, parameter to be tracked (e.g. O2, P), pressure
trend (increasing — 1, decreasing — 0, both - 2) which is used for instance to compare com-
pression and decompression rates with corresponding different acceptable values, 3 levels
(level 1, level 2, level 3) and corresponding symptoms <symptoms_1, symptoms_2, symp-
toms_3> which determine at what exceeded value which symptoms should be triggered. This
configuration allows easy introduction of new disorders in the simulation and even automatic
modification of data exchange system.

The idea to represent variation of acceptable levels of parameters as function of pressure can
be illustrated using following example of compression. Indeed, taking previously mentioned
acceptable values for compression speed, choosing central depth of each range and convert-
ing it to corresponding absolute pressure and expressing compression rate in Pa/second it is
possible to obtain following table.

Figure 6-7. Acceptable compression rates at different pressures.

Absolute pressure, Pa Compression rate, Pa/s
1100000 1500

5600000 500

15600000 150

30100000 100

These reference values are quite approximate and at the next step must be converted to an
exponential equation which would represent compression rate C as function of pressure p,
such as:

C(p) = a;e®?

In this case, the curve is not expected to have best fitting to the points but to have realistic
trends; indeed, all parameters of interest vary linearly or exponentially with pressure, so all
equations must be checked to not have physically unrealistic behaviour, such as negative
predicted values (all variables in model are non-negative, such as absolute pressures and
absolute temperature). Considering this and that the range of interest in terms of pressure
lies between 0 and 300 meters of sea water, coefficients of the previous equation could be:

{ a; = 1228
a, =-—1,18 %1077

The points provided in the table and interpolated curve are presented in the following.
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Figure 6-8. Acceptable pressure variation approximation.

Hence, for each diver the simulator can take actual pressure of surrounding atmosphere,
check previous value of pressure, calculate acceptable variation based on obtained function
and evaluate if the difference falls in range of normal values. If not, difference between
normal and acceptable values is taken into account to evaluate possible physiological reac-
tion and symptoms. Other diseases and corresponding symptoms are calculated using the
same method. The approximations and acceptable levels were chosen in collaboration with
experts in diving medicine and actual life support supervisors.

Another effect considered by the gas model is relation between pressure and temperature,
for instance decreasing of the pressure at 1 bar in the simulator leads to the temperature drop
for about 1 K, which corresponds to the variation observed during operation of real plants.
Normally this effect is negligible, however, during some emergency situations, a LSS can
encounter a problem when to compensate fast pressure losses and restore normal pressure
value, it is necessary to blow inside the plant big amount of gas, which leads to sensitive
temperature variations, in this case fast drop with subsequent increasing. Furthermore, in
contrast to "normal” conditions outside, where variations of temperature for several degrees
don't cause any significant effect but only discomfort, inside the plant such change of atmos-
pheric conditions could lead to hypo- or hyperthermia. Hence, in these situations LSS could
face dilemma: restore pressure fast and seriously heat divers inside, otherwise restore it
slowly but cause barotrauma of personnel. For obvious reasons training of the supervisors
on empty plants can't demonstrate consequences of such decisions and, of course, there is
no ideal solution, however simulation of human disorders would prepare supervisors to face
and mediate this kind of emergencies.

Simulation of gas dynamics allows not only to improve training of future life support super-
visors, but also to develop new safety procedures and adjust existing regulations. Indeed,
possibility to evaluate different strategies of problem remediation without putting at risk
human lives or equipment is a powerful tool capable to speed up evolution of safety and
efficiency in this field.
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7. The Simulator

The simulator is a complex system composed of a number of sub-systems, devoted to recre-
ate various aspects of the plant functionality, including behaviour of divers and malfunc-
tions.

Communication

System
Diving
Bell
Models of Plant .| Meta-Model
Sub Systems of i-th sub system
Virtual Models of Plant .. Meta-Model
Representation Components of j-th component

Emulated
Instructor Equipment
Module
Real Equipment

Integration Module
Trainee |
Interface Real Equipment

Figure 7-1. Interaction between simulator’s sub-models and sub-systems

7.1. Instructor and User Interfaces

The simulator foresees different mechanisms of interactions with trainer and with trainee.
Indeed, while for the trainee it is essential to have a realistic copy of a real control panel and
equipment, the instructor requires possibility to check system’s information regardless sim-
ilarity of his interface to any real system. However, in order to facilitate development, it was
decided to keep configuration of controls similar to that one seen in a real plant. In particular,
the instructor is enabled to act on simulator using his or her control panel, shown in the
following figure, while having possibility to open auxiliary panels in order to keep control
on actual state of the simulated plant. Indeed, it is possible to open a panel representing state
of the valves and pressure regulators as well as another panel with atmospheric analyzers, as
explained in the following.
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Figure 7-2. Instructor’s main control panel.

While the instructor’s interface is purely digital, the trainee’s controls are required to by
physical in order to obtain proper level of certification for training. The trainer’s interface is
implemented using Swing toolkit for Java. Considering this, since the first stages of the pro-
ject it was started development of a prototype of a control panel. In particular, it is required
to check feasibility of proposed mechanism of data acquisition, handling and visualization,
to analyse interference between the system and other devices, power consumption, presence
of electronic noise, delays in reading data from sensors and their transmission etc.

In the following image it is presented an early version of the prototype, which was used for
integration tests as well as for verification and validation. Indeed, even this simplified inter-
face allowed to acting LSS to provide feedback on behaviour of gas model, analysers and
controls as well as to give recommendations and suggestions for improvements.
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7.2. Time Management

One of functions available to the instructor is time management, which allows to change
time multiplier used by the gas model and to set one of following time scales:

e Real time.

e Pause.

e Fast time, up to 10x faster than real time.
While first two modes are essential for normal operation, the last one is required mostly for
demonstration purposes as well as to reduce time required for validation of the gas model.

7.3. Loading and Saving of Scenarios

One of principal functions of the instructor’s panel is loading and saving of scenarios. In-
deed, this function allows to load up a desired scenario or situation (e.g. start of decompres-
sion, pressure loss in a chamber, docking of the bell etc.) as well as to save actual state of
the system. Furthermore, the program performs periodic automatic saves without interven-
tions from the instructor. In this cases the program utilizes files which are similar to that
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ones for the plant initialization and resets actual state of the simulated facility: gas concen-
trations and temperatures, location of divers and bell, aperture of valves and hatches, health
state of personnel, saturation of scrubbers etc.

Hence, it is possible not only to load a training scenario but to save the actual one in order
to be able to return it in the future, for instance, to try to find better solution for a problem.

7.4. Hatches Control

One of routine operations in the plant is opening of the hatches and locks, which is usually
done when divers need to move in another chamber; for instance, it is used during docking
and undocking of the bell, material and food passing as well as in other normal and emer-
gency operations.

An important consideration related to the operation on locks is pressure difference between
its sides. Indeed, based on area of a hatch and pressure difference, it could be impossible to
open it. For example, if diameter of a round hatch is 50cm (area of almost 0,2 m?) and even
small pressure difference such as 10kPa (1/10th of atmospheric pressure), force required to
open it would be

Fypen = P *S = 10000 * 0,2 = 2000N

In comparison, an average person in comfortable position (object in front, slightly lower than
the head), could pull at 200N of force, while pushing force could be as high as 500N (Garg
etal., 2014), which would make opening a hatch physically impossible. Indeed, this principle
is used in passenger aircraft, where plug doors are maintained closed thanks to the pressure
difference: little movement inside is required before hatch can be opened in outside direc-
tion; the differential pressure in cabin is usually maintained 55kPa higher than the outside
one (Emmerman, 1988), while considering surface of the door of 1,5 m? in case of Airbus
A320 (Airbus, 2005) gives more than 80 kN required to open it mid-flight, which is again
lies far beyond human capabilities.

If in a real plant these aperture and closure operations are done by divers in cooperation with
the LSS. In particular, the supervisor checks that pressures are almost equals at both sides of
a hatch, adjusts it in case of necessity and instructs the divers to open it. Obviously, LSS
cannot set absolutely equal pressures, so special valves are present inside the plant to allow
equilibration. Considering this, the divers use them in order to be able to open doors and
move between chambers, trunks and locks.

In the simulator trainer plays role of divers and acts on hatches on locks. For this reason, the
instructor’s panel has possibility of equilibration of pressure and of opening of hatches.
Meanwhile, additional indicators to show pressure difference are included.

7.5. Supervision on the Plant’s State

One of main functions of the control panel is possibility to conduct detailed supervision of
trainee. For instance, available panels allow to control values of pressure and atmospheric
composition in different parts of the simulated plant by means of a virtual panel, which has
configuration similar to its physical counterpart, as shown in the following figure.
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Figure 7-4. Gas analyser control panel.

Indeed, the panel includes all pressure gauges, analysers of atmospheric composition and
flow meters that the real panel has. In order to benefit from modern collections of widgets,
in particular gauges, JavaFX toolkit was used for this panel (Grunwald, 2016).

In order to check actual state of the valves set by the trainee, it is possible to utilize dedicated
Valves panel, shown in the following figure. It includes all controls available to the trainee,
including blowdown and exhaust valves, pressure regulators, BIBS and conditioning unit
controls. While the instructor is enabled to see status of all physical valves on control panel
mock-up, it is not possible to modify it. Indeed, it would introduce inconsistent and non-
realistic behaviour. However, it is a very useful tool for supervision of trainee.

Valves GUI WS e
Mix clarinetto Blowodwn Mix BIBS SDC Mix Inlet
A B SDC-TUP TUP EL ML-EL ML Escape HRC A B ML EL TUP HRC A B SDC
02 Metabolic Exhaust 02 BIBS
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Figure 7-5. Valves and conditioning unit controls.

7.6. Operation modes
The developed solution allows following operation modes:
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e LSS training. In this mode the instructor is enabled to act on plant only using dedi-
cated Instructor panel, while panel with valves only visualizes actual state of the val-
ues, while its modification is blocked in order to avoid inconsistent situations (e.g.
physical valve is opened while the virtual one is closed).

e Standalone. In this case the simulator works without any interaction with other mod-
els and systems and allows to the user to modify also states of the valves; no con-
sistency problems could be present. The networking is completely disabled. This
mode is required mostly for demonstration purposes and for debug of the gas model
during its development.

e Publish-only. This mode allows full control on virtual panel with valves, all updates
are shared but not received. This regime is intended for some hardware setting and
integration testing procedures.

e Read-only. Contrary to the previous one, this regime makes the gas model invisible
for other participants but allows to visualize all existing in the system values.

The publish-only and read-only regimes are usually used together to test data exchange. In-
deed, in this case it becomes easy to evaluate correctness of codification, transfer and de-
codification of data without necessity to employ other sub-systems and simulators.

7.7. Plant Controls

In order to provide sufficient level of control on the plant and the divers, a special mechanism
of actions is introduced. Indeed, it allows to order to a diver to move in another room, trigger
symptoms or start an emergency. In order to call these actions, the instructor to choose and
object of control (e.g. diver), event which is need to be done (e.g. move) and parameter (e.g.
destination). This approach allowed creation of a unique configuration file which includes
dependencies between objects, events and parameters, as shown in following examples.

Object | Event \ Parameter

(es. Diver 1) (es. go to) ' (es. bell)

Figure 7-6. Command sequence

<object id="0">
<type>diver</type>
<name_corba>Diver[1]</name_corba>
<name_gui>Diver 1</name_gui>
</object>

Presented entry defines object called “Diver[1]” which has its type and visible name. Mean-
while, its type (<type>) is used in order to determine possible events. Indeed, it is important
to distinguish between possible categories of assets in order to avoid meaningless commands
(e.g. move entire plant in a chamber or stat fir in diver).

<event id="0">
<type>move_diver</type>
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<name_corba>MOVE_TO</name_corba>

<name_gui>move</name_gui>

<possible_objects>diver</possible_objects>
</event>

The event entries define action (<name_corba>) which could be applied to object of types
listed in <possible_objects>. Similarly to the previous case, entry <type> is used to link this
event with its parameters provided in the following.

<parameter id="0">
<name_corba>ML</name_corba>
<name_gui>ML</name_gui>
<possible_events>move_diver</possible_events>
</parameter>

Finally, parameter describes missing details of event. In this case it specifies that possible
event “move_diver” could be used to direct selected diver in ML (Main Lock) — living room
of the plant. In some cases, parameter could be unnecessary.

This configuration data is loaded on start of the simulator and allows to the instructor to act
on the plant by using automatically updated drop-down menus.

7.8. Auxiliary Functions

Among other functions, the trainer’s interface allows to change depth of the bell and of di-
vers respect to the bell. In this case the trainee observes variation of external pressures as
well as corresponding updates in simulated video.

In order to simulate utilization of shower the instructor can activate special mechanism
which causes increase in humidity by releasing water vapour inside the plant. In the same
time, several valves for simulation of leakages are installed. They connect several critical
parts of the plant directly to the external atmosphere in order to create artificially pressure
drops. Hence, the trainee is required to address them acting on control panel (increasing gas
flow) and communicating with technical staff of the plant (e.g. asking to close external
valves) and divers inside (e.g. instructing to move to another chamber or to try to close in-
ternal valves. In any case, all external communications are done with the instructor, who
could stop emergency when required.

7.9. Integration and Interoperability

The developed solution is quite complex and includes numerous systems, sub-systems and
simulators. Considering this, one of principal challenges was the proper integration in order
to guarantee required interoperability. During the initial phase of the project it was supposed
to provide data exchange and time synchronization by means of High Level Architecture
(HLA) as presented in the following figure.
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Figure 7-7. Interoperability by means of HLA

However, several issues are arising. First, all computer in the simulator are running Linux-
family operation systems, while most of available Run Time Infrastructures (RTI) are suita-
ble to work only with Microsoft Windows or with deprecated Linux distributions, hence, a
dedicated Windows machine to run RTI would be required. Another issue is related to the
utilization of virtual environment for simulation of 3D representation of the hyperbaric plant;
indeed, Unity engine and C# programming language were chosen to implement it, but this
technology has no direct integration with available and supported RTIs. Last but not least,
other stakeholders of the project were not familiar with this technology.

Due to these considerations it was decided to utilize previously developed ad-hoc data ex-
change application, based on Remote Procedure Call (RPC) and in particular on CORBA
(Common Object Request Broker Architecture) (Spiegel, 2000). CORBA is a standard for
communication between applications developed by OMG (Object Management Group) and
in the past it was widely used for inter process communication (IPC) in Unix family of op-
eration system, before being replaced by D-Bus (Love, 2005). In order to guarantee proper
calls CORBA uses special files written in specific Interface Definition Language (IDL)
(Mangler, Schikuta & Witzany, 2009). For example, following code declares that all partic-
ipants handle basic requests such as “init”, “start” and “stop”:

module Application {
interface Controllernterface {
oneway void init ();
oneway void start ();
oneway void stop ();
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¥}
}

Each participant of the common network than uses this configuration file and uses it to gen-
erate language-specific implementations, which are guaranteed to be correct. Obviously, fur-
ther handling of these commands is left to the user and implementation varies between dif-
ferent functional modules and programming languages.

In similar way, every participant uses same data types identified in the file; in particular, in
the project all messages are decided to be strings or long integers, which allows avoiding of
well-known floating point precision and number representation problems (Muller et al.,
2018; Goldberg, 1991). Obviously, in this case all transmitted values must be represented as
integer number; for example, pressure information is expressed in Pascal, while presence of
gases is indicated in grams. Furthermore, enumerator type fields were added to guarantee
that status of different sub-systems is verbose and human readable, for example:

enum State {
APP_READY.
APP_RUNNING,
APP_ERROR

b
Following table summarizes main parameters exchanged between systems.

Table 7-1. Example of exchanged variables and their units of measurement

Variable Unit of measurement | Variable Unit of measure-
ment

0 g Tube area mm?

CO2 g Valve aperture %

He g Pressure regulator value |Pa

N g Pressure Pa

Water vapor g Volume cm?®

Temperature cK, centiKelvin Humidity %

In order to avoid potential problems caused by floating-point representation of numbers, it
was decided to express all exchanged values as integer numbers. In some cases, it caused
utilization of non-standard units of measurement but their multipliers, e.g. centi-Kelvin and
cubic centimetres.

The used implementation includes some principal functionality of HLA, for example it al-
lows to publish send data to the server to be available when necessary, otherwise to notify
all subscribed participants about it. The first case allows to avoid overhead caused by trans-
mitting excessive data, for example between gas model which updates state of hundreds of
components each 100ms and gas analysers which need data only for several parts of the plant
with sampling period near 1 second. Publish/subscribe functionality, otherwise, is useful to
notify simulator sub-systems about events, which could be opening of a hatch or start of a
sickness of one of virtual divers.
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Hence, even if ad-hoc solution was chosen as base for distribution simulation, its core func-
tionality is corresponding to that one of HLA.
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Figure 7-8. Principal physical connections among devices

The simulator is characterized by presence of multiple controllers, single board computers
and traditional PCs. In particular, as presented in the following figure, in order to control all
valves (near 100 units) and pressure gauges (10), 6 Programmable System on Chip (PSoC)
controllers are required (Mohiddin et al., 2011). Due to their limitation in connectivity ca-
pabilities, each pair of PSoC is connected to a dedicated single board Raspberry Pi control-
lers, which in their turn are connected to the network switch. Furthermore, 2 gas analysers
are presented in the panel, each one governed by dedicated single board computer. The sim-
ulator side of the system is composed of 3 personal computers, dedicated to execution of gas
model, human behaviour and physiology model and instructor’s control correspondingly.
Obviously, the entire system is quite complex and requires numerous power supplies. How-
ever, testing shown that this configuration seems sufficiently reliable for everyday use de-
spite presence of numerous signal and power connectors.
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In order to reduce construction costs each valve is represented by a voltage divider with
potentiometer, hence, controllers are constantly read the voltage value and in case of its var-
iation send the new value to the controller; in the same time, minimal variations which are
normally caused by an electronic noise are ignored.

Pressure gauges are commanded by servo motors which allow to not only set exact required
values, but also do it in with dynamics similar to that of a mechanical pressure gauge. Drivers
of each motor are controlled by a PSoC, which are connected to the corresponding single
board computers.

Last but not least, the gas model, human behaviour model and supervisor’s control system
are running on separate personal computers. While it is possible to execute them all on the
same machine, the possible workload variation of the common computer could impact neg-
atively execution of the gas model simulator. All devices connected to the network are shar-
ing the same real time value, guaranteed by presence of a Network Time Protocol (NTP)
server (Nemeth et al., 2017).

The usage of PSoC is determined by their structure which combines FPGA (Field Program-
mable Gate Array) and traditional computational core. Indeed, it allows to create highly con-
figurable data elaboration systems capable to connect dynamically various pins to the ADCs
(Analog to Digital Converter). Hence, making it possible to employ all available GPIOs
(General-Purpose Input/Output) to the converter and drastically minimize number of re-
quired controllers. Indeed, in case of utilization of other types of controllers, e.g. MSP430,
which typically have only several ADC channels, the number of required chips would in-
crease several times.

Another important part of training process is communication between trainee and plant per-
sonnel, which is played by the trainer. In the simulation it is decided to employ VVoIP (Voice
over IP) Phones, which are connected to a dedicated Asterisk server (Mahler, 2005). This
system is not integrated with other models and sub-systems; indeed, communications are
completely isolated. However, it allows to perform logging of calls which is essential for
training.

This architecture shown very promising results since the first integration tests. Indeed, im-
mediate and proper definition of units of measurements, names of exchanged parameters and
architecture of message exchange system allowed to perform required experimentation. For
example, the following image illustrates first integration tests between systems developed
by stakeholders.
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Figure 7-9. First integration test combining prototypes of 3 atmospheric monitoring sys-
tems and analysers and mock-up of valves and pressure gauges
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8. Verification and Validation

The field of simulation started its rapid growth in the middle of the 40s with development of
first general purpose computers, such as Electronic Numerical Integrator and Computer
(ENIAC) which was build in 1945 (Goldstine & Goldstine, 1946). In the next years, the
rapid evolution of computers was accompanied by fast expansion of the field of computer
simulation (Goldsman et al. 2010). From the beginning it was clear that one of critical as-
pects of modelling and simulation is related to accuracy of created solutions. However, de-
spite awareness of necessity to conduct proper tests and perform assessment of models, until
end of 60s there was almost no mentioning of model verification methodologies in the sci-
entific literature and in some cases was mentioned only as a problem in the use of simulators
(Sargent & Balci, 2017). Indeed, as was noted by Schrank and Holt in 1967, the creation of
complex systems and making them usable required so much effort that validation became
neglected.

The situation started to change only in the 1970s, which was accompanied by publication of
several fundamental works related to the problem of model verification and validation (Van
Horn, 1971). Indeed, it became clear that validation must include statistical tests on data, but
must not be limited by them and have to include conduction of Turing type tests, prototype
and field tests. The issue of correctness assessment became even more evident when U.S.
Congress became concerned whether models used by the government are suitable enough
for their purposes and lead to development of Guidelines for Model Evaluation by USA
General Accounting Office (General Accounting Office, 1979). The document included
flowchart with basic steps of the modelling process and included application of verification
and validation to the solution, provided definitions and criteria for model evaluation.

Next big step in evaluation of models was done in 1990s with diffusion of affordable per-
sonal computers and consequent grow of the interest to the simulation. In this period verifi-
cation and validation of models became essential requirement for the principal governmental
organizations, such as USA DoD (Department of Defense) and more scientific approaches
to assessment of the models were defined (Diem et al., 2010; DoD, 2009).

The goal of the research project is to create a simulation based training solution for life
support supervisors and to obtain certification for conducting of such activity. Considering
this, it is essential that the developed solution satisfies criteria provided by the certification
authority.

In the following, it is presented theoretical basis used for verification and validation of the
developed solutions as well as results of these procedures.

8.1. Theory and Methodology

In order to assure sufficient level of quality-related characteristics, such as accuracy, effi-
ciency, reliability it is necessary to adopt proper methodologies starting from early stage of
development project. Considering that the main requirement of the project in order to be
certified is related to its accuracy, following assessment activities were adopted to deal with
it (Balci, 1997; Vermesan, 1998):

e Verification

e Validation

e Testing

e Accreditation
Verification (to verify, from Latin “verus” which means “true”) is required to ensure that the
simulator is built in accordance with its conceptual model, which represents reality with
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certain level of approximation. Hence, this process demonstrates or not if the model or sim-
ulator is implemented in the right way.

Validation procedure assures that the model satisfies its purpose, for instance, that it behaves
in a way similar to a real system. Therefore, if a model provides valid representation of the
target system.

Testing asserts errors present in the simulator and is used for verification, validation or both.
For instance, it could be walkthrough of a real scenario performed on a model; in the present
project this was done, for instance, by active LSS operating the gas model in order to evalu-
ate realism of consequences of actions respect expected behaviour.

Finally, accreditation officially certifies that the simulator can be used for specific purposes.
In the project it implies that the certification authority, IMCA, allows its usage for training
of LSS.

These activities are usually mentioned together as V&V (Verification & Validation), VV&T
(Verification, Validation & Testing) and VV&A (Verification, Validation & Accreditation).
Interconnections between verification and validation is illustrated in the following figure.
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8.2. Model Verification & Validation

In the research project, the main purpose is to train the LSS who must control the life support
system of saturation diving plants in order to guarantee the safety of divers and operations;
a fundamental aspect is therefore that of reproducing physical phenomena with an accuracy
equivalent to that necessary for trainees and which is required by the operational context. In
this particular case, dynamic of the systems is relatively slow; however, it was decided to
insert physical model capable of operating even in fast time to guarantee the possibility of
supporting of different education phases by interactively demonstrating the pressurization
and depressurization curves in a short time and to conduct special demonstrations and tests,
including exhibitions. In the final solution the time acceleration capability is not foreseen,
however, it was included in order to support verification and validation procedures in terms
of time reduction.

Another fundamental aspect is the degree of realism of the commands that was decided to
implement through the creation of a mock-up control panel connected to the models and sub-
systems developed by the stakeholders; the hypothesis of the virtual control interface, vice
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versa, was implemented at the heart of the physical simulation for the purpose of testing,
verification and validation.
It is also essential to identify the critical target functions for the evaluation of the simulation
which in this case refer to the dynamics of the state variables within the nodes that represent
the environments of the hyperbaric chambers; in particular, variables of most interest are
total and partial pressures and temperature. From this point of view, the simulation allows
to carry out experiments on the gas and thermodynamic model in order to identify their be-
haviour.
The VV&A of the solution is performed continuously since its beginning, conducted with
involvement of SMEs and foresees following principal activities:

e Acquisition of requirements from the users

e Development and validation of conceptual models
Definition of working environment to be implemented
Test and analysis of results
Inspection of user interface and check of input and output variables

e Validation of experimental results
For instance, different activities require involvement of different types of experts, as sum-
marized in the following table.

Table 8-1 Roles and tasks for SME

SME Task

LSS Evaluation of training procedures, definition of tests, control of
the interface mock-up and of the virtual plant operation

Diving medicine expert | Identification of disorders, evaluation of behaviour of simu-
lated divers

Scientists Plant physics analysis, gas and thermodynamic model develop-
ment and check, implementation of models and sub-systems

Accreditation expert Support of operations development

All experts were involved in order to support:

e Review of objectives and of the SOW (Statement of Work) of the original proposal
and of the actual development plan.

e Walk-through of conceptual models in order to review functional logic.

e Simulator face validation on formal requirements.

e Mission environment and scenario review for identification of training and test pro-
cesses to be carried out on the simulator.

e Data collection check for consistency respect to the reference plant.

e Scenario walk-through in order to review principal scenarios.

e Implementation checks, code review and debug conducted during implementation by
developers.

e Simulator face validation of the user interface and interactions.
¢ Single model and algorithm face V&YV by independent tests on single models.
¢ Integration testing among different modules, models and sub-systems.
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e Conceptual model validation for the completeness in terms of parameters taken into
account.

e Preliminary execution testing of the various modules by the various subjects involved
in the development.

e Execution testing on the complete simulation system.

e Analysis of variance

e Sensitivity analysis

8.3. Compression of the Chamber

Chamber compression is one routine operations in hyperbaric plants and as described previ-
ously consists of pressurization of a part of the plant (e.g. chamber, trunk, material passing
lock) and contemporary controls of atmospheric parameters, especially pressure and temper-
ature. Indeed, this operation is chosen as the first one to be conducted on the simulator in
order to perform preliminary testing and to ensure that the model development is based on
correct assumptions.

As illustrated in the following, the simulator allowed to perform pressurization of a small
chamber in a realistic way, including first stage in which pressure was slightly increased,
pause to detect possible leakages and consequent rise of pressure up to required value. This
preliminary testing was conducted on early stage of development and was performed on a
virtual user interface.
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Figure 8-2. Pressurization of a chamber.

8.4. Atmosphere Washing

Another similar but more complex procedure is atmosphere washing. It is required when it
is detected a potentially dangerous concentration of smoke, CO2 or another substance which
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could harm divers inside. In this case both blowdown and exhaust valves are opened con-
temporary in order to perform atmosphere substitution with clear gas mixture. In this case
the LSS is required to pay attention to maintaining of constant total pressure.

Following chart illustrates how washing could be used to remove CO> from a small chamber;
in this case the total pressure of gas is circa 20 bar and it is required to reduce CO> concen-
tration below acceptable level of 250 ppm. Indeed, initially the partial pressure of this dan-
gerous gas is close to 8 millibars (right scale), which is corresponding to the concentration
of 400 ppm of CO-.
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Figure 8-3. Chamber wash

Both tests were conducted involving SME who confirmed realistic behaviour of the plant.

8.5. Sensitivity Analysis

The gas model was also subjected to sensitivity analysis in order to evaluate impact of valve
aperture angle and conditioning unit on total pressure in a chamber. Following initial condi-
tions were used.

Table 8-2. Initial conditions

Parameter Value
Initial pressure, bar 4
Chamber volume, m® 13,6
Initial temperature, °C 25
Blowdown pipe diameter, cm 2,54
Pressure regulator configured value, bar 25
Gas mixture Heliox
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Following factors are used for the analysis.

Table 8-3. Factors

Factor Value min Value max
Blowdown ball valve aperture, degrees 30 40
Configured temperature, °C 20 25

Both factors affect the pressure in the system. In fact, increasing the temperature increases
the internal energy of the gases and consecutively their partial pressures, while the opening
angle changes the effective section of the inlet pipe with the following change in the flow
rate and the increase in transferred masses and resulting partial pressures. For this reason, it
is possible to analyse the sensitivity of the model by changing the values of the factors and
measuring parameters that depend on pressure and its variation, for example the time be-
tween the start of the tests and the occurrence of the first symptoms of barotrauma. There-
fore, it is necessary to analyse 4 scenarios which correspond to 4 combinations of factors
(Montgomery, 2017):

e Blowdown is opened at 30°, HCU works to reduce temperature up to 20°C.

e Blowdown is opened at 40°, HCU works to reduce temperature up to 20°C.

¢ Blowdown is opened at 30°, HCU works to reduce temperature up to 25°C.

¢ Blowdown is opened at 40°, HCU works to reduce temperature up to 25°C.
Considering these initial factors and conditions it is possible to analyse the pressure variation
in the chamber in 4 scenarios, with the results presented in following figure. From this figure
it is clear that the pressure variation is highly dependent and directly proportional to the
valve opening angle blowdown, although it is slightly dependent and directly proportional
to the temperature, which corresponds to the expected behaviour. Since the gas model is
deterministic, it is sufficient to conduct 1 launch for each scenario to obtain these results.
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Figure 8-4. Chamber pressure variation at different valve apertures and set temperatures

In this case, due to the short sampling time and the difference between the high pressures,
the flow rate remains apparently constant, while in the case of the smallest difference it is
possible to observe a slowdown of the flows.

The symptoms of barotrauma depend on various factors, but mainly on the variation in pres-
sure and on individual physiological parameters. For this reason, the calculation of symp-
toms is based on pressure, but is subject to the influence of stochastic parameters. In fact, in
the case when a diver could show a certain level of symptoms, the probability of this event
is calculated. For this reason, a total of n = 12 launches for each combination of factors were
conducted, with the results of the experiment presented in the following table, where the
time of occurrence of the first symptoms in seconds is indicated for each test and combina-
tion of factors.

Table 8-4. Testing run results

Factor Replication

A B 1 2 3 4 5 6 7 8 9 10 |11 |12
min |min |470 460 [460 460 460 460 460 480 460 490 460 460 |5580
max min 40 40 |40 |40 |40 |40 (40 40 |40 |40 |40 |50 [490
min |max 440 420 |420 410 420 (420 420 [420 440 430 (420420 |5090
max {max 40 |40 |30 40 (40 |40 40 |40 |40 |40 |40 30 |460

Sum
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The combinations of factors are then indicated with lower case letters, where a represents
combination of factors (Amax, Bmin), b corresponds to (Amin, Bmax), While the combination
(Amax, Bmax) is represented as ab. Furthermore, the situation (Amin, Bmin) is illustrated as (1).
The main effects of the factors and their combination are calculated using the formulas

,_ab+a=b—(1) 460+ 490 — 5090 — 5580

2n 2 %12 = —405,0
B_ab+b—a—(1)_460+5090—490—5580_ 217
N 2n N 2 %12 N ’
ab+ (1) —a—b 460+ 5580 — 490 — 5090
AB = = =19,2

2n 2x12

Considering the signs of the effects, it can be concluded that increasing the values of the
factors decreases the time needed to have the first symptoms of barotrauma, while their com-
bination shows that the mutual influence of the parameters is significant.

To calculate the variances of the factors it is first necessary to find the sums of squares, as
presented below:

_(ab+a—-b—(1)" (460 + 490 — 5090 — 5580)?2

$S, = e 1 = 1968300
(ab+b—a—(1))" (460 + 5090 — 490 — 5580)2
SSp = = = 5633
4n 4 %12
ab+ (1) —a—b)?* (460 + 5580 — 490 — 5090)?
g5, L@ -a=h? a0

4n 4 %12

From these values it is possible to obtain the total sum of the squares and consecutively find
the error, as presented below.

2 2 n yz
_ 2 X _
SSr = ZZ Z Yijk =3 = 1980592
SSE = SST - SSA - SSB - SSAB = 2250
Considering 8 degrees of freedom (DoF) of the experiment, it is possible to find average

square, which allows to find the effect of the sources of variation and their combination, as
presented in the next table and illustrated in the figure.
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Table 8-5.

Sensitivity analysis.

Source of variation | Sum of squares DoF Mean square Fo

A 1968300 1 1968300 874,8
B 5633 1 5633 2,5
AB 4408 4408 1,9
Errore 2250 8

Totale 1980592 11

Effects on time of start of symptoms
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Figure 8-5. Effects on time of start of symptoms.
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Furthermore, by performing more simulation runs it is possible to see that after about 25
tests the variance of the effects has stabilized, as shown in the figure.
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Figure 8-6. Variance stabilization in experimentation

8.6. Gas Flow Error Calculation

Considering that the research project is mainly focused on the gas and thermodynamic mod-
elling, errors during gas flow calculations are evaluated. Considering that Riemann sum is
used for integration, it is convenient to calculate differences between consecutive iterations,
divided by their mean in order to obtain relative difference.

The error is calculated during pressurization of a virtual chamber, so the gas flow is almost
constant, which corresponds to the vast majority of operations of the plant. Hence, different
calculation time steps were applied in order to compare calculation results and check the
relative error.

Table 8-6. Relative error between iterations of gas flow calculation.

Time step, ms Relative error
10 0,00424%
100 0,0424%
1000 0,424%
10000 4,24%
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In case of further increasing of the time step, the algorithm automatically introduces addi-
tional iteration steps, so the error could never exceed 10% during normal operation. Further-
more, low periodicity of recalculation of the plant’s state would most certainly miss proper
reaction to actions performed on the control panel, such as valve aperture for a second. In
the same time, diminishing of the step would saturate computational capacity of the personal
computer used for the simulation, causing possible missing calculation cycles (in case of
calculation cycle overlap when duration of calculation exceeds interval between function
calls) and blocking possibility to accelerate time when required.

Similarly, error as function of number of iterations during integration at different time steps
is analysed. From the figure it can be seen that system remains quite reliable even if the time
step is increased up to 1 second.
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Figure 8-7. Gas flow calculation error

8.7. Experimentation with SME

One of fundamental steps during development of training systems is evaluation by experts
in the field of interest. Indeed, in order to be suitable for training a simulator must provide
not only realistic physics, but entire user experience with high attention to details and real-
ism. For example, while accuracy of modelled physics could be evaluated by formulas, such
aspect as realism of operation is subjective; hence, intervention of experts working to real-
world solutions is fundamental.

In this research project, according to the formal requirements imposed by IMCA, operator's
interface of the system must demonstrate "Real world" similarity to existing plants. Consid-
ering this, once Minimum Viable Product (MVP) is available, it must be tested with strict
involvement of experts working in the field of saturation diving, especially active LSSs but
also plant technicians and crew as well as specialists in underwater medicine. Apart from
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validation of core functionality and fidelity of logic of behavior and model of physical pro-
cesses, this approach allows to identify numerous secondary factors, which in their sum de-
fine overall realism. Considering this, experts were involved during all phases of develop-
ment process. Indeed, following personnel was involved:

o Life Support Supervisors;

o Life Support Technicians;

o Underwater medicine expert;

o Technicians responsible for piping, electrical and electronic systems;
It is possible to identify following principal series of verification, validation and testing
phases conducted with strict involvement of LSS and other experts:

Identification of key components of the system. During this phase several plant visits
and meeting with plant technicians and experts were performed. This phase is re-
quired to define system architecture and to verify conceptual model.

o Testing: LSS and experts analyzed proposed architecture and logical flow of
operation as well as define key aspects related to medical disorders. This step
was performed iteratively multiple times and with different personnel in order
to extend amount of useful information before development of plant's model.

o Results: Conceptual model was created and approved by experts.

Development of gas and thermodynamic models. Virtual Graphical User Interface
(GUI) was created in order to support validation of gas and thermodynamic models.
In this case, the LSS was able to utilize available controls (described in previous
chapter) in order to perform some key operations as well as to estimate impact of
divers on CO; concentration.

o Testing: LSS and other saturation diving experts carry out compression and
decompression of single chamber as well as atmosphere washing using vir-
tual GULI. This step was performed iteratively several times with different
experts and different scenarios in order to extend amount of useful infor-
mation before development of mockup.

o Results: Overall behavior is realistic, however, gas speed, hence, flow rate,
in some pipelines was higher than expected. Furthermore, some modifica-
tions to calculation of humidity were found to be necessary. Model was ad-
justed to fine tune drag in pipes and other aspects of gas dynamics.

Construction of equipment mock-up. Simplified replica of main control panel of the
plant was created to support evaluation of different subsystems and their integration,
the photo is presented below.

o Testing: LSS carry out compression and decompression of single chamber as
well as atmosphere washing using mockup of main control panel, which in-
cludes also additional control mechanisms and communication system. Ex-
pert in underwater medicine was involved in order to improve reaction of
virtual divers to changes in environment.

o Results: System behavior has some limitations: missing whistles during gas
propagation in valves; limit value for triggering of some medical disorders
must be modified; initial conditions and gas composition in gas cylinder
packs must be adjusted; some secondary flow meters and pressure gauges
must be added. Furthermore, some discrepancies between actual prototype
plant and provided documentation were found. Simulator components were
adjusted to address all these issues.
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Testing of completed system. During this phase a realistic control panel was con-
structed. During this phase LSS is expected to provide additional feedback in order
to improve overall user experience by small adjustments.

Figure 8-8. Testing control panel, atmospheric monitring measurement equipment and

communication system

Hereafter are described steps of a typical experimentation session conducted on mock-up by
an acting LSS:

1.

4.

Analysis of available equipment: check availability of required controls, verify pres-
ence of required analysers, testing of replicas of analysers to identify availability of
specific functions.

Loading of simulation: control of initial conditions in different parts of virtual plant
using analysers, check of pressure and gas compositions in gas cylinder packs, cali-
bration of sensors.

Performing of one of common procedures, such as pressurisation: setting of back-
pressure regulators, filling of manifolds, initial pressurisation of a selected chamber,
leak check, control of variation of atmospheric parameters and comparison of actual
and expected dynamic of internal atmosphere.

Secondary effects check: presence and intensity of whistles created by gas flow in
valves, reaction to actions on air conditioning system, activation of shower.

Results of all actions as well as all comments of LSS were documented in order to provide
required adjustments.
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9. Conclusions

Operation of saturation diving facilities and corresponding life support supervision are very
dangerous and require high levels of preparation and experience in different aspects of un-
derwater activity. At the same time, current approach for training based on the use of of
empty real saturation diving plants has numerous drawbacks, such as necessity to keep idle
such expensive system, difficulty to reproduce and to train on emergency situations as well
as absence of feedback from divers inside the plant, which limits capability of trainee to
identify potentially dangerous situations. Furthermore, in case of improper utilization, real
expensive equipment could be damaged. Considering this, it was decided to develop models
to address this problem, while this thesis focuses on the proposing a new simulation based
solution capable to address all these issues.

Indeed, this research addresses the development of simulation based solution capable to
achieve levels of training which are unattainable in case of traditional approach. The research
benefits from collaboration with experts in different related fields, such as human behaviour
modelling, operation of saturation diving plants, underwater medicine, gas and thermody-
namic, human-machine interfaces, virtual reality, interoperable simulation, verification and
validation techniques.

The analysis of a prototype plant conducted with involvement of different experts and spe-
cialized companies allowed to identify the key functionalities required from the simulator,
set of equipment which is typically employed in the field, as well as numerous aspects related
to plant operation. The analysis allowed to identify the requirements and the specific ele-
ments that need to be addressed in this new simulator devoted specifically to training, start-
ing from main procedures and up to auxiliary operations such as object passing, usage of
shower, replacement of gas scrubber and even evacuation. Based on this information and
through strict collaboration with experts it was developed a gas and thermodynamic model
of the new prototype plant; in addition, it was created a virtual user interface with function
and configuration similar to the real plant that represents a digital twin of the hyperbaric
chamber. Furthermore, it was conducted survey on currently used atmospheric analysers and
sensors, their principal and auxiliary functions, regular behaviour and regulations related to
their utilization. Finally, the collaboration with experts conducted during training courses
allowed to properly tune the development of a specific control panel for trainer, which allows
to load predefined scenarios, save state of the system in order to replay same moment, act
on divers and parts of the plant creating even emergency situations, such as gas leakages and
fire. Based on requirements it was developed and extensible control logic, which allows to
easily introduce new entities and actions in the scenario.

The thesis includes also a state of the art on this sector and related researches; from this study
it emerged that nowadays most of the courses on these specific plants are conducted on
empty real plants during their down for maintenance while on the market there are just a
limited number of virtual simulators, usually which shortfalls respect the aspects dealing
with the models related to the divers and human physiology. In facts, these results confirmed
the importance of the proposed subject and the opportunity to develop specific models for
this kind of plants. At the same time, the research on human-machine interactions allowed
to identify the different possible portable user interfaces which could be used when replica
of real control system are not available or not required. For instance, in case of demonstration
or education purposes, during introductive courses or in exhibitions, this approach makes
much more convenient and inexpensive the use of the virtual simulator.
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In facts, it was completed an analysis of human behaviour models revealed main factors to
take into consideration during emergencies; this approach led to the creation of dedicated
Intelligent Agents suitable for that purpose.

Then proposed simulator include also physiological and medical elements, indeed an analy-
sis of principal health disorders allowed to identify several main illnesses, their main symp-
toms, environmental conditions when they occur and to develop an algorithm, capable to
trigger different reactions of virtual divers as response to the conditions, considering not only
instant conditions but also time of exposure and individual characteristics of simulated enti-
ties. Finally, the involvement of SMEs (Small Medium Size Enterprises) active in the sector
allowed to tune the models and to setup proper and realistic values of levels triggering these
symptoms. This approach allowed to introduce missing human physiology in training pro-
cess of LSS, hence, to improve quality of training and in the future safety of divers. In order,
to facilitate parameter tuning, it was developed an universal data structure suitable for rep-
resentation of different diseases and their characteristics, capable to be extended by modify-
ing existing illnesses or by introduction of new ones. Apart from other advantages, this func-
tionalities and presence of virtual humans makes trainee to pay more attention to actions
performed on the control panel. Research on different interoperability mechanisms lead to
identification of possible system architectures with their strengths and limitations, taking
into account such factors as synchronization of execution, fast and reliable data exchange,
possibility to connect computers with different types of hardware and running distinct oper-
ation systems, possibility to introduce control mechanisms for execution flow, available to
the instructor and essential for training process. This study revealed necessity to employ ad
hoc solution with functionality inspired partially by High Level Architecture.

Obviously it was necessary to apply VV&A (Verification, Validation and Accreditation)
techniques and to define the tests which need to be applied to the system in order to support
correct and effective development. In particular, numerous tests were conducted by the au-
thor using indications provided by experts; for instance, data on pressure variation in time in
real plant in certain conditions, which then was compared to the behaviour of the gas model
included in the simulator. Similar tests were conducted with respect to gas concentrations,
partial pressures, variations of temperature and humidity. Thanks to this approach, gas model
was confirmed to be sufficiently effective and precise since the first phases of the project,
while SMEs were able to consequently validate and fine tune mostly completed solution.
All these activities allowed to create a simulator prototype, capable to address not only gas
dynamics and tasks performed nowadays during training, but many other aspects, such as
modelling of human physiology, auxiliary procedures performed during operation of facili-
ties and even emergency situations. The proposed innovative solution is essential for im-
provement of quality of preparation of Life Support Supervisors, hence increase safety of
operation of saturation diving facilities in both normal and emergency conditions. At the
same time, developed methodologies are applicable to other fields and situations and were
already reutilized in various research projects. Work on the project was accompanied by
participation of several conferences and publication of articles as co-author in proceedings
and journal, which are used during preparation of this report and used as references. In par-
ticular, results were presented by the author in I3M 2017, 13M 2018, SummerSim 2019,
1I3M2019 and 13M2020 conferences, while study on utilization of autonomous system was
published in International Journal of Simulation and Process Modelling. In all articles the
author is present as co-author and is responsible for parts related to development and imple-
mentation. All publications with involvement of the author are listed in corresponding sec-
tion and are cited in text.
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