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Abstract

The inherent complexity of the flooding process on large passenger vessels has, in recent

years, been recognised. Accounting for the fact that traditional emergency response is a
highly time consuming and manual process, prone to human misjudgement or error, this
might lead to severe consequences. This is also highly paradoxical given that the most
important variables in an emergency are Time-to-Capsize and Time-to-Evacuate. The
research culminating in this PhD dissertation has, therefore, been directed towards the
development of a framework where sensor-technology and analytics are utilised to a higher
degree, in an attempt to improve real-time information providing risk-informed situational
awareness in flooding emergencies involving large cruise vessels, thus enabling optimised
emergency response. A fully probabilistic prediction methodology has been developed and
presented. The methodology takes advantage of available sensor readings as supportive
evidence and utilises inference in the form of probabilistic multi-sensor data fusion
techniques for manipulating conditional probability distributions. This targets the observed
distribution, enabling reduction in uncertainty (probabilistic inference). The framework and
its corresponding comprehensive probabilistic models are further seen to be highly suitable
for implementation as a Life-Cycle flooding risk management framework. A range of
probabilistic models in the form of likelihood functions have been developed for a specific
sample vessel using the state-of-the-art time-domain simulation code PROTEUS3. This
enables the simulation of a damaged ship in a dynamic operational climate imposed by
waves. Implementation and testing of the framework on a range of realistic test scenarios
reveals that the method identifies the expected damaged region for all cases despite not
having an exhaustive sensor array. This clearly provides improved survival assessment to
enable the crew to implement emergency response in a more timely, targeted and efficient
manner in accordance with the main aim set out in the thesis. Finally, having implemented
the framework on an existing cruise vessel with the as-built sensor array indicates that the
methodology may be implemented on a large cruise vessel without changes to the flooding
detection system, as it is seen that the as-built sensor arrays allow for accurate predictions
by relying entirely on the presented methodology. This allows for reliable estimation of real-
time flooding risk in passenger ships through its life-cycles and most importantly, when it
really matters, namely in emergencies. This is an innovation offering unique tangible

benefits.
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The theory of probabilities is nothing but good sense reduced to
calculation; it allows one to appreciate with exactness what
accurate minds feel by a sort of instinct, without often being able

to explain it. (Pierre Laplace, 1814)
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Nomenclature

Symbol

Attained index of subdivision
Buoyancy force, or Vessel Breadth
Difference between TtC and TtE
Draft

Gross Tonnes

Heading

Heave

Heel

Height of damage breach
Length of damage breach

Longitudinal Centre of Gravity

Longitudinal position of damage breach (mid position)

Mean or expected value

Metacentre height from keel

Metacentre height from vertical centre of gravity
Natural roll period

Penetration depth of damage breach

Persons not evacuated before capsizing (magnitude of loss)

p-factor

Pitch

Required index of subdivision
Righting lever arm

s-factor

Standard deviation

Significant wave height

Subdivision length

Time to Capsize

Time to Evacuate

Transverse Centre of Gravity

Vertical Centre of Gravity

Vertical position of damage breach (lower limit)
Vessel depth

Vessel length between perpendiculars
Waterplane area

Zero up-crossing period
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Designation

%]

T Q

N

o~

N

TtC
TtE
TCG
VCGor KG

Unit
[-]
[N] or [m]
[min]
[m]
[m?]
[°]
[m]
[°]
[m]
[m]
[m]
[m]
[-]
[m]
[m]
[sec]
[m]
[pax]

[°]

[-]
[m]
[-]

[-]
[m]
[m]
[min]
[min]
[m]
[m]
[m]
[m]
[m]
[m?]

[sec]



Abbrevations

Acronym
AIS

AP, FP
BL

CoG

CFD

CAD
CBM
CSSF
CDF

DCB

DCP

DoF
DNV GL
eSAFE
PhD
DBM
ERS™
EMSA
FEM
FPSO
GPS
GOALDS
GoF
HARDER
FLOODSTAND

IMO
KPI
MSRC
MCMC
MLE

Definition

Automatic Identification System

Aft- and fore perpendicular

Baseline

Centre of Gravity

Computational Fluid Dynamics

Computer Aided Design

Condition-Based Maintenance

Cruise Chip Safety Forum

Cumulative probability Density Function
Damage Control Booklet

Damage Control Plan

Degrees of Freedom

Det Norske Vertias - Germanischer Lloyds
Enhanced Stability after a flooding event
Doctor of Philosophy

Dynamic Barrier Management

Emergency Response Service!

European Maritime Safety Agency

Finite Elements Method

Floating Production, Storage and Offloading
Global Positioning System

Goal-Based Damage Stability for Passenger Ships
Goodness of Fit

Harmonization of Rules and Design Rational

Integrated Flooding Control and Standard for Stability and Crises
Management

International Maritime Organization
Key Performance Indicator
Maritime Safety Research Centre
Markov-Chain-Monte-Carlo

Maximum Likelihood Estimation

I Trademark of the Classification Society DNV GL.
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MS
MIT
NAOME
NAPA
PIT
PDF
RADAR
RRDA
RTMM
RoRo
RCCL
SRtP
SOLAS
TtC
TtE
WL

Midship

Ministry of Infrastructure and Transport
Naval Architecture, Ocean & Marine Engineering
Naval Architectural PAckage

Pressure Integration Technique
Probability Density Function

RAdio Detection And Ranging

Rapid Response Damage Assessment
Real Time Mission Monitor

Roll-on Roll-off

Royal Caribbean Cruise Lines

Safe Return to Port

Safety Of Life At Sea

Time to Capsize

Time to Evacuate

Waterline
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When a coincidence seems amazing, that's because the human
mind isn’t wired to naturally comprehend probability & statistics.

(Neil de Grasse Tyson, 2014)
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Chapter 1 - Introduction

1.1 Overview and Background?

1.1.1 An Industry in change

Responsible for carrying 90% of the world'’s trade, the maritime industry is the backbone
of the global economy, which has continuously surged over the last half century. This growth
has been largely driven by globalisation and the consequent increase in trade. The world is
changing fast, and so is the maritime industry. New megaships continue to outsize older
designs driven by economies of scale, which offer a competitive edge to ship-owners and
operators in an ever-burgeoning market. This inconceivable growth of international trade
and the introduction of new technologies mean that the maritime industry risks are
evolving. The new giants of the sea and the increasing complexity of on-board systems,
advanced technology and their interactions are posing challenges to the maritime industry
in terms of new, potentially hidden, risks. We continue to strive towards a safer industry,
but is the current, largely rule based regime capable of keeping up with today’s immense
pace of change? Safety of passenger ships has traditionally attracted considerable attention
because of their ever-increasing size, complex subdivision and large number of passengers
carried, as is highlighted in Figure 1-1. The relevance of this perspective has lately been
strengthened due to the cruise segments constant upsurge since the 2008 recession. To this
end, an intensive search for better and more optimal design solutions has emerged in the
last few decades, especially following the introduction of risk-based ship design methods
(Papanikolaou et al, 2009) and the introduction of safety equivalence and risk-based
standards, such as the probabilistic damage stability regulations, outlined in Reg. I/5 and
Reg.11-1/6 to 8 of SOLAS, respectively (IMO, 2006). Utilising these methods of risk reduction,
numerous means for reaching more optimal and cost-effective designs have been developed
through the introduction of risk control options, or safety barriers aimed at either accident

prevention, or post-accident mitigation and control.

2 Larger parts of this chapter have been published in Karolius K. B., Vassalos D., (2017), “How to buy
time following a flooding incident - intelligent quantification of emergency response measures”,
Proceedings of the 16 International Ship Stability Workshop, 5-7 June, Belgrade, Serbia.

31
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the size of cruise
vessels
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Figure 1-1:Evolution of cruise ship size (Papanikolaou et al, 2013).

Considering hull breach and flooding incidents, development of such measures has
primarily focused on survivability and mitigation, rather than prevention. It seems now,
however, that the attention has shifted towards research and development of preventative
measures, utilising technological advances to a higher extent, as for example in advanced
collision avoidance systems, aiming at preventing hull damages altogether (Statheros et al.,
2008), (Johansen et al., 2016). This change in focus seems to be driven by emerging trends
such as vessel surveillance, connectivity and automation, but also the fact that human
cognitive responses in a complex navigational climate is recognised as the Achilles heel and
primary source of error (Allianz, 2017). Despite this latter shift in focus from mitigation
towards prevention, it is the author’s belief that there is still a lot of room for improvement
in vessel survivability through modernisation and optimisation of the traditional concept of
emergency response and damage control by taking full advantage of advances in science and
technology. One would assume that the recognised human cognitive shortcomings under
normal operational conditions would be even more relevant during complex, high stress
emergency incidents, something that previous accidents have confirmed far too often (MIT,

2013).
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1.1.2 Risk-informed situational awareness

Safety barriers implemented to reduce flooding risk can roughly be classified as passive
means built-in (inherent) to the design such as watertight bulkheads, hull-shape, etc., or as
active means, which may relate to processes, people, technology, etc. The latter involves
actions undertaken to control a flooding incident, namely emergency response and damage
control. Furthermore, some of the built-in barriers need physical activation, e.g., sliding
watertight doors, pumps/valves, cross/down-flooding arrangements, etc. and are therefore
highly dependent on active means and may require human intervention (e.g. actuation). The
interface between the decision-maker and the actual situation is critical: if the decision-
maker does not know the full extent or severity of the emergency, the mitigation strategy
chosen to manage the response will be inadequate, or ineffective at best. Ultimately,
effectiveness of corrective actions depends on the decision-makers real-time information
for risk-informed situational awareness and their ability for optimal use of their available

knowledge to make timely decisions and implement the right corrective actions.

Numerous studies indicate that a significant proportion of maritime accidents are caused
by human error. In flooding incidents, it is difficult for the human mind to comprehend the
immensity of the situation, encompassing numerous possible damage states, their water
propagation and progressive flooding through pipes, doors and other internal openings and
the effects of multiple free surface and motions induced by external forces. A reliable
overview of the situation requires considering and determining the state of multiple
variables and their interactions, e.g., damage extent, flooding rate, environmental conditions,
availability of safety barriers and supporting systems. Due to inherent dynamics of the
emergency, the situation may become unmanageable long before the crew will be able to
collect all this information, assess the situation and respond to the threat. Even when
information is available, it is often scattered, fragmented and highly uncertain, and the
ability to take the correct and optimal decisions is limited at best. Most importantly, time is
of the essence in emergencies, hence, advanced and robust tools for providing accurate and
real-time information for optimal and risk-informed situational awareness on the flooding

emergency to support decisions are invaluable.
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1.1.3 Time as a measure of risk

Two of the most important variables in flooding incidents involving passenger ships are
the Time to Capsize (TtC) and the Time to Evacuate (TtE) (Vassalos et al., 1998). These
concepts are illustrated by the graph shown in Figure 1-2: if the time it takes to evacuate the
vessel exceeds the time it takes for the vessel to capsize and sink, loss of human life becomes
inevitable. The magnitude of loss (AN), proportional to risk, will be closely related to the
difference between these times (At), but most importantly it can be targeted as a measure

of potential improvement.

N.vae"' """""""""""""""""""""""""""""" -"'

A At

tevac

Figure 1-2: Interplay between TtC and TtE. Adapted from Papanikolaou et al. (2009).

Providing better and more accurate information to the crew facilitates decision-making
to decrease At, so that more lives can be saved in an emergency. In an ideal design, the time
to capsize should be long enough in all damage scenarios, and the below inequality should

be dogmatic.

t <t Eq. 1-1

evacuate capsize

But the perfect design, alas, is neither realistic nor economically feasible. We do, however,
have a range of resources at our disposal, and providing better tools to improve real-time
information in decision making, would make implementation of mitigating actions more

timely and targeted, consequently saving more lives.
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1.1.4 Life-Cycle risk management

Risk management is a life-cycle process and should entail quantifying the life-cycle risk
of a vessel from risk-reduction in design, through managing residual risks in normal
operations and finally to crisis-risk-management and emergency response in emergency
situations. A generic framework for addressing life-cycle risk systematically are lacking in
the maritime industry, stemming from a history of being largely rule-based relying on
minimum (often deterministic) standards of safety, thus failing to nurture a more
comprehensive risk management framework. For life-cycle flooding risk management, the
above-mentioned accident prevention, or post-accident mitigation and control safety
measures must be monitored and assessed during all vessel life-cycles ensuring optimal
performance in accordance with a minimum acceptable safety-baseline. The risk must be
continuously monitored and reviewed against identified Key Performance Indicators (KPI's)
to ensure changes in design or operation resulting in deviations from the baseline are
adhered to and properly managed, and in the case of a flooding emergency, the various safety
barriers are available and working optimally as intended. More comprehensive monitoring
would further provide extensive data for feedback and continuous improvement of

management and operations and even for future vessel designs.

1.1.5 Advantages in emerging technology

The inherent complexity of the flooding process and the lack of a more comprehensive
life-cycle (flooding) risk management framework on large passenger vessels has in recent
years been recognised. The availability of more advanced tools has continuously nurtured
and supported the idea of a Risk-Based design framework for improved functionality,
performance, and novelties in the design stage and throughout operation, while at the same
time being risk-informed and therefore improving the safety culture. Similar advancements
have also been seen for the emergency phase. The perception of the vessel itself being the
best lifeboat has for instance been agreed upon by industry and resulted in attempts to
provide new regulatory solutions. In particular, the most recent developments resulted in
significant changes in the approach to damage stability and flooding response. Among the
pivotal advancements are the IMO’s regulations for Safe Return to Port (SRtP) (IMO, 2006).
Although the regulations mainly focus on redundancy of on-board systems, they also provide

guidance for what should be available for decision making post damage, based on flooding
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extent and residual stability. Specifically, SOLAS Reg. 1I-1/8-1.3 (IMO, 2006) requires that
on-board stability loading computers must be capable of providing operational information
to the Master for safe return to port after a flooding incident. Moreover, SOLAS Reg. [1-1/22-
1 (IMO, 2006) requires installation of flooding sensors in watertight spaces below the
bulkhead deck. However, a major shortcoming of the IMO requirements is that the SRtP
flooding scenarios are deterministic and limited to single watertight compartments. In
realistic scenarios and real flooding emergencies, it is essential to determine the actual
damage extent and produce a reliable estimate of the time available for safe evacuation and
abandonment. Hence, the decision-support tools for emergency flooding management
systems must be far more robust than those required by the regulations, and as history has
shown, might even be better off if increasingly automated? The research culminating in this
PhD dissertation has been directed at the development of a framework where sensor-
technology and analytics are utilised to a higher degree, in an attempt to improve risk
information and, hence, provide a means for a more comprehensive life-cycle flooding risk
management framework for large cruise vessels. The main application presented in this
thesis will be within the emergency phase for improved and risk-informed situational
awareness in flooding emergencies. Such improvement would result in more optimised,
targeted and timely activation of active mitigation barriers prolonging the time available for
safe and ordered evacuation and abandonment or even enabling safe return to port. Indeed,

staying upright and afloat.

1.2 Aims and objectives

The main aim of the presented research has been to develop and test a
framework/methodology for improved real-time information providing risk-informed
situational awareness to the vessel crew in flooding emergencies, in particular damage
extent and location, following hull breach in a collision incident with reduction of
uncertainty stemming from merging probabilistic methods with sensor technology and
analytics. Such a framework, utilising probabilistic supportive evidence for quantified
decision making, should provide improved survival assessment and enable the crew to
implement emergency responses in a timely, targeted and efficient manner. The
development will further act as a more comprehensive life-cycle flooding risk management

framework for continuous risk monitoring and management to bridge the remaining life-
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cycles (design and operation). To achieve this aim, the following objectives have been

identified:

1. Present a critical review of relevant topics and literature, identifying how traditional
emergency response is executed in a flooding incident and what novel approaches have
been proposed for improvement. Finally, the review is intended to identify gaps in the

subject matter, which may be addressed by the research output of this PhD study.

2. Utilise sensors and analytics (technology) to reduce uncertainty on collision damage
extent, location and related parameters in flooding emergencies. The methodology,
based on Bayesian inference, will use available statistics as a priori information and
sensor data as continuously updated evidence (i.e. sequential updating utilising multi-
sensory data fusion techniques). This also entails analysis of the flooding process and
damage stability characteristics for identification of the most relevant variables and to
develop a priori distributions and corresponding probabilistic likelihood functions
applicable to the multi-sensor framework combining state-of-the-art time-domain

simulation software tools and available statistics.

3. Testthis methodology with the use of currently available sensors onboard ships (sensor
layout as built) within flooding emergency response scenarios. To enable testing, the
methodology will be coded within a demonstration platform, reading emulated sensor
data, and providing sequentially updated information. For testing purposes, time-series
from time-domain simulations will be interpreted as actual sensor readings imposed by

realistic environmental influences and dynamic responses of a damaged ship.

4. Reduce uncertainty of the prediction of high-risk damage cases. The confidence in
prediction can be improved by development of a method for risk-based positioning of
flooding sensors (in an attempt to ensure that the remaining uncertainty is transferred
away from high-risk cases). The method would help identify critical areas in the design

stage, and areas of importance for monitoring during operation and in emergencies.

5. Offer conclusions and recommendations highlighting key findings from the research on
application of the probabilistic inference framework for ship survivability in flooding
emergencies. Finally, discuss the feasibility for practical implementation of such a

framework as a life-cycle flooding risk management framework.
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1.3 Outline

The thesis is structured in 11 chapters, and 6 appendices. Each chapter starts with
opening remarks aiming to provide some background information on the subject matter.
Similarly, closing remarks have been included for summarising the main findings derived in
each chapter. For a more orderly presentation, the list of relevant references is included at
the end of each chapter in the order they are presented in the text. A number of appendices
with supplementary figures and data follows the main body of the thesis. References to
relevant appendices are provided throughout the text. The two following sections start by
introducing the main statistical tools, which have been utilised in the development and the
description of the sample vessel used for implementation and testing. Chapter 2 starts by
introducing the most important variables affecting the outcome of a flooding incident with
emphasis on collision damage with the intention to provide some context to the problem at
hand. The main aim of the chapter is to formulate the problem and to identify the key

variables influencing the outcome, for use within this development.

Chapter 3 examines how traditional emergency response is executed in a flooding
incident, and what alternative approaches/techniques have been proposed for
improvement. Its aim is to identify gaps in the current framework, which may be bridged by
the developed framework presented herein. The chapter further includes sections on other
uses of sensors and technology in both the maritime industry and other industries
comprising concepts and notions for life-cycle risk management using new technology and
increased utilisation of sensors. Chapter 4 aims to give a general introduction to uncertainty
and probabilistic inference, including a more detailed review of a specific inference
technique for uncertainty reduction, namely Multi-sensor Data Fusion. The chapter will focus
on basic theory, definitions and application. It will also provide an example to illustrate the
concept. Chapter 5 through Chapter 7 will each address the variables identified in Chapter
2; relevant to environment, damage extent and the ship response. As the multi-sensor data
fusion relies heavily on a priori statistics and likelihood functions, all these chapters will
share the same structure consisting of sections presenting the development of a priori
probability distributions, derivation of likelihood functions for each relevant variable and

presentation of results and examples from implementation as well as testing.
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Chapter 8 presents the methodology developed for risk-based positioning of flooding
sensors, in an attempt to ensure a reduction of uncertainties by focusing on high-risk
damage cases. In Chapter 9, the developed methodology is presented using a schematic
diagram, summarising all its components, and making reference to the respective chapters
they were introduced in the thesis. The result for the complete implementation of the
framework, covering all the variables will be presented in Chapter 10, where results are
presented from applying the developed methodology to the range of test damage cases with
the existing sensor layout (as built) of the sample vessel. Discussions and recommendations
as well as concluding remarks are included in Chapter 11. This final chapter discusses the
impact of the probabilistic inference framework on damage survivability of ships and the
feasibility of practical implementation for use as a life-cycle flooding risk management

framework.

1.4 Tools for Statistical Analysis

A range of statistical tools and methods have been employed to develop the various
probabilistic models during the research and they will be covered briefly in the following.
Other, generic and engineering, software tools are referenced throughout the text. Most a
priori probability distributions and likelihood functions are derived by processing the
corresponding datasets in the statistical software R (R Core team, 2013), supported by a
range of libraries. In addition to the already built-in base functions of R, the most significant
packages used are the fitdistrplus, copula and vinecopula. The fitdistrplus package of R is a
general package for fitting univariate parametric distributions to continuous censored or
non-censored data and discrete data. The package provides means for a variety of estimation
methods, such as maximum likelihood, moment matching, quantile matching and maximum
goodness-of-fit estimation. For the purpose of identifying and fitting distributions in this
development, the Maximum Likelihood Estimation (MLE) method has been utilised. A
skewness and kurtosis plot such as the one proposed by Cullen & Frey (1999) is provided
by the fitdistrplus package. The plot displays skewness and kurtosis values for common
distributions in order to help the choice of distributions to fit the data. For some
distributions (normal, uniform, logistic, exponential), there is only one possible value for

skewness and kurtosis. Thus, the distribution is represented by a single point in the plot.
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For other distributions, areas of possible values are represented as lines (as for the
gamma and lognormal distributions) or areas (as for the beta distribution). More
information about the fitdistrplus package may be found in Delignette-Muller et al. (2015).
The copula and vinecopula packages provide tools for the statistical analysis of copula
models for capturing conditional dependencies between variables (more specifically copula
models represent the mathematical relationship between the marginals of a bivariate
distribution). Both packages include tools for parameter estimation, model selection,
simulation, goodness-of-fit tests and visualisation of copula models. More specific details on
the relevant copulas are given in Chapter 6. More theory and general information on copulas
may be found in Aas et al. (2009) while the R packages copula and vinecopula are detailed
in Hofert et al. (2017) and Schepsmeier et al. (2018), respectively. The presented
methodology entails dynamic real-time update of probabilistic models, coded as a fully
working damage stability platform. For the purpose of implementation, the scripting
language Python (Python Core team, 2015) has been utilised with a range of libraries, most
notably NumPy (Travis, 2006) and SciPy (Jones et al., 2001). Most of the plots and figures
presented in the thesis were created with use of Python’s library Matplotlib (Hunter et al.,

2007).

1.5 Sample vessel

The high-fidelity ship model chosen for the development and testing of the framework is
based on a large modern cruise vessel of 100,000 GT, currently in operation. The vessel’s
main particulars are presented in Table 1-1 while the watertight arrangement and current
flooding sensor layout in accordance to MSC.1/Circ.1291 (IMO, 2008) is presented in Figure
1-3. In total, the vessel has 52 pneumatic level sensors fitted in dry spaces and a further 94
of the same type located in tanks. The vessel is equipped with four pneumatic draft sensors
(one fore, one aft, and two amidships, located at either side). The vessel’s internal
compartment connectivity comprises a total of 910 openings, covering doors, hatches, etc.,
as summarised in Table 1-2. The openings are assigned to a range of categories based on
their watertightness in accordance with Ruponen & Routi (2011). Furthermore, opening
allowance category is specified in accordance with MSC.1/Circ. 1380 (IMO, 2010). The

openings are shown in Figure 1-4.
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Table 1-1: Sample vessel particulars.

Parameter Symbol Value Designation
Length between perpendiculars Lgp 273.00 m

Breadth B 36.00 m

Depth D 21.00 m

Gross tonnage GT 100,000 m?3

Number of passengers - 2,800 persons
Number of crew - 1,050 persons

Lt
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Figure 1-4: Stability model with internal openings.




Table 1-2: Internal openings of sample vessel.

Description WT category | Ope. Allow. category | No. of Ope.
Sliding watertight door Al C 15
Watertight hatch Al C 1
Hinged cold room door A2 NA 9
Hinged provisions room door A2 NA 18
Sliding cold room doors A2 NA 3
Sliding light-watertight door A2 C 4
Sliding provisions room door A2 NA 9
Sliding semi-watertight door A2 B 15
Escape hatch B1 A 15
Hinged weathertight door B1 A 12
Sliding weathertight door B1 A 2
Hinged double fire door B2 NA 49
B-class structure B3 NA 5
Hinged escape door B3 NA 54
Hinged non-watertight door B3 NA 86
Sliding fire door B3 NA 23
Hinged fire door B4 NA 286
Sliding lift door B4 NA 67
Hinged lift door B4 NA 1
Unprotected doorway or connection | C NA 236
Sum - - 910
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Chapter 2 - Damage Stability and
Survivability of Passenger Ships

2.1 Opening remarks

As the presented framework deals with flooding and damage stability, it would be
beneficial to provide some context to the problem before delving into more details of the
research. To that end, this chapter introduces the variables governing the flooding process
and determining the outcome of a flooding incident. Furthermore, although the emphasis is
on collision damages, as this has been the focus of this research, the concepts presented and
discussed in the following can be readily generalised to any scenario following hull breach
and subsequent flooding. The chapter will cover the traditional (i.e. static) approach to
damage stability and will present the main physical variables governing vessel stability to
which traditional regulations and rule requirements apply. The issue, however, lies in the
fact that these variables provide a very limited representation of vessel survivability,
particularly if taken in isolation from their main influencing variables. For this purpose,
these variables may be divided into main groups according to what part of the problem they
are mostly affiliated with. Here, the variables are divided between Breach- and damage
related variables, Vessel variables, and finally environmental variables, as detailed in the

following sections.

2.2 Traditional approach to damage stability

In the realm of hydrostatics, a vessel’s stability is directly related to two main factors,
namely its ability to stay afloat, and its ability to return to operational equilibrium position
when acted upon by an excitation force. The former is governed by the well-known
Archimedes Principle, namely the underwater volume and resulting hydrostatic pressure
giving rise to the vessels buoyancy, B, while the latter is directly related to the vessel
waterplane area, WPA, which decides its metacentric height, KM, and the interplay with the
position of the vertical centre of gravity, KG, namely the vessels GM. This is especially true

for small heel angles, but for larger heel angles, vessel stability is normally measured using
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the well-known GZ curve (righting-lever curve) as the waterplane area tends to change with
increased angles of heel. Both GM and the GZ curve play important roles also in dynamic
stability. Specifically, the former will determine relative motions between ship and waves
and the area under the latter corresponds to the change of potential energy of the ship in
response to the excitation. Both GM and the GZ curve have been, and still are, the main
parameters being regulated in the intact stability regulations such as the 2008 IS Code (IMO,
2008a). The parameters are easily enhanced in the design phase when, considering that for
an intact vessel, they are closely related to vessel beam and vertical centre of gravity, KG.
However, when the hull is breached, and part of the internal volume flooded, the ship will
sink, heel and trim until a new condition of equilibrium is reached in which reserve
buoyancy (i.e. buoyancy above the initial waterline) has been brought into effect to replace
the lost buoyancy. Whether or not the reserve buoyancy will compensate for the loss due to
flooding depends highly on the vessel internal subdivision and the ability to prevent water
propagation from the damaged compartments to other internal compartments (progressive

flooding).

The latter is based on the assumption that the ship will survive the initial stages of
flooding (transient phase), which is not the case for a large proportion of damage cases in
most of the existing ships as well as a significant part of damages even in current
newbuildings. This presents a limitation in the current approach as the focus for transient
flooding must be on passive protection. If there is sufficient reserve-buoyancy to replace the
lost-buoyancy, static equilibrium will be reached with a new heel angle resulting in a change
in freeboard, GM and GZ curve characteristics. If the reserve buoyancy is insufficient to
compensate for the lost buoyancy the ship will sink, and if GM becomes negative with the
vessel upright and with no remaining area under the residual GZ curve when heeled (i.e. GZ
curve post damage) the ship will capsize. These facts have led the regulatory framework for
damage stability, such as SOLAS Reg. 1I-1/6 to 8 (IMO, 2006) to continue using such
traditional variables, by imposing requirements on the residual GZ curves in a static manner;
similarly to intact stability, but post damage (range, max value, etc). However, it will be
demonstrated in the following that the processes governing the stability of damaged ships
are complex and influenced by a broad range of variables and such complexity cannot be
accurately captured by static consideration of simple characteristic parameters such as GM

or GZ.
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2.3 Breach and damage extent variables

2.3.1 Damage breach

The damage breach represents the geometrical properties of the damage opening
connecting the vessel internal space to the sea, resulting from the collision (or
grounding/contact) impact. The damage breach is often also termed damage extent.
However, in the following a clear distinction will be made between these notions and it will
be shown that the damage breach is one of the direct variables influencing the damage
extent. The governing variables for the breach size are the geometrical properties as
illustrated in Figure 2-1. Such definitions were initially introduced by Liitzen (2001, 2002),
and have further been developed by Bulian (2011, 2017). Similar definitions for grounding
damage have also been introduced by Zaraphonitis et al. (2015). The geometrical properties
of the breach comprise size governing variables, namely length, height and penetration
depth (designated by L, H and Y respectively) and position governing variables
corresponding to longitudinal and vertical position (designated by X and Z respectively) of
its origin. Obviously, a real breach is unlikely to be completely regular in shape due to the
structural dynamics and mechanics involved in the collision, but these simplifications are
necessary to enable the development of related statistics describing the breach geometry as

initially introduced by Liitzen (2001) and further developed in Chapter 6 of this thesis.

Figure 2-1: Damage breach geometrical properties.
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It is clear that the size of the damage breach is among the main variables that will
determine the rate of floodwater ingress. Other variables affecting the floodwater ingress
rate involve such parameters as draft, wave height etc., as will be discussed in more detail in
the following sections. Ingress rate in the first few seconds of flooding is further closely
related to the phenomenon of transient flooding, which entails excessive heel angle due to
the abrupt inflow of large mass of floodwater. Transient flooding have not been included in
the present development, simply because if the vessel would capsize in the first few minutes
following the breach, use of any operational emergency-response prediction tools would be
inconsequential. The breach will further govern which compartments are open to sea and
the group of compartments with direct connection to the damage breach is defined as the
initial damage extent. The compartments forming the damage extent are considered as lost
buoyancy even if they are not flooded. The actual boundaries of the initial damage extent are
dependent on the vessel’s internal subdivision, as a low degree of subdivision will enable
smaller breaches to cause large initial damage extent, and subsequent large loss of buoyancy,
while high degree of subdivision, will prevent smaller breaches to cause major loss of
buoyancy, as illustrated in Figure 2-2. However, exploring singularly this route leads to
complex internal subdivision with impact on weight, ergonomy and functionality. Presence
of internal openings within the boundaries of the initial extent may lead to the progressive
damage extent. Initial and progressive damage extents are also termed initial- and
progressive-stages of damage in relation with the flooding sequence, where the initial stage
would become an origin or source of flooding for the progressive stages. The progressive

extent will be discussed in more detail together with the subdivision in the next section.

Low degree of subdivision High degree of subdivision

. Breach . Initial stage |:| Maintained buoyancy

Figure 2-2: Initial stage of damage extent and its dependency on degree of subdivision.

48



2.4 Vessel variables

2.4.1 Internal subdivision and openings

As discussed in the previous section, the internal subdivision of a vessel will determine
how a breach opening will translate into the initial damage extent in terms of lost buoyancy.
The internal arrangement comprises a range of internal openings such as ducting, piping,
doors, hatches, windows, shafts, etc., connecting compartments between the horizontal and
vertical watertight subdivision, which will further influence the flooding progression. This
is closely related to opening types and watertight integrity (Watertight, Weathertight,
Unprotected), their status (Open, Closed) and their position. This connectivity of
compartments is, therefore, highly dynamic, as openings such as doors and hatches may be
opened and closed during the operation of the vessel for specific periods of time (opening
frequency) or leak or collapse under the floodwater pressure. The possible progression of
floodwater through the internal openings gives rise to the progressive damage extent (or
stage) as illustrated in Figure 2-3. The progressive extent is often divided in several
subsequent stages depending on the sequence of openings being submerged and adjacent

compartments progressively flooded.

Low degree of subdivision High degree of subdivision

[l Breach [ Initial stage []Progressive stage [_]Maintained [] Open/Closed
buoyancy doors

Figure 2-3: Initial and progressive stage of damage dependent on internal opening status.

Requirements for flooding sensors as set forth by SOLAS Reg. 11-1/22-1 (IMO, 2006), aim
at providing an estimated overview over the damage extent in terms of what compartments
are imposed by floodwater, but provide only a limited view as sensors are only required in

a limited number of compartments. There is also requirement for sensors on power-
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operated sliding watertight doors located in main watertight bulkheads, as set forth by
SOLAS Reg. 11-1/13-6 (IMO, 2006). However, door status would not necessarily ensure that
flooding status is known, as its relative position with respect to the floodwater level within
the compartment is generally unknown and compartments without flooding sensors would
require inspection by crew. Non-watertight doors (e.g. fire doors) without status sensors
could also affect the flooding outcome. They can withstand flooding to a certain degree when
closed, but they will be prone to leakage and may eventually collapse due to the build-up of
hydrostatic pressure. Opening vulnerability to leakage and collapse is related to the type of
closing appliance (opening type) and is governed by the category of watertight integrity.
Categorisation of openings and their vulnerability to leakage and collapse has been
investigated in the project FLOODSTAND (Ruponen & Routi, 2011), where several full-scale
model tests were performed, identifying leak and collapse pressure heads for a range of
opening categories. One of the findings of the project (Jalonen et al., 2017) is that the non-
watertight doors may withstand pressure heads up to 3.5 m before they collapse. Another
issue with the closing appliances on internal openings (particularly doors) stems from the
combinatorial element related to their open/closed status as was highlighted in the
European project EMSA III (Jasionowski et al., 2015). Assessment of the impact of a single
open watertight door on stability led to the observation that, while varying from door to
door, the impact was small in comparison with the impact of combinations of multiple open
doors. Furthermore, it was recognised that the impact on stability was insensitive to opening
allowance category of doors comprising that particular combination. More specifically, an
opened door of category C would degrade stability, on average, to similar extent as opening
the door of category A. The various opening allowance categorisations as defined in

MSC.1/Circ. 1380 (IMO, 2010) are summarised in Table 2-1.

Table 2-1: Opening allowance categories for watertight doors.

Categories Opening allowance

Permitted to remain open during navigation by the Administration according
to SOLAS regulation 11-1/22.4 (category removed from MSC.1/Circ.1564).
May be opened during navigation to permit the passage of passengers or
crew, according to SOLAS regulation 11-1/22.3.

Shall be closed before the voyage commences and shall be kept closed during
navigation according to SOLAS regulation I1-1/22.1 and 1I-1/22.6.

Shall be closed before the voyage commences and shall be kept closed during
navigation according to SOLAS regulation I1-1/22.1.

Category A doors

Category B doors

Category C doors

Category D doors
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The combinatorial character of the door status problem results in the immense number
of possible combinations, N, increasing exponentially with the number of n doors available,

governed by Eq. 2-1 and illustrated in Table 2-2.
N=2" Eq. 2-1

From Table 2-2, it is clear that the stability assessment involving all possible
combinations of doors is infeasible, thus resulting in the necessity for developing more
simplified models, such as the one presented in the EMSA III project (Jasionowski et al.,
2015). However, there are a discrete number of possible initial damage extents, and for
every one of these, there are also a discrete number of directly connected compartments.
This entails that we need to consider only status of doors directly within the boundary of a
specific initial damage extent (and all subsequent flooding stages thereafter). This view will

help limit the problem as will be demonstrated in Chapter 6.

Table 2-2: Door combinatorics.

Number of doors, n Number of combinations, N

1 2

2 4

3 8

50 1125899906842624

98 316912650057057350374175801344
99 633825300114114700748351602688
100 1267650600228229401496703205376

Large cruise vessels have an internal subdivision and compartment connectivity of
unparalleled complexity when considering internal floodwater propagation. The heeling
moment from floodwater weight requires down- and cross- flooding arrangements in an
attempt to lower the damaged vessels KG (increase GM) or to reduce the heeling angle
respectively. The complex subdivision also leads to the problem of multiple free surface
effects. As the hull is breached, water will rush through various compartments at different
levels, and could significantly reduce stability even when the floodwater amount is relatively

small.
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In principle, the complete flooding process (or evolution) can be divided into these
successive stages: transient, progressive and stationary stage. Transient stage, which entails
the first seconds following the floodwater ingress through the breach opening may result in
large heel angle to the damaged side, particularly when the opening is large, located below
the waterline and the inflow area unobstructed. This is followed by the progressive flooding
stage, where floodwater progresses from the initial damage extent through various internal
openings: unprotected, open or not-closed-in-time or as a result of hydrostatic pressure

difference leading to leakage or structural collapse.

TranlSient Progressive Stationary

[ T

10

Vessel loss |

Vessel survival

| | T
\/ 100 200 300 400 500 600 700 Time [sec]

Figure 2-4: Schematic representation of different stages of flooding.

The progressive flooding may be seen as sequence of subsequent flooding stages (or
phases) when new openings are being submerged as the vessel heels or sinks due to
continuously increasing floodwater mass. This escalation of flooding will continue as long as
new openings continue to be submerged and leak or collapse. The vessel will eventually sink
or capsize, unless she reaches a new equilibrium without further openings being submerged
(or failing) and where the flooding process is contained within the final watertight
boundaries. Provided that there is sufficient residual stability and positive buoyancy to
withstand the dynamic impact of environmental excitations in the latter case the ship will

have reached a stationary state. The various flooding stages are illustrated in Figure 2-4.

52



2.4.2 Striking and Stricken vessel

A collision is a two-ship incident involving striking and stricken vessels (Liitzen, 2001).
We must assume that any vessel may take on the role of either striking or stricken and that
both may incur hull breach and subsequent flooding. The interplay between the vessels
involved will impose the highest influence on the damage breach, and the main influencing
variables are those related to the available energy: the direction and magnitude of the
related force during impact (energy transfer). Such variables comprise the involved vessel
speed, mass and heading as well as structural crashworthiness and specific geometric
features, related in particular to the striking vessel bow shape and height. Speed, mass and
heading interplay, including bow design geometry is illustrated in Figure 2-5. Substantial
work has been done in the area of modelling vessel variable dependency regarding collision
damage, such as Pedersen (1999 & 2010), Lutzen (2001), and on vessel crashworthiness,
such as Tornqvist (2003) and Paik & Sea (2007). Assessment of vessel crashworthiness often
employs advanced Finite Elements Method (FEM) simulations such as Ozguc et al. (2006),
Paik (2007a-b), and Prabowo et al. (2017), as illustrated in Figure 2-6.

Striking vessel

Struck vessel L Parabola  d = ebm\

tan ¢

Figure 2-5: Interplay between speed, displacement and heading during collision (left), and bow design geometry
(right) (Lutzen, 2001).

Vessel geometry and structural crashworthiness are both design variables, hence in an
emergency they are set (invariant) and outside of the operator’s control. However, knowing
the details of the other ship involved in a collision scenario, namely its displacement, speed,
heading, and bow geometry (bow height) would provide a useful indication in the

assessment of the size (i.e. extent) of the breach. In most of the cases such information can
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be retrieved (at least partly) from Automatic Identification System (AIS) required by SOLAS
Reg. V/19 (IMO, 2006), and it would be available to the operators assessing post-collision
impact. The AIS information can be incorporated as evidence into the framework of
probabilistic sensor fusion to support inference on the damage extent. This approach is

discussed in detail in Section 7.3.3 of this thesis.

Figure 2-6: Breach (hull deformation) simulated in FEM analysis (Ozguc et al, 2006).

2.4.3 Loading condition

A range of parameters associated with the vessel’s loading condition (lightship weight,
cargo and tank content) will determine its centre of gravity, CoG (represented by TCG, VCG,
LCG), which in combination with the hull-shape will govern the floating position, righting
moment and dynamic responses in waves. The floating position in terms of draft, heel and
trim will govern the vertical position of the breach opening in relation to the baseline.
Considering a collision scenario and the draft alone, the vertical position of the damaged
breach would differ between a scenario where the striking vessel were operating in ballast-

condition, compared to operating in full-load condition. This is illustrated in Figure 2-7.
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Figure 2-7: Draft influence on expected breach height.

Similarly, this would also apply to the stricken vessel’s operating condition. Shallow-
draught stricken ships (e.g. cruise ships) are expected to suffer collision damages extending
to much lower compartments than the deep-draught ships (e.g. laden tankers). However,
cargo ships may not have as many decks below the bulkhead deck. Regardless, knowledge
on vessel draft would provide additional supportive information in assessing the vertical
damage extent. A vessel’s loading condition is known by the operators from the onboard
loading computer as required by SOLAS Reg. 11-1/8-1.3 (IMO, 2006). Many new designs, such
as the sample vessel utilised in this thesis, also have pneumatic draft sensor, which will
provide a continuous measure on the vessels draft, heel and trim. The information on vessel
draft can, similar to the AIS data, be incorporated into the probabilistic fusion framework to
support inference on the vertical damage extent and this is discussed in more detail in

section 7.3.3 of this thesis.

2.5 Environment variables

2.5.1 Wind

Wind forces produce drifting motions and induce additional heeling moment. This is
especially important for large cruise vessels with large superstructures and a significant
wind profile. Wind gust may also, in addition to waves, result in roll angles that may
submerge openings located above the calm waterplane. This has been partly accounted for
by the IMO weather criterion incorporated in the 2008 IS Code (IMO, 2008b) but remains

mandatory only for assessment of intact vessels. The probabilistic damage stability
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regulations of SOLAS 2009 Reg. 1I-1/7-2 (IMO, 2006) only account for the additional wind
heeling moment in a static consideration by imposing a wind heeling arm. Although wind
forces create considerable heeling moments, they have traditionally not been systematically
accounted for when considering a damaged ship. The main reason for this is that in most
situations waves and wind are colinear. Hence, in real beam-seas situation (considered to be
most severe in waves) the wind force would help resist capsize rather than strengthen the
action of waves (Papanikolaou, 2007). Regardless of this intuitive expectation the
regulatory framework for damage stability assumes the adverse effect of wind on
survivability. Wind sensors (anemometers) are today fitted on all operating vessels, in line
with SOLAS Reg. V/5 (IMO, 2006) and provide speed and direction of the wind acting on the
vessel. Pneumatic draft sensors would, in providing dynamic floating position (heel and
trim), indirectly provide information on the induced wind-moment from its manifestation

on the vessel floating position and will be utilised in the presented development.

2.5.2 Wave

Waves, particularly in high sea states, induce complicated, highly non-linear, dynamic
responses on a vessel. In damaged condition, they create coupled, complex, dynamic
interactions between the waves themselves, floodwater and the damaged ship, affecting
vessel survivability. The coupled dynamic interactions with the floodwater will in many
cases result in subdued vessel motions due to its added damping and added inertia effects
(as in the case of anti-rolling tanks) but may in some scenarios critically impair vessel
survivability. The waves will also affect the vessel stability in terms of its righting lever-arm,
GZ. As the waves pass the vessel, there will be a dynamically changing underwater volume
(and waterplane area), which result in a dynamically changing GZ and subsequently in
stability performance. This is illustrated in Figure 2-8 for an intact vessel, nevertheless,
highlighting the influence on stability performance from waves. The wave action further
increases floodwater ingress by gradually pumping water into damaged spaces and into low-
freeboard decks that would not be flooded in calm water, causing multiple free-surface
effects and progressive flooding through non-watertight openings, further adding to the

complexity of the coupled dynamic interactions.
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Figure 2-8: GZ variation with respect to time and wave position in head waves (Pesman et al., 2012).

Surface waves are generated by wind and do, in large-scale, depend on it. It is therefore
tempting to use wind sensors to gain additional information on the wave environment. The
correlation between wind and waves does not necessarily mean that wind measured at the
vessel location provide additional information on the observed wave environment.
Naturally there are some local dependencies, indicating that measuring strong winds would
imply large waves. Observing waves does not thereby mean that there are strong winds in
the area, simply because waves may travel thousands of miles and waves observed at the
vessel location have been developed by a wind climate or environment some distance from
the current vessel location. Local, small-scale, correlations between wind and waves are
more difficult to capture than global effects, indicating that wind sensors would not be
optimal for making inference about the wave environment. There are other alternatives,
such as wave-radars but these are not found on most vessels today. Motion sensors,
however, are presently found onboard most vessels and may be utilised, as waves are the
main contributor to vessel motions. The sensor observations may be used to support

inference about the wave environment as will be discussed in more detail in Chapter 5.
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2.6 Variable dependencies

In Figure 2-9, the above introduced variables and their casual dependencies are

illustrated in a highly simplified but orderly manner.

Breach opening:

Size, location

OUTCOME VARIABLES:

Initial damage extent: Ingress rate:

Initial compromised Tons/Cubic per second
compartments

VESSEL VARIABLES (STRUCK & STRIKING):

Progressive damage Progressive rate:
extent:

Design Variables: Operation Variables: Progressive compromised

compartments

Tons/Cubic per second

Crashworthiness: . o
e Loading condition: Heeling/Sinkage rate:
Strength/Energy .

absorbance A, Draft, Trim, Heel Degrees/Metres per

second

ENVIRONMENT VARIABLES:

Hull form: Route planning:

. i ility:
L,B,D,Cp,etc. Speed, Heading Pl sl

ind: Vyess GM, GZ

Speed, Heading

Subdivision and Opening Connectivity:

WT Bulkheads/Compartmentation, Leak/Collapse, Opening Survival status:
status

Wave: Capsize/Sink, TTC

Height, Period, Heading

Figure 2-9: High-level causal relationship between flooding variables.

The Damage variables are shown in orange, covering the Breach-opening and the related
damage extents (initial and progressive). The environmental variables have been illustrated
in blue, covering both Wind and Waves. The response variables are illustrated in red,
covering the respective deterioration rates, stability parameters and survival status. The
vessel-related variables are illustrated in green and have been divided between Design- and
Operation-variables, where the Internal Subdivision and Opening Connectivity are related
to both categories, because they are fixed during the design phase, but dynamically change

status during the operational phase related to their opening frequencies.
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2.7 Time-domain flooding simulations

Traditionally, the consideration of a vessel’s damage stability performance has been
largely reduced to static assessment of GM, and calm-water GZ for fast and computationally
efficient calculations. However, these simplified considerations inevitably fail to cater for all
relevant aspects, and critically may undermine safety. Supported by an enhanced
understanding of the governing phenomena involved in damage stability and flooding in
waves resulting from vast experience following accidents and model-testing, has enabled us
to assess the flooding evolution in time-domain capturing also dynamical aspects in greater
detail. Time-domain simulations have been used for decades, since the invention of the
computer, enabling implementation and solutions to complex problems originating from
pioneering work by Newton, Euler, Froude, Stokes, Green, Rayleigh. The benefits have in
recent years been augmented due to greater availability and affordability of computational
power and efficient algorithms enabling us to solve ever-more complex problems. A range
of advanced time-domain simulating computer code that enables the estimation of outcomes
post damage have in recent years been developed, such as CAPSIM (Spanos & Papanikolaou,
2001), (Spanos, 2002), IST (Santos, 2003), and FREDYN (Van’t Veer & De Kat, 2000), (De Kat
& Paulling, 2001).

In the presented development, time-domain simulations of a damaged ship are utilised
in order to produce relevant statistics for implementation within the framework.
Probabilistic multi-sensor data fusion relies heavily on probability distributions in the form
of a priori belief and likelihood functions representing a mapping between the observations
made from sensors, and possible states of reality. In this context, time-domain simulations
become highly beneficial because it is impossible to collect the required data sets from full-
scale flooding tests as this would entail hull breach and possible vessel loss. Furthermore,
this would have to be performed for thousands of scenarios in order to generate data-sets
suitable for reducing uncertainty as will be discussed in more detail in Chapter 4. The large
volumes of data needed also render physical model tests and the more advanced
Computational Fluid Dynamics (CFD) infeasible due to high cost and prohibitive
computational time. In the development of this framework, the time-domain simulation
code PROTEUS3 has been utilised. The details of the underlying physics of the software will

not be discussed in this thesis, but for information general evolution of the software can be
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found in Turan (1993), Vassalos (1995), Letizia et al. (1995), Letizia (1996), and Jasionowski
(2001). The PROTEUS3 model of the sample ship is illustrated in Figure 2-10.

Figure 2-10: PROTEUS3 model with internal openings.

2.8 Closing remarks

In the foregoing sections of this chapter, a comprehensive review of relevant variables
involved in a flooding incident has been presented. The emphasis has been on collision
damage on large cruise ships, but the presented concepts can readily be generalised into any
scenario following hull breach and subsequent flooding on any ship type. It is clear that the
problems encountered by the operators in flooding emergencies are not easily
comprehendible and supportive tools would be highly beneficial. The reviewed variables
have been divided into Breach- and Damage-related variables, Vessel variables, and
Environmental variables, a categorisation that will be maintained in the remainder of the
thesis. The various variables from each of the categories that have been implemented in the
methodology is summarised as follows. For the Breach- and Damage-related variables the
breach geometrical properties and available statistics will be assessed, including how the
breach translates to the initial extent of damage. The dependency with the vessel variables,
in terms of floating position (specifically draft) will be assessed and implemented. It has also
been established that the damage extent is traditionally separated between initial and
progressive extent (or stages). Such a separation will be maintained in the following

development.
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Implemented vessel specific variables are for the stricken vessel; internal openings
encompassing their status, their leak and collapse pressure heads governing the progressive
extent of damage, as well as the vessel loading condition and subsequent floating position.
Trim has been disregarded, as large cruise vessels operate on a very narrow trim range but
could be readily refined and implemented for future developments. For the striking vessel,
an attempt to account for known energy available, governed by the striking vessel’s main
particulars, provided by AIS data will be presented, utilising available damage statistics.
Other design- related variables, such as crashworthiness and internal subdivision in excess
of openings has been disregarded simply because they are invariant during operation. For
the environment variables, the influence from waves will be the main focus, because the
pneumatic draft sensor would, in providing dynamic floating position (heel and trim),
indirectly provide information on the induced wind-moment from its manifestation on the

vessel floating position.
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Chapter 3 - Emergency Response -
Traditional and Novel Approaches

3.1 Opening remarks

As the main application of the developed framework has been on emergency response,
the following chapter presents a critical review of the literature and topics addressing the
main challenges outlined in the introduction on real-time information for situational
awareness and outcome prediction in flooding emergencies. The chapter is divided into
three sections, starting with the traditional way the emergency response is executed on
board of a cruise ship. This includes techniques such as damage control and mitigation,
review of the relevant rules and regulations as well as emergency response services
provided by class or other third-party organisations. The ensuing section discusses
innovations in emergency response. In particular it addresses case-based reasoning for
decision support, measuring and monitoring ship’s vulnerability to flooding and breach
detection. The section concludes with the review of the virtual environment for decision
support. The last section is presenting the review of use of sensors and sensor-based
technologies in other industries comprising concepts and notions for life-cycle risk
management. The review is based on the premise that emergency response may be defined
as an implemented approach, effort or action intended to mitigate the impact of a hazardous
incident on the public and the environment. For example, the UK government have included
the following general definition of emergency response in their non-statutory guidance
document accompanying the Civil Contingencies Act of 2004, Emergency Response and

Recovery (UK Gov, 2013):

“Emergency Response encompasses the decisions and actions taken to deal with the
immediate effects of an emergency. It is the decisions and actions taken in accordance with the

strategic, tactical and operational objectives defined by emergency responders....“

The implemented approach or efforts can be taken by various stakeholders or emergency
responders at various points in time, e.g. within seconds by the vessels crew, within minutes

by rescue service agencies, or even hours and days by other governmental agencies,
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insurance companies and the ship-owner organisation. The former is more hands-on
mitigation actions for reducing the severity of the outcome, while the latter can be more in
the form of plans made and actions taken for reconstruction and rehabilitation of involved
parties following an emergency as well as mitigation of media coverage and public outcry.
In this thesis, the application of the framework is on the immediate actions by the crew
following a damage and subsequent flooding incident, and on the support providing the

information necessary for timely and correct decisions and actions.

3.2 Traditional flooding emergency response

3.2.1 Damage control and mitigation

Emergency response in ship flooding incidents have traditionally been focused on

damage control actions, which are, according to the Oxford dictionary, defined as an:
“Action taken to limit the damaging effects of an accident or error”.

In a flooding scenario, these comprise containing or controlling the flooding process to
limit or mitigate the severity of the outcome by either, enabling the ship to survive and
return safely to port, or in detaining the flooding progression to allow for safe and orderly
evacuation. This involves implementation and activation of the various built-in safety
barriers and, therefore, is highly dependent on active means and responses ensuring
integrity of the watertight subdivision, i.e. watertight compartmentation and boundary
management. According to a range of onboard damage control plans for large cruise vessels
investigated during the research, including recommendations developed by the Cruise-Chip-
Safety-Forum (2016), normal procedures would involve closing immediately all watertight,
light- and semi-watertight doors and hatches and emergency closing valves. Propulsion
should be stopped, but only after giving considerations to navigational circumstances such
as positioning of the vessel in relation to wave/wind heading. Assessment of availability of
critical systems, such as electrical generation, propulsion, steering and thrusters,
navigational equipment and all safety systems are crucial. Responding personnel, or damage
control teams, should be mustered to inspect the damaged area to assess the situation in
terms of number of compartments compromised, flooding rates and possible escalation of
the emergency. However, before any personnel can enter the suspected compromised area,

the power supply to the area in question needs to be shut down.
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Continuous sounding of tank levels (manual sounding for cross reference with sensors)
and updating the stability calculations by the onboard stability software is important to
assess criticality of intermediate progressive flooding stages and to predict the stationary
state equilibrium in the final stage of flooding. Once the situation is evaluated with a
reasonable confidence, active mitigation procedures may be implemented, such as activating
of drop-down hatches for down-flooding of floodwater for increasing damaged GM, and
opening cross flooding valves for reducing induced heeling moments. Bilge pumps should
be started for discharging floodwater overboard and ballast system used for transferring
liquids in order to improve residual stability (counter ballasting), keeping in mind possible
implications on hull strength. To improve residual stability and reduce impact of free
surfaces cruise vessels are also recommended to drain all swimming pools. The stability
assessment should be a continuous process following implementation of new mitigating
measures, but a final survivability assessment and decision for possible evacuation (or even
vessel beaching) needs to be eventually taken, as evacuation and abandonment of thousands
of persons takes time. It is evident that the flooding emergency response, as traditionally
implemented onboard a vessel, is a labour intensive and largely manual process, easily
permitting human misjudgement or error that might have severe consequences. High-level
situation assessment is often based on subjective interpretation of the available fragmented
information, thus cringing to a checklist mentality where detailed situation-specific
consideration is essential might worsen the situation and it is important to understand that
any corrective action could aggravate the situation if implemented based on wrongful

assumptions.

3.2.2 Rules and Regulations

Legislation regulating flooding emergency response mostly impose documentation
requirements. Damage control often refers to the Damage Control Plans (DCP) and Damage
Control Booklets (DCB) required to be onboard vessels by Reg. 11-1/19 of SOLAS (IMO,
2006). These documents intend to provide the crew with information on the vessel
watertight compartmentation and the equipment maintaining watertight boundaries in the
event of hull breach and flooding. This information enables the crew to prevent further
deterioration of the situation and to take effective action to mitigate and, where possible,

recover loss of buoyancy and stability. The content of DCP/DCB is specified in the appendix
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to the explanatory notes of SOLAS (resolution MSC.429(98)) (IMO, 2017). The DCP should
be permanently exhibited or readily available on the navigation bridge, in the control station
and, in case of cargo ships, in the cargo control room, the ship office or other suitable
location. In addition to damage control plans, the damage control booklet containing
relevant information, should be made available to ship officers. Both documents should be
provided in the working language of the ship and official language of the SOLAS Convention
if this is different from the working language on board. As both documents are ship-specific
they must be approved by the administration or the classification society acting on its behalf.
The content of such onboard documentation is detailed in IMO MSC/Circ. 919 Guidelines for
Damage Control Plans (IMO, 1999) for vessels constructed before 2009-01-01, and IMO
MSC.1/Circ. 1245 Guidelines for Damage Control Plans and Information to the Master (IMO,
2007) for vessels constructed on or after 2009-01-01.

Passenger ships over 120 m in length (or having three or more main vertical zones) and
constructed on or after 2010-07-01 have to demonstrate compliance with the IMO
regulations adopted by MSC.216(82) and referred to as Safe Return to Port (SRtP) (IMO,
2006). The SRtP regulations set the functional requirement for safety-critical systems,
following flooding or fire casualties. Flooding detection systems with flooding sensors in
watertight spaces below the bulkhead deck are required by SOLAS Reg. 1I-1/22-1 (IMO,
2006) and they can be used to estimate the damage extent. However, the sensor layout
requirements by the current IMO regulations as set out in guidance note MSC.1/Circ.1291
(IMO, 2008), apply to compartments above a certain size, i.e. those that either have a volume
in cubic metres larger than the vessel moulded displacement per centimetre immersion (at
deepest subdivision draught), or have a volume in excess of 30 cubic metres. Arguably, the
geometrical properties of the compartments alone form insufficient criteria for the
positioning of the flooding sensors for the accurate monitoring of flooding process and
estimating survivability during flooding casualties and Chapter 8 will demonstrate that
criticality of a compartment cannot be captured by size alone. In addition to the
requirements for documentation, software and flooding sensor positioning, there are
further regulations detailing drills for damage control teams, as specified by SOLAS Reg. II-

1/19-1 (IMO, 2017), aiming at essential training of vessel crew.
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3.2.3 Emergency Response Service

It has become more customary for the major classification societies (and other third
parties) to offer so-called emergency response expert services. Such services provide the
ship -owner and operator with technical support in the critical period after a vessel has been
involved in an incident that may affect its stability or structural strength. The services enable
access to technical and analytical resources of in-house experts and tools. Their assistance
normally covers calculation of damage stability and structural strength and may also include
routing to nearest repair facilities. The Emergency Response Service started in the early 90’s,
following the adoption of MARPOL 73/78 Annex I, which requires, in accordance with
Resolution MEPC.117 (52), Regulation 37.4 (IMO, 2017), that all oil tankers of 5,000 tons
deadweight or more shall have prompt access to computerised, shore-based, damage
stability and structural strength calculation tools. The U.S. Coast Guard OPA 90 in 33 CFR
155.240 for oil tankers and offshore oil barges (U.S. Gov. 1990) have an identical
requirement in force since 21 January 1995 for vessels operating in U.S. waters. The
requirement entails that access to the shore-based calculations program must be available
24 hours a day. Furthermore, the ISM Code, Section 8, (IMO, 2018) requires the company to
establish procedures (including the use of drills and exercises) to respond to potential

emergency shipboard situations.

Emergency Response Services provided by class can be a valuable resource in
augmenting emergency preparedness programmes as required by the ISM Code. Although
enrolling the vessel to a damage response service is compulsory for tanker operators,
owners of other vessel types have realised the benefits from such services. For example, the
classification society DNV GL offers such a service (ERS™)?3, which they started operating in
1992 with initial focus on oil tankers. Since then, the number of vessels and offshore units
registered has been growing continuously and now it exceeds 4,000 vessels. The majority,
about 60%, of the enrolled ships are tankers and container ships, however, the remaining
40% of enrolled vessels are evenly split amongst other ship types, i.e. bulk carriers, gas

carriers, cruise and RoRo ships as well as offshore drilling units and FPSO’s.

3 Similar services offered by ABS is called Rapid Response Damage Assessment (RRDA).
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Most of the services follow similar process, namely during the response, the ship
computer model is updated according to actual load distribution while draft and damage
information are reported by the operators via phone or radio communication to the shore
station. This enables in-house experts to assess the situation and provide recommendations
with regard to the course of actions. The involvement of the shore-based experts not affected
directly by the stressful situation at hand brings obvious benefits and increases chances of
taking the correct decision. Furthermore, the stability and strength computer models
available at the ERS can often be more detailed than their on-board counterparts. The ERS
may also have at their disposal design plans and drawings of the vessel which are more
extensive than the documents available onboard the vessel, which may provide additional
support in the decision making. There are, however, obvious drawbacks to this approach.
Despite the service providing a 24- hour watch all year round, there will be a minimum
response time. Contact must be established, then information on the situation would need
to be communicated, and consequently the shore-based support may be provided too late in
an extremely time-critical situation. Furthermore, an overview of the situation based on
second-hand information from the remote source may be fragmented, inaccurate and
somewhat biased (subjective). For this reason, emergency response service is intended
solely to support the decision-making process whereas ultimate responsibility for the

decisions taken resides with the vessel operators.

3.3 Innovation in flooding emergency response

Recent years have seen significant developments in computational tools for use in
onboard emergency response, especially following the introduction of loading computer
software tools such as NAPA (NAPA, 2019) and ShipLoad (Kongsberg Maritime, 2019).
There have also been developed more advanced time-domain simulation computer codes
enabling estimation of outcomes post damage, as mentioned in Chapter 2. However, these
are not yet fully commercialised and used as onboard emergency response assessment tools
to the same extent as the static loading computer software. This is mainly because they may
require considerable computational effort (and hence time), which may be unavailable in
already time-critical situations. The computational overheads can be reduced by introducing
various simplifications, but these will increase uncertainty in the outcome estimates. To be

able to predict the future, we need to know the present, and to be able to estimate the
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flooding evolution with the required degree of confidence we rely on accurate prediction of
the initial damage. The importance of this fact is well recognised across the industry and

resulted in a range of developments that will be reviewed in the following.

3.3.1 Case-based reasoning decision support

Olcer and Majunder (2006) have suggested a case-based reasoning decision support
method using pre-calculated damage cases. Each of these damage cases has corresponding
counter-flooding advice for maximising the residual freeboard and stability. The method
comprises searching the database for finding the overall closest match (identified with use
of closeness function) to the real damage case and providing decision support based on the
case that is the closest match. The variables used in the closeness function include damage
location, floating position and survivability index. It is, however, not specified how these
variables can be estimated by the crew for an actual flooding scenario. The method reflects
door status (open/closed) in the pre-calculated cases but does not account for all their
combinations of open/closed, rather either open, closed or intermediate status. The method
is highly dependent on the pre-calculated cases, and their sampling density as identifying
the closest case necessarily do not mean the actual case. The method is also deterministic
and does not reflect variability nor uncertainties, and no dynamic influences, such as from

wind and waves has been accounted for.

3.3.2 Operational flooding vulnerability measure

Jasionowski (2010, 2011) proposes a method presenting to the crew an overall measure
of vulnerability to flooding. The author’s reasoning is that knowledge of real-time risk is vital
within the first minutes following the loss of watertight integrity but can be even more
effective before the actual crisis occurrence, as to allow the crew to act ahead of the
anticipated casualty. The method, therefore, aims at informing the crew in real-time on the
current vulnerability state of the vessel during normal operation aiming at increasing their
vigilance in specific operations, taking into consideration actual loading conditions,
environment and the actual watertight integrity conditions, i.e. watertight door status.
Vulnerability is measured as the probability that a vessel might capsize within a given time
when subject to any feasible flooding scenario. The method is not case specific since the

vulnerability is related to the expected outcome from all possible damage cases. It does,
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however, provide a visual guidance highlighting the potentially critical cases enabling the
crew to act (e.g. close the highlighted door) or monitor closely specific locations within the
vessel and to improve their day-to-day management and operation to reduce vessel

vulnerability to flooding.

3.3.3 Breach detection from floodwater inflow-rate

Napa Ltd initially presented an approach for estimation of damage size and location using
floodwater ingress-rate readings from flooding sensors (Penttila et al., 2010). The method
presented utilises a quasi-static approach, attempting to determine the breach by matching
progressive flooding simulation parameters to the measured result from flooding sensors.
The method, described in more detail in (Ruponen, 2007) is based on the conservation of
mass and Bernoulli’s equation with semi-empirical discharge coefficients assigned for each
opening. The results of breach detection demonstrate good match with the actual breach but
are limited to small, single compartment damages only. It is also shown that the accuracy of
such approximations depends strongly on sensors’ density and arrangement and the
authors recommend optimisation of sensors’ layout for improved precision. Furthermore,

the study does not include large hull breaches, and are limited to 0.01 - 2.0 me.

An improved approach for flooding prediction on-board a damaged ship is presented in
Ruponen et al. (2012, 2015 & 2017). Similar to the earlier method, it utilises, level sensors
and quasi-static simulations, but it also accounts for status of watertight doors and ship
floating position to better capture progressive flooding. The breach detection method is
simplified to be less time-consuming, modelling each measured flooding as a separate
breach to sea, assuming each breach extends from deck-to-deck. The validation studies
include one full-scale trial showing that the method captures accurately floating position
during the progressive flooding and in final equilibrium, but it overestimates the time-to-
flood compared with the real cases. Furthermore, it excludes the possibility of undetected
flooding and impact of waves. In the more recent incarnation of the tool, Ruponen et al.
(2015) introduce a colour coding for use in the user interface for simple pictorial way of
presenting the situation and its severity to the crew. The graphical reporting method is
backed by interviews with ship officers of large cruise vessels, and the applied colour coding
is in line with the proposed method for assessing and communicating the safety status of

vessels in maritime distress situations, namely Vessel TRIAGE (Nordstrém et al. 2016).
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Deterministic nature and sole reliance on flooding sensors means that the estimation
method is limited to breaches located below waterline. This implies that the compartments
lying above the flooded waterplane which could form part of the initial damage extent
(breach), would not be considered as a part of the damage until the upper part of the breach
is submerged. This, obviously, also depends on whether there are flooding sensors fitted in
the upper deck rooms. The authors further consider positioning of the sensors and influence
on breach detection and clearly highlight the need for use of level sensors rather than limit
switches for accurate breach estimation. They also emphasise the importance of sufficient
sensor density for accurate and fast survivability assessment within their framework. It is
noteworthy that their (i.e. Napa) involvement in the EU project FLOODSTAND (Jalonen et al.,
2012) a few years earlier resulted in improved recommendations for positioning of flooding
sensors (IMO, 2014). In short, these guidelines recommend two flooding sensors in each

watertight compartment, one on each side of the ship to ensure fast detection.

3.3.4 Virtual environment for decision support

Varela etal. (2004, 2007,2011, 2014 & 2015) present a virtual environment for improved
decision support, focusing on interactive virtual three-dimensional (3D) presentation to the
operators for simulating and visualising flooding or fire emergencies. The model is intended
to assist the operator in emergencies to coordinate damage control teams by displaying the
3D visualisation of internal subdivision for an intuitive and clear representation. The
method considers progressive flooding by implementing the algorithm based on the quasi-
static Pressure Integration Technique (PIT) for the calculations (Santos et al. 2001, 2002),
similar to that of NAPA. The authors reason that the interaction and close-to real behaviour
of the virtual objects in the modelling framework has a major advantage over the drawings,
or even to 3D Computer Aided Design (CAD) models for reviewing state of the emergency
and ship condition in real-time emergencies. However, for a large cruise vessel this may
prove difficult due to the size and complexity, given that the necessary computational
capability of the system was demonstrated on medium-sized naval vessels. Furthermore, the
demonstrator does not account for sensor type nor positioning, and requires a manually
reported breach size from the operators, relying heavily on their subjective assessment of
the damage extent. The implementation is a visualisation platform rather than flooding

prediction tool and seems, therefore, more suitable for emergency response training.
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3.4 Other uses of sensors and technology

3.4.1 Maritime industry

Advancements in digitalisation of the industry offer unprecedented opportunities for use
of (big) data from sensors. In addition to more traditional systems (Radar, AIS, GPS,
Autopilot) for computer aided and automated navigation, there are, more recently
introduced, digital platforms for performance monitoring, remote diagnostics and
maintenance, predictive analytics, automation and autonomy. Performance monitoring may
comprise a range of monitoring regimes, such as general voyage monitoring of the vessel’s
operational modes, and exposed weather conditions. More detailed monitoring may involve
engine and on-board systems performance monitoring covering diagnostics (pressures,
temperatures, frequencies, etc.), fuel consumption and emissions. The two latter also relate
to hull and propeller performance monitoring (e.g. fouling). Detailed monitoring of systems
performance is essential for Condition-Based Maintenance (CBM), where Key Performance
Indicators (KPI's) based on the monitoring of actual condition of components are used to
plan for (preventive) maintenance of critical systems as opposed to the maintenance based

on periodic inspections (Lazakis et al., 2016).

One of the fields developing particularly fast relates to the operation of autonomous and
remotely controlled ships and there have been several industrial projects seeking to pilot
the implementation of such technologies, e.g. DNV GL (2018). In spite of the fast
development, autonomous-, and especially unmanned- vessels, is still an immature field
where new ideas and technical solutions still are being introduced and tested to meet the
societal expectations, particularly with regard to safety. Moreover, the progressing
digitalisation and implementation of new emerging technologies mean that the ships
become increasingly connected not only internally but also externally to the outside
environment through ship-to-shore connections. This increasing connectivity raises the
question of ship cyber security (Direnzo et al., 2015), a problem never before seen in the
maritime industry. Another concept emerging is the digital-twin, which takes the
technological advances and data harvesting techniques to the next level, by creating a high-

fidelity digital model of a vessel in an attempt to manage the assets risk through its life-cycle.
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The historical data and continuous sensor updates are employed to mirror the
operational life of the actual ship by its digital twin (Ludvigsen et al., 2016). The digital twin
concept incorporates many of the techniques discussed above. Another application where
the sensors play important role is associated with the concept of safety barriers. It was
already discussed in the foregoing chapters that in complex designs various safety barriers
are introduced to monitor and efficiently manage risk. However, in order to ensure the
efficiency of barrier elements their condition has to be supervised throughout the life-cycle
of a vessel. The suitable, and relatively new (for the maritime industry), process set up to
undertake the task is known as Dynamic Barrier Management (DBM). Similar to the concept
of CBM, DBM aims at continuous monitoring and management of safety critical barriers by
utilising sensor measurements and analytics to assess and detect degradation and deviation
from required (and accepted) safety-baseline (Astrup et al, 2015). It will be evident
throughout this thesis that the developed framework herein is highly commensurate with
the philosophy behind DBM utilising sensor technology to monitor safety barriers and
related variables, focusing on active and passive flooding barriers, and would therefore be

appropriate for use as a life-cycle flooding risk management framework.

3.4.2 Other industries

Other industries have longer and more extensive history of utilising sensor technology
for real-time information as well as reducing and managing risk in a more comprehensive
manner, e.g. NASA’s Real Time Mission Monitor (RTMM) (Blakeslee et al., 2007). Another
good example is the use of safety systems in cars, where system surveillance and autonomy
have become a standard (Eskandarian, 2012). The car industry has also adopted the digital-
twin, for example Siemens utilised its lifecycle management software to create digital-twins
for Maserati (Austin-Morgan, 2017). According to Siemens, utilising data from both the real
and digital vehicles to optimise the development processes, resulted in drastic reductions in
production cost and time for Maserati. In Germany, the digital twin is actually required by
the regulators of wind-farm turbines (FGW, 2016a-b) and a manufacturer must provide a
validated simulation model in the form of a digital-twin before the delivery of a turbine. The
U.S. Air Force is currently piloting the use of a digital-twin in its acquisition process

(Warwick, 2015).
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They intend to maintain development of a digital-twin during the design and
construction stage so the fully developed digital-twin is delivered together with the physical
product. The main aim is to enable to use sensor data from the physical asset, imposed on
the digital-twin model, to evaluate risk throughout its life-cycle. In spite of the fact that the
offshore oil and gas industry is closely related to the maritime industry it has been managing
its assets and risks very differently. While traditionally the maritime industry preferred the
passive (built-in) safety measures, the oil and gas industry has been more inclined to follow
more pro-active approaches (PSA, 2018). A great example is the concept of Dynamic Barrier
Management, which originated from the offshore oil and gas industry and was later
recognised and adopted in the maritime industry as being suitable for life-cycle risk

management.

3.5 Closing remarks

The above review demonstrates that the traditional emergency response is a labour
intensive and largely manual process, prone to human misjudgement or error that might
lead to severe consequences. The tools supporting the emergency response focus mainly on
controlling and containing the flooding process. However, in the lack of proper situational
assessment the process under control is rather hypothetical and may be significantly
different from the actual one. This may result in implementing suboptimal (in the best case)
or even utterly wrong mitigation measures. In the latter case the action intended to improve
the situation may in fact worsen it. The legislatory framework regulating the emergency
response specifies mostly the documentation requirements rather than the responses
themselves. Third party emergency response services can certainly provide second opinion
free from the bias caused by the stress of the situation at hand. However, obvious drawbacks
to this approach comprise its minimum response time and reliance on second-hand
information and would clearly benefit from having direct access to relevant sensor

measurements rather than relying singlehandedly on the operators (biased) perception.

A range of more innovative approaches has been reviewed, aiming for improved flooding
emergency response. It is identified, however, that those are either too generic in providing
an overall risk vulnerability covering all possible cases rather than the actual case being

realised (limited to the operational phase, e.g. Jasionowski (2010, 2011)), or completely
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deterministic not catering for any of the natural variability of such a stochastic problem
(limited to emergency phase, e.g. Ruponen et al. (2012, 2015 & 2017)). Finally, we have
covered how technology has been emerging and utilised in the maritime industry on a range
of areas, and how other industries have been doing so for some time. Using lessons learned
from other industries and taking advantage of the growing ranges of methods in utilising the
rapidly increasing amount of data generated on vessels provide great opportunities for more
cost-effective and safe operations, and the means to develop and adopt a more
comprehensive life-cycle risk management framework also in the maritime industry. The
challenges ahead lie in persuading the maritime industry to abandon their current trend in
keeping data in proprietary silos, and rather move towards data-sharing and data-

transparency, benefitting the industry as a whole.
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Chapter 4 - Probabilistic Inference
and Multi-sensor Data Fusion

4.1 Opening remarks

Use of probabilistic methods for managing and reducing uncertainty is an important part
of the framework presented in this thesis. The notion of uncertainty, its main types and
relevant definitions will be introduced in the first section 4.2. Although, any detailed
coverage of general probabilistic methods is outside the scope of the thesis, probabilistic
inference will be briefly introduced in the second section 4.3 in order to provide some
context and background. For more detailed information on probabilistic methods, reference
is made to literature such as Chung (2000), DeGroot & Schervish (2019) and Feller (1968).
A third section 4.4 covers basic theory, definitions and application of multi-sensor data
fusion techniques, including relevant probabilistic definitions and axioms. For this purpose,
main definitions have been adopted from Durant-Whyte & Henderson (2016). The
development of a priori distributions and likelihood functions (sensor models) for each of

the variables covered in Chapter 2 are detailed in Chapter 5 through Chapter 7.

4.2 Uncertainty

Traditional approaches recognise two main categories of uncertainty, namely aleatoric,
and epistemic uncertainty (Schweder & Hjort, 2016). The terms aleatoric-variability and
epistemic-uncertainty, or simply variability and uncertainty, are also used for the respective
categories (Bitner-Gregersen et al., 2012) and will be adopted in the following due to their
more intuitive and descriptive character. The variability (aleatoric - alea - Latin - the game
of dice) concerns the inherent randomness of the variables describing a stochastic process.
This is a natural property of the population or system that we are modelling due to the
systems stochastic nature, and it is simply an effect of chance, e.g. the variability of wave
loads on a vessel and subsequent vessel movements over time. It is not possible to reduce
variability through further data collection because it is a natural property of the variable in

question and is always there. The uncertainty (epistemic - Greek - knowledge) can be
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reduced by further data collection and represents our level of knowledge about the system
being modelled. Typically, we may be uncertain about parameters being used in a model
(probability distribution) of the system. Uncertainty may have a range of sources, such as
measurement or precision uncertainty (measurement error) or data uncertainty (number
of samples or lack thereof). DNV GL has in their Guideline for Offshore Structural Reliability

Analysis (Skjong et al., 1995) classified the epistemic uncertainty as follows:

Measurement Uncertainty: Uncertainty due to imperfection of an instrument used to
register a quantity.

Statistical Uncertainty: Uncertainty due to limited information such as a limited
number of observations of a quantity.

Model Uncertainty: Uncertainty due to imperfections and idealisations made
in physical model formulations as well as in choices of
probability distribution types for representation of

uncertainties.

Combination of variability and uncertainty is known as the total uncertainty where some
proportion stem from the range of uncertainties and some from the natural variability of the
system. Since variability and uncertainty are very different, they ought to be modelled
separately, e.g. knowing the extent to which an estimate is uncertain can help identify gaps
in information and target future data collection. Both categories can, however, be described

by probability distributions as is illustrated in Figure 4-1.
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Figure 4-1: Illustration of variability and uncertainty, represented with probability distributions (The variability is
fixed, while its mean is uncertain and modelled with a normal distribution).
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The measurement uncertainty is highly related to sensors and sensor reliability: their
ability to sense and return accurate measurements of the measured process of interest. A
sensor-based measurement accuracy is in accordance with ISO 5725-1 (ISO, 1994) divided
in two categories, namely Trueness and Precision, where Trueness refers to the closeness of
agreement between the arithmetic mean of a large number of test results and the true or
accepted reference value, while Precision refers to the closeness of agreement between test

results, as is illustrated in Figure 4-2.
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Figure 4-2: Visualisation of trueness and precision of sensor data (DNV GL, 2018).

The various epistemic uncertainty sources have not been the main focus of this research,
simply because there are well-known techniques available for their assessment and
consideration through the use of traditional statistical methods, e.g. Sensitivity analysis
(Saltelli, 2002), Taylor-Series Approximation (Ang et al., 1975) and Monte-Carlo Simulation
(Vose, 2008). Nonetheless, measurement uncertainty related to sensors may be
implemented in sensor likelihood functions (sensor models) and have been implemented
accordingly for our binary sensor types (door sensor, flooding sensor) in Chapter 5 through
Chapter 7 with focus on false-negative and -positive readings. The main focus of the
presented research will be the variability naturally inherent in damage stability and flooding
in a dynamic environment, and despite the fact that it is irreducible, there are ways in which
conditional probability distributions may be manipulated in combination with sensor
evidence to obtain a strengthened belief on the potential variability of a process, using
Bayesian Inference and multi-sensor data fusion techniques as will be introduced in the

following sections.
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4.3 Probabilistic inference

The Oxford dictionary defines inference as:
“A conclusion reached on the basis of evidence and reasoning”.

Inference based on information recorded by our senses is one of the key cognitive
functions performed by the human brain. Introducing probability into inference, enables us
to attach numbers to our beliefs and related uncertainty, and thereby provides a basis from
which to argue the inferred conclusions quantitatively rather than relying solely on
intuition. There are two primary schools of thought on probabilistic inference, namely
traditional statistical inference, often termed frequentist inference, and Bayesian inference
(Western & Jackman, 1994). Classical statistical inference uses a conventional type of
statistics, covering well known topics such as estimation, regression, hypothesis testing,
confidence intervals, etc. In contrast, Bayesian inference is fundamentally all about
modifying conditional probabilities. At the heart of Bayesian inference lies Bayes theorem
(Bayes, 1763). It uses a priori probability distributions for unknown quantities, which are
updated once new evidence emerges to posterior probability distributions with the help of
likelihood functions and the laws of probability. Knowledge is always uncertain to some
degree, but we may alter our beliefs based on the strength of the available evidence, which
is exactly what Bayes theorem represents. The framework presented in this thesis will adopt
and utilise the latter inference approach because the idea of likelihood functions pairs
perfectly with a system relying on sensor information as will be seen in the following

chapter.

4.4 Multi-sensor data fusion

“Data fusion is the process of combining information from a number of different sources to
provide a robust and complete description of an environment or process of interest”

(Durant-Whyte & Henderson, 2016)

The process of fusing, or aggregating, scattered information from a range of independent
sensors (thereof multi-sensor) is important for applications where large amount of data
must be combined, to obtain information of adequate quality for supporting decision-

making. Data fusion is applied in a wide range of industries, such as military systems,
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surveillance and monitoring systems, process control systems, and in information systems.
It also plays central role in autonomous systems and robotics because it allows essential
measurements and information to be combined to generate knowledge with high level of
confidence (or lack of uncertainty), to enable decisions to be executed autonomously. Due to
the complex and multivariate nature of the problem multi-sensor data fusion process is
highly relevant for decision making in flooding emergences. The following chapter
introduces the concept of multi-sensor data fusion, with particular focus on probabilistic

data fusion methods as well as key aspects of modelling, estimation and fusion techniques.

4.4.1 Reasoning behind data fusion

In all data fusion problems, there exist some process or quantity whose actual state or
value cannot be known exactly with the use of a single and direct source of information.
Information is, therefore, obtained indirectly from various related sources (or variables),
and the actual state is inferred, i.e. predicted under uncertainty. To use the problem of
damage stability as an example, an estimate of lost buoyancy or flooded compartments
following a collision incident cannot be obtained from a single measurement or direct source
and must be deduced from a range of flooding sensors from various compartments.
Furthermore, the damage extent also depends on the status of internal openings such as
watertight doors, hence additional sensor observations may be used in order to increase the
confidence in the prediction. To enable utilisation of multi-sensor fusion techniques, the
problem needs to be defined explicitly , or more specifically, the relationship between the
observations and the actual state of the process or quantity of interest must be identified.
Formally, this can be expressed by means of the following definitions adopted from Durant-

Whyte & Henderson (2016).

e The quantity, or process of interest can be represented by variable, X. Variable X may

assume any value from the set x of possible states; X € x, where x = [xl, X9per xn]. The
current state of X can be simply denoted as: X = x,.

e Sensor observations are made to gain more knowledge of the state of X. Such sensor
observations can be represented by Z, which is contained in the set z of possible

observations, i.e. Z € z, where z = [z, Z,,..., Z,]. An observation made of Z corresponds

to a single value of the set z, i.e. Z = z;.

87



e Foran observation Z to be of any value, its relation to the quantity or process of interest

is needed. That is, for every specific quantity or process, X = x;, an observation model

exists that describes possible observations in Z € z. More specifically, for each specific X
there exist a set of observations Z.

e  Given an observation Z = z; from a sensor, the main goal is, therefore, to infer the actual

state of the quantity or process of interest, X. For this purpose, a mapping model or
function is needed that maps observations to states of the quantity or process of

interest, i.e. f(Z = Zl-)—>X € x. This mapping is performed by the likelihood functions

(also termed sensor model), which in the following will be denoted by A(x).

4.4.2 Probabilistic definitions and axioms

For understanding the main reasoning behind sensor fusion, some probability definitions
and axioms need to be revisited. A probability density function (PDF) for a random variable
X, denoted P(X = x) or PDF(X = x), may take a scalar or vector form and may either be
discrete or continuous variables. The PDF is considered a probabilistic model of the random
variable X, as it is a representation of the probability for the random variable to take on a
given state (or value) X = x. In the following, the PDF will be denoted simply as P(x). For a

PDF to be considered valid, the following must be true:

e It should always be positive, i.e., P(x) > 0 for any value of x.

e Itshould integrate (sum) to a total probability of 1, i.e.:

J Pdx=1 Eq. 4-1

A joint PDF for two (or more) random variables is denoted as P(x,y). In the case of
multivariate PDFs, integrating over each of the variables x and y yields the respective
marginal probability density functions given by Eq. 4-2 and Eq. 4-3. The integral over all
variables would result in a total probability of 1 as given by Eq. 4-4.

Piy)=J LPy)dx Eq. 4-2
P)= [ P y)dy Eq. 4-3
J xf yP(x, y)dydx =1 Eq. 4-4
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A conditional PDF, e.g., probability density function for x, conditioned on that variable y
assumes a specific value, is denoted by P(x|y) and defined by the ratio of joint PDF to the
marginal PDF as given by Eq. 4-5. A similar definition can be given for y conditioned on x as
given by Eq. 4-6. As the initial variable is conditioned by the second, the conditioning

provides additional information for the initial variable, and they are considered dependent.

P(x,y)

P(x|y) = 5) Eq. 4-5
P(xy)
PO/ =5y Eq. 46

Eq. 4-5 or Eq. 4-6 can be used to derive the Chain rule of conditional probability, as given
by Eq. 4-7, which is used to represent a joint PDF in terms of its conditional and marginal
distributions. The Chan rule may further be extended to any number of n random variables

asin Eq. 4-8.
P(xy) = P(x|y)P() Eq. 4-7
P(x,%5,.00x,) = P2 | X, X,) P, | X3peeXp) P (X, _ 1]2,) P(X,,) Eq. 4-8
Rearranging and substituting Eq. 4-7 into Eq. 4-3, results in the total probability theorem,
as given by Eq. 4-9. The theorem is basically an expression for the marginal distribution of
one variable in terms of the marginal distribution of another variable, and states that the

PDF of a state x can be obtained by considering all the ways in which x can occur given that

the state y takes a specific value.
P(x) = fyP(xly)P(y)dy Eq. 4-9

If the knowledge that variable y takes a specific value does not provide any additional
information about the value of variable x, they are considered independent, as given by Eq.

4-10. Hence, by substituting Eq. 4-10 into Eq. 4-7, we obtain Eq. 4-11.
P(x|y) = P(x) Eq. 4-10
P(x,y) = P(x)P(y) Eq. 4-11

Another form of independence can be obtained through conditional independence. Using

three random variables x, ¥y and z, the conditional probability of the variable x, given both
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variables y and z can be defined and denoted by P(x | y,z). There may, however, be situations
where knowledge of the value of variable z makes the value of variable x independent of the
value of variable y. This is represented by Eq. 4-12. This conditional independence may
further be utilised by applying the Chain rule to the joint density function for the three
random variables x, y and z, represented by Eq. 4-13, and if this is combined with Eq. 4-12,
we obtain Eq. 4-14.

P(x|y,z) = P(x|2) Eq. 4-12
P(x,y,z) = P(x,y|2)P(2) = P(x|y,z)P(y|2)P(2) Eq. 4-13
P(x,y|z) = P(x|2)P(y|2) Eq. 4-14

Since x is independent of y, given knowledge of z, represented by Eq. 4-14, the joint PDF
of variables x and y conditioned on z is simply the product of the marginal distributions of x
and y, each conditioned on variable z, which is corresponding to Eq. 4-11. The concept of
conditional independence is important, and it plays a significant role in constructing the
fusion algorithms for the framework. In order to illustrate this, we may consider a state of a

system x. If two observations are made of the state of x, namely z, and z,, it is obvious that

the two observations are not independent as they both depend on the common state of x.
This is given by Eq. 4-15.
P(z4,2) # P(21)P(2,) Eq 4-15

However, it is reasonable to assume that the observations are independent if the true

state of x is known, i.e. the observations z; and z, are conditionally independent given the

state of x, which is represented by Eq. 4-16.
P(z1,25]x) = P(z1]x)P(z,|x) Eq. 4-16

For the purpose of data fusion, this would not be a bad definition of the true state of x;

simply what the two observations z; and z, have in common. This important definition is

advantageous to the sensor fusion framework and will be elaborated in more detail in the

next section.
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4.4.3 Probabilistic sensor fusion

It has been stated in section 4.3 that Bayes theorem is at the heart of probabilistic sensor
fusion and is all about modifying conditional probabilities. Bayes theorem encodes variables
x and z as a joint probability distribution P(x,z), as illustrated in Figure 4-3. Applying the
chain rule of conditional probability with respect to both variables separately, results in Eq.
4-17 and Eqg. 4-18. Combining these two expressions and rearranging leads to the well-
known Bayes theorem; Eq. 4-19. The power of Bayes theorem lies in its ability to provide

the conditional probability of x from known evidence, z.

P(x,z) = P(x|z)P(z) Eq.4-17
P(x,z) = P(z|x)P(x) Eq. 4-18
P(x|2) = P(ZIID’?ZI;(X) Eq. 4-19

In direct translation to sensor fusion the belief about a state of a quantity, or process of
interest, x, may be inferred from sensor observations, z. Bayes theorem is consisting of four
components, which will be covered in the following with focus on what role they play in
sensor fusion. The theorem has been reintroduced on the next page, however, now

represented with three conceptual components as seen in Eq. 4-20.

Figure 4-3: Joint, marginal and (un-normalised) conditional probability distributions.
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P(z|x) .

P(x|2) = P(x Eq. 4-20
P(2) (%)
— — —
2 3 1

The first component is known as the a priori distribution and represents the belief about
the state of the process or quantity in question x, before any additional information is
available (e.g. in terms of sensor observation z). The a priori is often derived from historical
statistics, or operational measurements. Without any further information available (e.g.
coming from sensors), this would be the only basis for making any conclusions about the
state of x. Graphically, (as in Figure 4-3), the state of x could take any value along the x-axis
according to the marginal distribution P(x). However, receiving an observation (or new
evidence) results in the second component, namely the posterior updated belief. In simple
terms, the observation directs to the specific location on the x-axis and determine what
conditional distribution is being observed. The third component is slightly more unintuitive.
[ts numerator contains the so-called likelihood function. This is, similar to the posterior, a
conditional distribution, but rather than being an informed update of the state of x, it
determines the likelihood of getting a specific sensor reading, z, conditioned on the fact that
the state of x has taken a particular value. In the following when developing the likelihood

functions, we denote them with A(x).

In the denominator, we have uninformed evidence, covering the entire z-axis interval in
Figure 4-3, and represented by the marginal probability distribution P(z). This component
can be seen as a measure of informativeness of our new information about x. This is simply
because this factor represents the ratio between added information in terms of informed
evidence (conditional distribution) to the total uninformed evidence (marginal). It can,
therefore, be seen as the gain in information (entropy) from taking a sensor observation
(Cover & Thomas, 1991). In practical application, however, the likelihood function alone
serves the role of a sensor model mapping between the observations and the actual state of
the process or quantity in question, x, whilst marginal evidence is only acting as a
normalising constant. On this basis, the theorem could be rewritten as in Eq. 4-21, where C
represents the normalising constant, which is obtained by utilising the fact that the total

probability should sum to one.

Px|2)=cPilx) Px)=C A(x) P(x) Eq. 4-21
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The above clearly illustrates the advantage Bayes theorem has in a sensor fusion
framework, as it provides a direct means of combining observed information with a priori
belief about the state of the process or quantity of interest. The observed information in this
case is fragmented, collected from various sensor arrays, and then fused into a new, more
complete, belief of the state of x. For multiple sensor observations from an array of sensors
as represented by Eq. 4-22, the conditional independence discussed above may be utilised.
The likelihood function for the sensor observations is represented by Eq. 4-23 and by

employing Bayes theorem given by Eq. 4-21 directly, we obtain Eq. 4-24.

Z =124, 2Zy...Zy] Eq. 4-22
P(Z | x) = P(2q, ZgyerZp|X) Eq. 4-23
P(x ‘ Z) = C P(zq, 2,02, | x) P(x) Eq. 4-24

In practice, it would be difficult to do this directly because it would require the knowledge

of the joint distribution P(Zl, ZyyeZy ’ x). This entails knowing the joint distribution of all

possible combinations of observations conditioned on the underlying state. However, it is
usually quite reasonable to assume that given the true state of x, the information obtained
from one information source is conditionally independent of the information obtained from
other sources, conditioned on the true state of x. This allows using Eq. 4-14 and in the case

of two sensors results in Eq. 4-25 from information from sensors z; and z,. This could be

further generalised for a range or array of n sensors, as in Eq. 4-26.
P(x | Zl,ZZ) =C P(zl|x)P(zz|x) P(x) Eq. 4-25

P(x|2) = CTI'_ ,P(z,|%) P(x) = CIT/_ ,A,(x) P(x) Eq. 4-26

i=1"1

4.4.4 Sensor fusion example

Let us consider an arbitrary variable of interest, x. Our initial belief about the variable x
is governed by its a priori distribution P(x) represented, in this specific case, by a normal

probability distribution Eq. 4-27.

P(x)~N(u=13,0=5) Eq. 4-27
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The a priori distribution is represented by the red curve in Figure 4-4. It is clear that the
a priori belief about variable x has large uncertainty due to the large standard deviation

o = 5. There are two sensor observations (readings) available, namely z; and z,, showing

single value readings z; = 12 and z, = 14.

0.8
P(x)

P(x|z1,22)

P(z1|x)

P(z2|x)

0.6 Posterior St.dev=0.57
Priori St.dev=5.0
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Figure 4-4: Sensor fusion example.

The uncertainty related to the sensor readings is represented by their trueness and
precision, as introduced in section 4.2. In simple terms, the trueness and precision represent
the sensors’ ability to sense the actual value of the variable x. In this particular example the
sensor trueness is perfect, and the sensor precision is high, but not optimal. For simplicity,
the likelihood functions for the sensors are also represented by normal distributions Eq.

4-28 and Eq. 4-29.
Ay(x) =P(z4|x)~N(u=12,0=10.7) Eq. 4-28

Ay(x) = P(zy]x)~N(u = 14,0 = 1.0) Eq. 4-29

The sensors perfect trueness is represented by mean sensor readings corresponding to
the distributions mean value p, and the precision is governed by the variability of the
distribution represented by the standard deviation o. Itis also clear that sensor one provides
more precise readings seen from its lower standard deviation. Having established all the
necessary distributions, Eq. 4-26 may be applied directly and following normalisation

results in Eq. 4-30. It is clear that the product of two Normal (Gaussian) distributions still
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forms a Normal (Gaussian) distribution. This relates to the notion of conjugate priors, which

is an important concept in Bayesian Inference (Raiffa & Schlaifer, 1961).
P(x| 202, = € PAL(0)Ay() P(x) Eq. 4-30
=CNu=12,0=07)N(u=14,0=1) N(u=13,0=5)

= N(u=12.662, 0 = 0.569)

The updated posterior belief has significantly reduced uncertainty compared with any of
the single observation sources and a priori belief especially. This is mathematically
represented by Eq. 4-31. In this specific example the actual reduction of standard deviation
between the a priori and the posterior beliefs, is almost nine-fold, as shown by Eq. 4-32. The
example clearly illustrates the impact of probabilistic multi-sensor data fusion on confidence

in variable prediction.

Tpx1z) < Op(zlx) K Op(x) Eq. 4-31
= _ 28776 Eg. 4-32
OReduction = Opyz 0569 — Q-

4.4.5 Sequential updating

The above example is a fusion process relying on a single source of information, and a
subsequent posterior update. Data obtained from actual sensor readings is different as it
arrives continuously in real-time. From this data stream, we want to update the posterior
belief of our unknown state of interest, x, in real-time as new information is made available
at each time-step k. The previous time steps, k — 1, and the current time-step, k, may be
represented by Eq. 4-33, where the last component in curly brackets is representing a

decomposition between sensor information, z,, received in the current time-step, and all

information, 7k- 1, from the past.
k_ _ k-1
"= [thl, thz,...Zt:k_l...Zt:k] = {Zk,Z } Eq. 4-33

Direct application of Eq. 4-26 would require storing of all past sensor data 7= and
implementing all this previous data in the posterior update. However, we may translate Eq.
4-26 to its recursive form and to take advantage of the fact that all previous data is already

indirectly stored in the previously updated posterior distribution from the past time-step.
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The posterior update in time can be interpreted as a recursive state transition of a Markovian

process (Gagniuc, 2017) in which the next state x; depends solely on the immediately
preceding state x,, _ ;. This may be proven by firstly representing the joint distribution of the

state x and the total sensor information from all time-steps, yAS using the Chain rule of
conditional probability from Eq. 4-7, now represented by Eq. 4-34. The second term in Eq.
4-34 may be translated using Bayes theorem, which result in Eq. 4-35. The total sensor

information Z* may be decomposed in the current information z; and all past information

A represented by Eq. 4-33, which results in Eq. 4-36. Conditional independence between

past and current sensor information, represented by Eq. 4-16 results in Eq. 4-37. Applying
Bayes theorem to the two last terms of Eq. 4-37, results in Eq. 4-38. By using the Chain rule
of conditional probability from Eq. 4-7 on the first term of Eq. 4-38, rearranging and again
decomposing the numerator using Eq. 4-33 results in Eq. 4-39. Finally, by again using the
Chain rule of conditional probability from Eq. 4-7 on the numerator of Eq. 4-39, results in the

recursive form of Bayes formula represented by Eq. 4-40.

P(x,2" = P(x | ZMpz" Eq. 4-34
P(x,2") = WP(Z") = P(Z¥x)P(x) Eq. 4-35
P(x,2%) = P(z,2* ! |x)P(x) Eq. 4-36
P(x,2") = P(z,|x)P(Z" ' |x)P(x) Eq. 4-37
P(x,2%) = P(z,|x)P(x| 2"~ 1)P(Z" 1) Eq. 4-38
P(x ’ Z k) = P(Zk|X)§§:ljk__13)P(Zk_1) Eq. 4-39

P(x‘ 9= P(zJx)P(x2" ") _ A GOP(|ZET)
P(z /2™ P(z]Z"™

Eq. 4-40

In this recursive representation, we notice that at time k we only need to keep a
representation of the current state and may otherwise ignore the past. The advantage of Eq.
4-40 is therefore that we only need to compute and store the posterior likelihood P(lek - 1)
which contains a complete representation of the past information. When new information is

made available in the form of P(z,|x), the previous posterior takes the role of the current
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prior and the normalised product of the two becomes the new posterior P(x|Z k). Therefore,
Eq. 4-40 represents a significant improvement in computational and memory requirements

over Eq. 4-26. The recursive process of sequential update in time is illustrated in Figure 4-5.

Sensor stream: Sensor stream:

P(Z¥|x) P(Z*|x)

Posterior update: Posterior update:

P(x|Z%) P(x|z*+1)

Figure 4-5: Illustration of sequential or recursive updating using recursive Bayes theorem.

The tasks associated with making inference about a time-evolving state x are known as
filtering, and in relation with Bayesian inference, Eq. 4-40 is often termed Bayes filter. It is
noteworthy that filtering, or estimation of a time-varying system, that in addition to the
above mentioned observation model in the form of the likelihood function, the Markovian
property needs to be included with a state transition model that describes the probability of
a specific state, or location x;, dependent on the previous state or location x,, _4, described
by P(xk | X _ 1) or P(xk | Up, X, _ 1) if an known control input, u, is provided to the system.
The former is needed in dynamic tracking prediction (radar, imaging) and the latter
inclusion of control inputs are important in robotics where known actuators implement
control inputs and will influence the robots’ position in time. Practical implementation of
recursive or sequential filtering of time-evolving systems involves well-known techniques
such as Kalman filtering, particle-filtering and Markov-Chain-Monte-Carlo (MCMC). For
more detail information on the mentioned filtering techniques, reference is made to more
extensive literature such as Candy (2016), Sarkka (2013) and Haug (2012). Given the nature
of the problem at hand, the normal and recursive form of Bayes formula represented by Eq.
4-26 and Eq. 4-40, respectively, proved to be sufficient for all sensor fusion algorithms

developed and applied within this thesis.
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4.5 Closing remarks

In the above chapter, we have initially reviewed the two traditional concepts of
uncertainty, namely Aleatoric, and Epistemic, referred to simply as Variability and
Uncertainty. The former category will be the focus within this thesis, but sensor uncertainty
will be attempted implemented in the developed likelihood functions in the form of false-
positives and -negatives. The review visited also the two primary schools of thought on
probabilistic inference, namely traditional statistical inference and Bayesian inference. The
latter approach has been adopted and utilised in the framework reported within this thesis,
because the idea of likelihood functions translates perfectly with a system relying on sensor
information. The concept of multi-sensor data fusion have been introduced, with the main
focus on probabilistic data fusion methods and provided a simple intuitive example. Finally,
sequential updating has been reviewed and illustrated as a memory efficient way of using

the previous posterior as the current a priori belief.
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Chapter 5 - Environment variables

5.1 Opening remarks

As highlighted in Chapter 2, vessels operate in a highly dynamic environment, subjected
to wind and waves, which in case of a flooding casualty will affect the flooding evolution and
subsequent outcome. The main framework developed herein, intends to capture the
influence of the environment to improve accuracy of the prediction. This chapter will focus
on the impact from waves and more specifically, on the significant wave height and how
multi-sensor data fusion could be used to provide a probabilistic real-time estimate on the
actual significant wave height based on vessel motions. The chapter will not address the
impact of wind as it will be indirectly accounted for in Chapter 6, where draft sensors will

be utilised for estimating the vessels actual (real-time) floating position.

5.2 A priori statistics

5.2.1 Wave environment

The wave height is known a priori from wave statistics. Historically, the information
about the sea conditions has been derived from visual observations by ships operating in
the limited regions of the world’s oceans. Today, however, these observations are based on
more sophisticated techniques such as moored or drifting wave/weather buoy arrays and
orbiting satellites. Weather buoys are equipped with accelerometers measuring the heave
acceleration and inclinometers measuring the angular rate of change of the buoy caused by
waves passing during a specified time-period. An onboard computer uses statistical wave
models to process these measurements and to generate data that are transmitted to shore
stations. These data often include significant wave height, H,, and mean zero up-crossing
period, T, during a minimum of 20-minute sampling intervals. The positions of the global
drifter buoy array as on December 2018 are presented in Figure 5-1. The data from such
measurements are used as basis for modelling long-term variation of the wave environment
in the form of joint probability distributions of wave height and period. The models may
either be global, derived for world-wide operation or local, derived for specific operational

areas.
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Figure 5-1: Status of Global drifter array (PhOD, 2019).

The probability distribution for the significant wave height is modelled by a 3-parameter
Weibull distribution given by Eq. 5-1 and illustrated in Figure 5-2 for world-wide operation,

North Atlantic and the Caribbean. The zero-up crossing period, T, conditional on significant
wave height, H, is modelled by a lognormal distribution given by Eq. 5-2 to Eq. 5-4 and

illustrated in Figure 5-3 for a specific significant wave height of 5 m for the same operational
areas. Wave scatter diagrams for the North Atlantic and word-wide operation, a map of other
operational sea areas and related distribution coefficients, may be found in Appendix C of

DNVGL-RP-C205 (DNV GL, 2017).

Bu (Hs =¥y BHs_l Hg=vy, BHS
PDF(H,) = E( P ) exp| - ( o ) Eq. 5-1
1 (Int-p)?
PDF(TZ|HS) = at—hexp( - T) Eq. 5-2
%2
b,H
o(H)=by+be?* Eq. 5-4
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Figure 5-3: Distribution for the zero up-crossing period Tz conditional on Hs = 5.0 m.

5.3 Likelihood function

5.3.1 Motion sensors
The sensors that can be used for the significant wave height prediction method are roll,
@, pitch, 6, and heave, Z, sensors. They are available on many modern ships for providing
compensation data to echo-sounders, fishing sonars and shipboard cranes, etc. Other
important parameters affecting ship motions are heading, 1, the vertical centre of gravity,
KG, and draft, T. Heading affects roll and pitch responses whereas KG (or GM) and draught

affect the vessel's natural roll period, T,. The latter two variables may be known from

103



onboard sensors, hence it would be possible to develop conditional probability distributions
incorporating also this information in the fusion process for better accuracy. However, for
simplicity and to enable the development of intuitive understandable likelihood functions
(of smaller number of dimensions), they have been disregarded at this point. Instead,
available marginal a priori knowledge of draft, T, and vertical centre of gravity, KG, has been

used as basis.

The development of the likelihood function (sensor model) entailed a range of time-
domain simulations in waves. The simulations were performed with 4 Degrees of Freedom

(DoF) (sway, heave, roll, pitch) at zero forward speed (dead-ship condition). The H, being

the variable of interest, was sampled uniformly from the interval [1,15m] (uniform
sampling ensured even coverage of the whole interval of wave heights in consideration).
Draft, T, and the vertical centre of gravity, KG, were randomly sampled from the a priori
distributions as discussed more in detail in section 7.2.2. Heading was sampled uniformly

on the interval [0,360°). Finally, the waves zero-up crossing period, T,, was randomly

z
sampled from the conditional (on wave height) probability distribution given in the
foregoing by Eq. 5-2 for world-wide operation. Given the stochastic nature of sea waves, rol],

pitch and heave are also expressed as significant values ¢, 6, and Z respectively, with the
definition consistent with that of significant wave height, H (i.e. the average of one-third of

the highest values).

Roll [deg]

Time [s]

Time series: Roll ~ ======= Filter

Figure 5-4: Time-series for roll motion with amplitude filter.
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In order to calculate the significant values, motion amplitudes have been extracted by
applying a simple filter as is illustrated in Figure 5-4, and the average of the highest one-
third of the amplitudes have been calculated for a 20-minute time-window for positive
values of both port-, and starboard side. The 20 minutes sliding time-window relates to the
minimum time-period used for measurements of significant wave height from weather
buoys. For the time-domain simulations, 10,0000 samples were therefore simulated for a
period of 20 minutes. An excerpt of 10 samples is shown in Table 5-1, and the data points
resulting from the simulations representing the highest one-third of the amplitude for the

variables are presented in Figure 5-5 to Figure 5-7 respectively as a function of H..

Table 5-1: Excerpt of sampled variables for time-series.

Hg[m] T, [s] H,[°] T [m] A[t] KG [m]
14.471 9.669 339.310 7.966 50164.80 16.854
9.728 7.699 0.601 8.273 52783.84 16.593
13.804 15.726 182.441 8.150 51728.07 16.551
5.589 10.924 151.384 8.196 52118.65 16.551
6.329 8.515 57.209 7.752 48360.59 17.388
4.948 9.435 138.551 7.863 49295.62 16.844
0.569 4.299 89.829 7.923 49799.00 16.932
6.374 9.155 27.350 7.986 50333.13 16.842
5.233 10.309 17.365 8.126 51526.17 16.712
3.301 9.567 28.133 7.677 47730.88 17.699
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Average 1/3rd highest pitch amplitudes, [deg] Average 1/3rd highest roll amplitudes, [deg]

Average 1/3rd highest heave amplitudes, [m]

Significant wawve height, Hs [m]

Figure 5-5: Average highest one-third roll data-points from 20 min simulations.

Significant wave height, Hs [m]

Figure 5-6: Average highest one-third pitch data-points from 20 min simulations.

Significant wave height, Hs [m]

Figure 5-7: Average highest one-third heave data-points from 20 min simulations.
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For developing likelihood functions, bivariate distributions have been fitted to the data
points by using the maximum likelihood estimation (MLE) method. In the approach followed
herein, the probability distribution functions for the motion variables (along y-axis) are
parametrised as a function of H,, resulting in a bivariate distribution also covering the full
H, interval (x-axis) with the regression coefficients identified by the MLE method. The
specific roll amplitude [¢] is represented by a Burr type XII distribution whilst, specific
heave [Z,] and pitch [0,] amplitudes are represented by a log-normal distribution.
Distributions and relevant parameter functions for roll are represented by Eq. 5-5 to Eq. 5-8,
pitch by Eq. 5-9 to Eq. 5-11 and heave by Eq. 5-12 to Eq. 5-14. Numerical and analytical
representations of the distributions are illustrated in Figure 5-8, Figure 5-9 and Figure 5-10

for roll, pitch and heave respectively.

o ) =05t )= S oo (Y] 2
a(H)) =a+ be%, a = 2129, b =-1.302, ¢ = 0.287 Eq. 5-6
B(H,) =a+ beCHS, a= 1.717,b = 6.030, c =- 0.560 Eq. 5-7
A(H) =a+ beCHS, a= -3.105b= 3.105,c=0.111 Eq. 5-8
(o, - )
Aes(Hs) = PDF(6, | H) = 950;\/%3 N Eq. 5-9
u(Hy) =a+ beCHS, a=0.676,b=-4.783,c =-0.164 Eq. 5-10
o(H) =a+ b, a = 0.578, b = 0.00,c = 9.156 Eq. 5-11
(nz-w)?
AZS(HS) = PDF(Z, | H)= Zﬂ;\/ﬁe_T Eq. 5-12
u(H) =a+ b, a=0.601, b =— 5408, c = 0.217 Eq.5-13
o(H)=a+ beCHS, a=0.764,b = 1.130, c =- 0.625 Eq. 5-14
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5.4 Implementation and testing

For developing test-cases, five wave environments have been randomly sampled from
each of the distributions for the specified operational areas as introduced above, resulting
in a total of 15 test-cases (wave environments). Each of the sampled wave environments has
been used for simulating the test-vessel in time-domain for the specified time interval of 20
minutes. The output from the simulations mimics the actual sensor readings, enabling
testing the accuracy of the presented prediction method. Only one sample from each
operational area has been presented in the following, while complete results are presented
in Appendix 1. The resulting predictions for each of the operational areas are presented in
Figure 5-11 to Figure 5-13 for world-wide, Figure 5-14 to Figure 5-16 for the North-Atlantic
and Figure 5-17 to Figure 5-19 for the Caribbean. The figures show that the unbiased sample

sea states have H lower than 4.0 m and within that range the prediction method yields

satisfactory results. However, to verify that the method works with more extreme sea states
another, biased sample was made, with the H higher than 10.0 m. For this sample, the
North-Atlantic has been used as a priori distribution. The complete results for these samples
are also presented in Appendix I while a single case of H, = 10.0 m is presented in Figure
5-20 to Figure 5-22. Average one-third highest amplitude (i.e. significant) readings from
sensors for each operational area, including extreme operation and corresponding statistical

prediction data are presented in Table 5-2.

Table 5-2: Sensor readings and statistical prediction data.

Operational Area
Variables

World-wide North-Atlantic Caribbean Extreme wave
Roll ¢ [°] 7.333 0.094 0.580 10.933
Pitch 6, [°] 0.119 0.037 0.072 0.818
Heave Z [m] 0.294 0.093 0.054 2.564
Actual H, [m] 2.893 1.692 1.781 10.312
Expected H, [m] 3.429 1.815 2.458 9.762
Difference AH [m] -0.536 -0.123 -0.677 0.549
Priori o [-] 2.189 3.333 2.366 3.333
Posterior o [-] 0.849 0.580 0.670 1.760
Difference Ao [-] -1.340 -2.753 -1.696 1.573
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Figure 5-11: A priori, and likelihood functions (World-wide).
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Figure 5-12: A priori and posterior including actual and expected value (World-wide).
1.0 A ——
0.8 /
0.6
w
a
o
0.4
[ 95% Cl: L=1.9, U=5.21
—— Actual Hs=2.89
—— Expected Hs=3.43
0.2 4 — P(Hs)
—— P{Hs|Raoll, Pitch, Heave)
/ Posterior St.dev=0.85
0.0 4 Priori St.dev=2.19
. ‘ 1 ‘ . 1 i i i
0 2 4 6 8 10 12 14 16

Hs

Figure 5-13: Cumulative a priori and posterior including actual and expected value (World-wide).
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Figure 5-14: A priori, and likelihood functions (North-Atlantic).
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Figure 5-15: A priori and posterior including actual and expected value (North-Atlantic).
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Figure 5-16: Cumulative a priori and posterior including actual and expected value (North-Atlantic).
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Figure 5-17: A priori, and likelihood functions (Caribbean).
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Figure 5-18: A priori and posterior including actual and expected value (Caribbean).
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Figure 5-19: Cumulative a priori and posterior including actual and expected value (Caribbean).
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Figure 5-20: A priori, and likelihood functions (Extreme wave).
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Figure 5-21: A priori and posterior including actual and expected value (Extreme wave).
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Figure 5-22: Cumulative a priori and posterior including actual and expected value (Extreme wave).
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It is noteworthy that the extreme predictions underestimate the actual H¢ and that the

relative standard deviation for the estimate of the expected sea state is larger (measured in
relation to the standard deviation based on the a priori distribution) than in the case of the
unbiased sample. Nevertheless, the resultant standard deviation is still significantly lower
than the standard deviation obtained based on the priori belief. The underestimation may
be a result of using incorrect a priori distribution for such extreme waves, as waves
exceeding 10.0 m are a seldom occurrence even in the North Atlantic, clearly supported by
its a priori distribution. There are two alternative implementation methods for the wave-
height prediction entailing fixed or recursively updated a priori belief. The former was
implemented in the above and is given by the non-recursive Bayesian formula given by Eq.
4-26 whilst the latter utilises the recursive form of the model given by Eq. 4-40. In order to
demonstrate the differences in results obtained by these two approaches several time-
domain simulations performed with distinct wave characteristics (increasing wave height
with time) were combined into a single time history. For both methods, a priori distribution
was the world-wide operation. The prediction utilising recursive update is presented in

Figure 5-23, which shows clearly that the confidence band around the estimate of H,

contracts rapidly. However, the recursive update method is insensitive to rapid increase in
wave height. The reason for this is that, as was highlighted in Chapter 4, a prediction for
dynamical system requires a Markovian transition model which was not implemented for

the wave prediction method.
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Figure 5-23: Recursive update for increasing wave height in time.
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The results of analysis of the same time series by the non-recursive model is presented
in Figure 5-24. In this case, the variant of Bayes formula given by Eq. 4-26 maintains in every
time-step the same initial a priori belief represented by Eq. 5-1. The prediction now seems
to follow the actual wave height better but with a much wider confidence band (although

significantly narrower than the confidence band based on a priori belief alone).
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Figure 5-24: Non-recursive update for increasing wave height in time.

5.5 Closing remarks

The method presented in this chapter utilises motion sensors for predicting significant

wave height, H,. Its main objective is to reduce the uncertainty in wave height prediction at

the instant of collision, based on the past sensor readings, however, knowledge on the actual
wave environment during operation would provide additional evidence towards providing
an operational risk measure (or vulnerability). It is noteworthy that although the motion
sensors data is likely to be available post collision as well as the statistics for flooded ship
responses, they can be considered unknown as their generation would require a prohibitive
number of time-domain simulations of the damaged ship. This would be a drawback in case
of fast-changing wave conditions post collision. However, knowing the significant wave
height in one-time instance, may provide an exceedance probability for future instances.
There are available alternative options for further decrease in uncertainty and easy
extrapolation of the method to the case of damaged ship. One alternative is to use a wave

radar (Gregnlie, 2004) which would provide an estimate of wave height and period from
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direct measurements. Another alternative would entail a direct link to data stream from the
closest weather buoys in the vicinity of the vessels operational area. Finally, wave height
estimation data based on satellite imaging could be further explored. Overall, the method
provides an intuitive illustration on how probabilistic sensor fusion works and how it may
be applied to continuous distributions. In Chapter 6, we will see how this translates to the

discrete domain for assessing specific damage extents.
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Chapter 6 - Damage variables

6.1 Opening remarks

As already discussed in Chapter 2, the damage extent is traditionally split into initial and
progressive extent (or stages) and such a separation will be maintained in the following. We
will start with the initial damage extent by developing probability distributions for
geometrical variables of the breach as introduced in Chapter 2. These are regarded as a
priori statistics of the breach, but they may also be translated into specific discrete a priori
beliefs of the initial damage extent in terms of damaged compartments (lost buoyancy) and
corresponding probabilities. The progressive extent is directly related to the vessel's
internal arrangement and, in particular, the states of internal openings determining the
possible routes for the progression of floodwater. The a priori distributions for opening

frequencies as well as doors leaking and collapse will be covered in detail in section 7.2.1.

In this chapter, however, they will be discussed in relation to the progressive extent. The
last section within this chapter will cover the flooding sensors likelihood function. In fact, it
will entail implementation of many of the probabilistic models that will be reviewed in the
next Chapter 7 to account for dependency of the damage extents on the variables discussed
in Chapter 2 and illustrated by Figure 2-9. As an example, the possible progression stages
are important when developing the likelihood functions for the flooding sensors as they
should encode the probability of a particular flooding sensor indicating flooding, given a
particular damage extent, comprising both initial and progressive stage. As such, the
probability is obviously dependent on opening states and subdivision connectivity,

determining, in the first place, whether the floodwater is present in specific sensor location.

6.2 A priori statistics

6.2.1 Geometrical properties of a breach

The development of the probability distributions for the a priori information regarding
the geometrical properties of a breach utilises as a basis the project GOALDS database of

ship casualty data (Bulian, 2011). The GOALDS database is an update of the HARDER
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database (Liitzen, 2002), which is the underlying basis for the probabilistic damage stability
framework of SOLAS (IMO, 2006) mentioned in the introduction. The GOALDS accidents
database consists of 1,016 collisions, 472 groundings and 39 contacts as summarised in
Table 6-1 (Papanikolaou et al., 2013). The distributions derived from these research
projects, are the backbone of the SOLAS probabilistic framework. However, there are some
limitations in utilising the SOLAS distributions as a priori distributions within a sensor
fusion framework. Firstly, the distributions were simplified to enable harmonisation for all
ship types and may therefore lack some important ship-type dependent properties. This
involves covering the conditional dependencies of certain variables as will be seen in the
next section. Further simplifications are imposed to facilitate the use of the data for the

regulatory framework. More details on such limitations are discussed in the following

section.
Table 6-1: Overview of data samples from GOALDS, and HARDER databases.
Database Collision Grounding Contact
HARDER 832 312 35
Additions 184 160 4
GOALDS 1016 472 39

At this stage the development of a priori distributions is based on the dataset for collision
damages only. However, the same methodology as presented could be easily adopted and
implemented for grounding damages as well. Furthermore, the variables have not been non-
dimensionalised to prevent overestimation of the variables when scaled up to large cruise
vessels (the data comes from a larger proportion of smaller vessels, as illustrated in Figure
6-1). The database can, however, be regarded as a measure of available energy, and damage
penetration sources in international trading routes and should be used with given
dimensions if correct assumptions are applied as was mentioned in Chapter 2 and described

in more detail in the following section.

80
60

40

Percentage [%]

20

L>150 m

L<150 m

Figure 6-1: Proportions of ship size (represented by length LBP) in GOALDS database.
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The longitudinal damage position, X, has, however, been scaled to correspond to a given
ship subdivision length, ensuring that the breaches sampled from the developed
distributions are manifested on the striking vessel hull. The main statistical variables related

to collision damages are summarised in Table 6-2.

Table 6-2: Statistical variables related to collision damage.

Variable Description

X [m] Longitudinal position of midpoint of damage from AP
Z [m] Vertical position of lower damage limit from BL

L [m] Length of damage in longitudinal direction

H [m] Height of damage in vertical direction

Y [m] Depth of damage penetration in transverse direction

6.2.1.1 Longitudinal position of damage, X

Longitudinal position of damage, X, is associated with the centre of the damage and

depends on the vessel’s subdivision length, Lg, i.e.; P(X | Lg). This means that the centre of

the damage must be located within the interval [LS o LSf d]. The dataset for variable, X, is
aft w

normalised so that the resulting distribution ranges from 0 to 1, where 0 corresponds to

L¢ and 1 corresponds to LSf das is illustrated in Figure 6-2. SOLAS 2009 (IMO, 2006) and
w

aft
other developments such as the eSAFE project (Bulian, 2017) have adopted a uniform
probability density function, i.e. any damage position alongside the hull is equally likely. The
statistics from the GOALDS database, however, indicate a larger concentration of damages
in the fore region. This is because a damage breach can result from three different collision

scenarios as listed below:

e The vessel may be the striking ship with the majority of the damages affecting forward

half of the ship.

e The vessel may be the stricken ship, being struck by another ship’s bow, with damages

distributed uniformly along the side (including side damage in the fore region).

e Ship-to-ship collision, where both vessels will suffer higher amount of damage in the

fore-region.
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Figure 6-2: Subdivision length of sample vessel.

Given that the data covers all three cases above, it clearly explains the bias towards
forward damages. In SOLAS the bias is addressed by the requirements for collision
bulkheads to account for bow damages as required by SOLAS Reg. I1I-1/12.1 (IMO, 2006).
However, from the complete risk perspective of a collision damage the distribution of the
damage location needs to consider that a vessel could take any of the above-mentioned roles.
A numerical PDF and CDF from all sample cases for the variable, X, from the database is

presented in Figure 6-3.
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Figure 6-3: Numerical PDF and CDF for scaled longitudinal damage position, X.

From the numerical distributions, only the data between 0 and 0.8 may suggest to be
uniformly distributed. It might even indicate a slight linear increase, while between 0.8 and
1, there is a traditional bell-shape distribution. There is no pre-defined suitable distribution
available in R for this particular distribution shape. However, an analytical probability

distribution can be constructed by combining a linear function with a bell-shaped function
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and is given by Eq. 6-1 and Eq. 6-2 for the PDF and CDF respectively, where x € [0, 1], and
Eq. 6-3 is used to calculate the absolute location of the damage.

D(X-B)?

AX-B) — 2
(cz) 2* L AEX +F Eq. 6-1

PDF(X) = -

DB - x)? 5
A - AEX -
CDF(X) =% * + - 4+FX fq.6-2

XLS=X'L5+L5aft Eq. 6-3

The distribution coefficients obtained with maximum likelihood estimation (MLE)
technique are as follows: A = 0.2956, B = 0.9944, C = 0.0580,D = 1.3124,E = 1.6525
and F = 0.5310. The fitted distributions (PDF & CDF) are illustrated in Figure 6-4.
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Figure 6-4: Analytical PDF and CDF for longitudinal damage position, X.

6.2.1.2 Vertical position of damage, Z

The GOALDS database provides the lower vertical position of damage, Z, from the vessel
baseline, BL. However, it was already discussed in Chapter 2 that the distribution of the
vertical position could be considered conditional on the vessel’s draught, T. It can be argued
that probability of damaging lower compartments when operating on a maximum summer
load-line is different from probability of damaging the same group of compartments while

operating at shallow draught in ballast condition, particularly when the draught range is

121



broad. Even in the case of vessels operating within the narrow band of draughts (such as
passenger ships) utilising the waterline as a reference point (governed by the vessel
draught) would provide a more realistic representation. Furthermore, linking the
distribution of vertical position to the vessel’s draught would enable taking advantage of
draught sensors for uncertainty reduction as will be shown in section 7.3.3. The variation in

probability depending on draught is illustrated in Figure 6-5, for three different cases.

Case 1 Case 2 Case 3

Figure 6-5: Distribution for Z as a function of T.

e (ase 1:Small T, and subsequent large probability of having a lower Z value extending to,

and below BL.

e (ase 2: Medium T, and lower probability of having a lower Z value extending to, and

below BL.

e C(Case 3: Large T, and very low probability of having a lower Z value extending to, and

below BL.

Converting the reference from BL to the vessel draught, T, or more specifically, the
waterline, WL, results in the numerical distribution illustrated in Figure 6-6. The PDF is
clearly a bell-shaped curve, which is distributed around the waterline, represented at
reference point Z = 0. It can be noticed that the mean value of the distribution is located
slightly below the waterline. Changing the vessel draught will obviously alter the expected
Z value accordingly, and the distribution for Z conditional on the vessel draught, i.e.,, P(Z|T),
may be given as a function of draught. A suitable model of the distribution can be determined

with the help of a Cullen & Frey graph shown Figure 6-7.
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Figure 6-6: Numerical PDF and CDF for vertical damage position, Z.
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Figure 6-7: Cullen & Frey graph for vertical damage position, Z.

The Cullen & Frey graph indicates that the distribution may be represented by a logistic
function (closest match). A normal distribution may also be a possible candidate, but seem
less so, as the observed values lie further away on the graph. Having several candidates, we
may produce goodness of fit (GoF) statistics for deciding the optimal distribution. In simple
terms, the GoF statistics describes how well the model fits into a set of observations or data;
the smaller the statistic, the better the fit. By performing MLE, we obtain the GoF statistics
and criteria as is seen in Table 6-3. The GoF statistics suggest that the logistic function is the

optimal fit, which is supported by the Q-Q and P-P plots presented in Appendix II.
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Table 6-3: Goodness of fit (GoF) statistics and criteria for MLE of distribution for Z.

GoF Statistic/Criteria Logistic distribution Normal distribution
Kolmogorov-Smirnov Statistic 0.03125606 0.0533253
Cramer-von Mises Statistic 0.03168159 0.1891007
Anderson-Darling Statistic 0.30001377 1.3917191

Akaike's Information Criterion 1572.217 1595.649

Bayesian Information Criterion 1579.428 1602.861

The analytical distribution is plotted in Figure 6-8 togheter with the numerical data. The

logistic probability distributions are given by Eq. 6-4 and Eq. 6-5, and corresponding

coefficients location, m, and scale, s, obtained from the MLE are; m = -1.6218, and

s = 2.4004.
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Figure 6-8: Analytical PDF and CDF for vertical damage position, Z.

The expected (mean) value of the distribution is represented by the location parameter,

m. Correcting the expected value for vessel draft using Eq. 6-6 produces the conditional PDF

and CDF represented by Eq. 6-7 and Eq. 6-8, respectively. The conditional distributions are

now given as a function of vessel draft (waterplane) as is seen in Figure 6-9.
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Figure 6-9: PDF and CDF density function for Z conditional on T.

6.2.1.3 Damage length, L

The empirical PDF and CDF for the damage length, L, are presented in Figure 6-10. In
order to aid selection of the suitable model distribution, a Cullen & Frey graph is again
produced as shown in Figure 6-11. The graph indicates that the empirical model
corresponds well to Gamma or the Weibull distribution. Another distribution of the same
family, namely the Burr distribution, may also be checked for correspondence, despite not

being included in the Cullen & Frey graph.
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Figure 6-10:Numerical PDF and CDF for damage length, L.
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Figure 6-11: Cullen & Frey graph for damage length, L.

Having multiple candidates, Goodness of Fit statistics and criteria associated with MLE
are produced and is presented in Table 6-4. The GoF statistics show similar values for all
distributions, not providing any obvious best fit. The Q-Q and P-P plot (Appendix II) also
confirms that all the distributions are good approximations for the data. However, looking
more closely on the Q-Q plot, it indicates that the Burr distribution represents the tails of
the distribution slightly better than the remaining two distributions and would be the

better analytical representation for the data. The analytical distribution is plotted in Figure

6-12.
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The Burr probability distributions are given by Eq. 6-9 and Eq. 6-10, and
corresponding shape coefficients a and b, and rate coefficient, r, obtained from the MLE are

a = 5.9883,b = 09576 andr = 0.0276.

Table 6-4: Goodness of fit (GoF) statistics and criteria for MLE of distribution for L.

GoF Statistic/Criteria Logistic distribution Normal distribution
Kolmogorov-Smirnov Statistic 0.03438846 0.04017173
Cramer-von Mises Statistic 0.12081172 0.23706216
Anderson-Darling Statistic 1.00649641 1.69926542
Akaike's Information Criterion 4943.266 4953.525
Bayesian Information Criterion 4952.749 4963.008
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Figure 6-12: Analytical PDF and CDF for damage length, L.

ab(Lr)®

PR = e

1

CDF(L) =1- (1+ (Lr)b)(aJrl)

80

Eq. 6-9

Eq. 6-10

Direct sampling from the above distribution may result in damages extending beyond the

longitudinal limits L,
fwd

and L, " respectively. This would not represent realistic damages,
aft

nor represent the database, since only damages being manifested on the vessel are included.

The damage length may, therefore, be considered conditional on the longitudinal position,
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X. For example, if the X location of the damage is 20 m forward of L, o the damage length
a

cannot be longer than 40 meters. Further, even if the damage is located at midship,

maximum damage length cannot be longer than the vessels subdivision length, L. In

mathematical terms, the damage length is limited by the L boundary curve given by Eq. 6-11.
The boundary curve is shown graphically in Figure 6-13. To avoid representing the
boundary as piece-wise linear using two functions, an alternative boundary can be

represented by Eq. 6-12.

2L X for X € [0,0.5]
LyoundaryX) =\ 2L (1-X) for X €[0.5, 1] Eq. 6-11
Lboundary(X) = ZLSX(X3 - 2X2 + 1) Eq. 6-12
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Figure 6-13: L. maximum boundary curve.

This curve will produce damages with smaller length than that of the full vessel length.
However, as the database does not contain any damages longer than 80 m (represented by
the horizontal blue line in Figure 6-13,) use of the quadratic model is justifiable.
Furthermore, by checking the non-dimensionalised damage lengths from the GOALDS

database, it is confirmed that the maximum damage length is approximately 0.5L,. The

updated boundary curve given by Eq. 6-12 ensures that the maximum damage length is

0.625L, (found by setting X = 0.5 in the equation). This is slightly more conservative than

the data indicate but is still a reasonable assumption. The boundary curve does not need to
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be implemented in the distribution and, for simplicity, the sampled damage length may be
limited by the boundary curve in a separate step using rejection sampling. To illustrate the
validity of this approach, 10,000 sampled damage lengths are presented in Figure 6-14. The
data points limited by the boundary curve is seen to correspond with the data points from
the database as is illustrated in Figure 6-13. The notation of Eq. 6-9 and Eq. 6-10 can be
changed to PDF(L|X) and CDF(L|X) respectively as long as the boundary curve is

enforced during the sampling process.
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Figure 6-14: Sampled damage lengths, L, plotted on given X location.

6.2.1.4 Damage height, H

The available data indicate that the damage height, H, can be considered conditional on
the vertical position of the lower damage limit, Z. The dependency is illustrated by the graph
in Figure 6-15, were the marginals for both Z and H are presented together with their
numerical PDF’s. The probability of the damage height, H, conditional on lower position of
damage, Z, is denoted by P(H | Z). Having already established an appropriate marginal
distribution for the vertical position of damage, Z, in the above section 6.2.1.2, we will
initially focus on identifying a marginal distribution for the damage height, H. The numerical
distribution’s PDF and CDF for the damage height, H, are presented in Figure 6-16. A Cullen
& Frey graph as shown in Figure 6-17 is used to identify the best model for the distribution.
From the graph, the data seems to lie on the area indicating a Beta distribution. The Beta
distribution is, however, limited to the interval x € [0,1], so a Generalised Beta Prime

distribution would be more appropriate.
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By performing MLE, we obtain the shape coefficients a = 6.8089, p = 0.0838 and
q = 1.1089 and scale coefficient b = 15.7057. The marginal analytical PDF and CDF for

Verical position, Z

Figure 6-15: Dependency between Z and H.

damage height, H, are shown in Figure 6-18. The CDF is given by Eq. 6-13, were B(p,q) is the

Beta function. There is no closed form solution for the CDF.
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Figure 6-16: Numerical PDF and CDF for damage height, H.
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Figure 6-17: Cullen & Frey graph for damage height, H.
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Figure 6-18: Analytical PDF and CDF for damage height, H.

Having established analytical distributions for both marginals, H and Z, they may be
combined utilising copula theory. Details on copula theory is outside the scope of this thesis,
but in summary copulas are a well-known technique for modelling conditional or
multivariate probability distributions. Sklar's theorem (Sklar, 1959) states that any
multivariate joint distribution can be written in terms of univariate marginal distribution

functions and a copula, which describes (or couples) the dependence structure between the
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variables on a unit square. For the purpose of identifying an optimal copula, a specificlibrary
has been used in the statistical software R, namely the Vinecopula library, which enables to
identify the best copula from a range of copula-families. Applying the provided fitting
function, the Rotated Tawn type 2 (90 degrees rotation) copula, with parameters par = -
1.74, par2 = 0.53, is identified as being the optimal fit from the range of available copulas in
the package. The PDF for H conditional on Z represented by the chosen copula is illustrated
in Figure 6-19. The figure also suggests that the copula is a good representation of the data

points seen in Figure 6-15. For more information on this specific copula, see Tawn (1988).
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Figure 6-19: Joint PDF of H and Z represented as copula.

6.2.1.5 Damage penetration, Y

The last parameter for a damage extent is the transverse penetration, Y. The database
suggests that the penetration is dependent on the damage length, L. This is illustrated by the
graph in Figure 6-20, where the marginals for both Y and L are presented together with their
numerical PDF’s. From the graph, a clear increase in damage penetration is seen with
increasing damage length. This is, however, only seen in the interval L € [0, 30 m] and
relates to head-on high energy collisions, which is directly dependent on the striking vessel
breadth. For larger damage lengths, outside the range of normal ship breadths, the statistics

in the database suggests that the penetration is decreasing with damage length.

132



This is because extreme damage lengths would be a result of collision damages with high
angle of attack, producing long damage length and shallower penetrations (similar to
grounding side raking damages). The numerical distribution’s PDF and CDF for the damage
penetration, Y, are presented in Figure 6-21. A Cullen & Frey graph presented in Figure 6-22
shows that the data seems to correspond very well with that of an Exponential or a Gamma
distribution. Producing GoF statistics as seen in Table 6-5, there is a slightly better fit seen
for the Exponential distribution. Q-Q and P-P plot are found in Appendix II. The MLE results
in the rate-coefficient, A = 0.2968 for the Exponential distribution. The marginal analytical
PDF and CDF for damage penetration, Y, are shown in Figure 6-23. The PDF and CDF is given
by Eq. 6-14 and Eq. 6-15, respectively.
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Figure 6-20: Dependency between L and Y.

133



L 1.00- IR
-
5 | mga; I
075~ i
b rs
R L /7
E 50- W Y]
g Qoso- s
Lt O.
s
] 025- ,;
H
.
8
0- ] T 0.00- i
UI 1ID 2ID DI 5I 1‘0 1‘5 2b 25
Damage penetration, Y Damage penetration, Y
Figure 6-21: Numerical PDF and CDF for damage penetration, Y.
— ® Observation Thearetical distributions
4 A bootstrapped values normal
il
R *‘mh_ﬁ? + ID%tijstic
1 4 R = beta
reel lognormal
.~ el ----  gamm
_ ‘-~-_\““==5 [Weibull is close to gamma and lognomal)
@ o R
w
_g — e
S ‘Re.
o | . ey
T T T T —
0 2 4 § 8
sguare of skewness
Figure 6-22: Cullen & Frey graph for damage penetration, Y.
Table 6-5: Goodness of Fit (GoF) statistics and criteria for MLE distribution for L.
GoF Statistic/Criteria: Exponential Gamma
Kolmogorov-Smirnov Statistic 0.09504132 0.09504132
Cramer-von Mises Statistic 0.72445322 0.72445323
Akaike's Information Criterion 2017.289 2019.289
Bayesian Information Criterion 2021.410 2027.530
PDF(Y) = 2e ™ Eq. 6-14
CDF(Y)=1-¢ % Eq. 6-15
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Figure 6-23: Analytical PDF and CDF for damage penetration, Y.

Having established analytical distributions for both marginals, Y and L, an appropriate
copula may be identified using the Vinecopula library in R. Applying the provided fitting
function, the survival BB8 copula, with parameters par = 2.32, par2 = 0.87, is identified as
being the optimal fit. PDF for Y conditional on L represented as copula is illustrated in Figure
6-24. The figure also suggests that the copula is a good representation of the data points seen

in Figure 6-20. For more information on this particular copula, see Joe (1997).
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Figure 6-24: Joint PDF of Y and L represented as copula.
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6.2.2 Breach position relative to the hull

Figure 6-25 shows an example of a breach sampled from the above developed
distributions. The breach is positioned based on vertical (from baseline, BL) and longitudinal
(from aft perpendicular, AP) reference. The damage penetration, however, is not as straight-

forward due to the side shell curvatures.
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Figure 6-25: Breach longitudinal position, length and height in relation with hull.

The penetration depths are known, but the reference starting point of the penetration is
varying with height from baseline and ship length. To avoid breaches outside the hull, the
breaches are positioned using the hull-waterplane intersection as transverse reference. This
is in line with the alternative sampling scheme as suggested by Bulian (2017). The hull-
waterline intersection may be presented by three piecewise least-square fitted curves as is

seen in Figure 6-26.
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Figure 6-26: Hull-waterline intersection curve for transverse penetration reference.
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6.2.3 Initial damage extent

The distributions derived in the previous sections can be combined into a joint

distribution for a specific breach or damage characteristic, as represented by Eq. 6-16.
f(breach) = f(X,Z,T,L,H)Y) Eq. 6-16

Since the breach extent is defined in the continuous space, a range of damage breaches
would result in the same initial damage extent and subsequent compartments being
damaged. It would therefore be beneficial to express the breach in terms of a specific initial
damage extent (i.e., damaged rooms and lost buoyancy). This can be achieved by translating
the expression for breach extent into the discrete space for specific damaged compartments.
For a specific initial damage extent represented as damaged compartments, the above
continous variables are bounded by upper and lower limits. These boundaries are intervals
in the planes X, y and z for the respective variables. For example, for a breach to result in a
specific initial damage extent x, the damage length, L, can take any value within the specific

interval L € [1;,1,]. If the variable takes on a value outside this interval, a different extent
would be realised. Other variables have their own respective intervals for a specific initial
damage extent, x, which together forms the complete integration domain o. Since the
damage case has intervals or boundaries of possible solutions representing the domain, each
variable must be integrated over its specific boundary as illustrated in Eq. 6-17.

f(x) = f f(X,2,T,L,H,Y)dXdZdTdLdHdY Eq. 617

o(initial damage)

The above approach is similar to that adopted by the probabilistic damage stability
requirements of SOLAS (2009). However, the approach used in SOLAS is largely simplified -
relying on a zonal subdivision of the vessel arrangement and simplified integration
techniques. The analytical formulae for p-factor, r-factor and v-factor in SOLAS (2009) are
based on the mathematical processing of the distributions of damage characteristics and the
use of the Wendel diagram. Relevant details of this approach for the case of collision damages
can be found in Liitzen (2001) and Pawtowski (2004). The simplifications are justifiable as
compartments may comprise complex shapes and the interval for the variables become

difficult to identify.
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Solving the above integral also becomes an issue without using numerical methods.
Because of these challenges, an alternative method will be adopted in the following, namely
Monte-Carlo (MC) sampling. This is an approach commensurate with the non-zonal
approach utilised in the EMSA III and eSAFE projects (Zaraphonitis et al., 2015 & 2017).
Similar MC sampling approaches has been used by Kehren & Kriiger (2007) and Kriiger &
Dankowski (2009). By sampling from the above defined distributions, it is possible to
identify for each sampled breach, what compartments are compromised. Sufficient sample
size ensures that all possible initial damage extents are accounted for. Specific cases will be
sampled numerous times, which will account for their respective probability (p-factors). For
simplicity, only the starboard side has been used for sampling in the presented development
for testing and implementation. Sampling from the distributions has been done in the
statistical software R, where a large sample size of 1,000,000 were used to ensure
convergence and coverage of all possible initial damage extents. Damages not accounted for
by the sampling, since we used such a large sample size, are assumed to have a negligible
probability. The sampled breaches have been translated into volumes in the stability
software NAPA and checked against every compartment in the vessel arrangement to see if
there are any overlaps in geometrical properties between compartments and the breach.
Overlap would mean that the compartment is damaged and part of the initial damage extent.
An excerpt of 500 samples is shown in Appendix III. Only a smaller selection is shown due
to the large number of samples. Finally, an illustration of 300 samples is presented in Figure
6-27. The sample of 1,000,000 starboard breaches resulted in 19,225 unique initial damage
extents and the frequencies of occurrence are taken as estimates of the probability. This
represents the a priori list of possible initial damage extents, which will be used in the

development.

Figure 6-27: Breach-Compartment overlap check for 300 samples.
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6.3 Likelihood function

6.3.1 Initial flooding

The identified initial damage extents introduced in the previous section are only covering
whether or not compartments are affected by the breach and in that respect may be
considered compromised. However, this does not necessarily entail that they will be flooded
when for example the breach (entire or in part) may be located above the waterline.
Therefore, the probability that an initial damage extent will result in loss of buoyancy and if
the flooding sensors will indicate flooding depends on whether there is floodwater ingress
through the damage breach. As some initial damage extents will have much higher
probability of flooding due to their location with respect to the waterline, this relationship
should be captured by the likelihood function for the flooding sensors. The probability of
flooding is determined by three variables and their interplay, namely; the lower limit of the
vertical position of damage breach, Z, the draft of the intact vessel, T, and the significant

wave height, H,. Figure 6-28 may illustrate the relationship between the variables.
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Figure 6-28: Influence on flooding from variables T, Z and Hs (static consideration).

The figure illustrates a ship section (#x1 - #x2) with even keel trim that has a breach

opening located slightly above the calm waterline. The calm waterline is represented by H

=hy=0. There are three additional waterlines representing three different regular
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sinusoidal waves with heights H, = {h,, h,, hs}, for which the following is true; hy > h, > h,
> 0. It is clear from the figure that neither the calm water condition h, nor the lowest wave
condition h; would result in flooding through the damage breach. These cases can be

considered to have a positive flooding margin given by Eq. 6-18, were a is the wave

amplitude for a specific wave height H.. However, the remaining wave conditions h, and h;,

result in negative flooding margin AZ and will consequently lead to flooding through the

damage breach.

AZ=Z-(T+a) Eq.6-18

A draft increase AT = AZ, may now be considered, which will remove the positive
flooding margin for wave condition h4, enable flooding, and further resultin a zero margin (A
Zy=0) for the still-water case, h, The particular case of T =Z could, therefore, be

considered a limit condition and will be important in defining the likelihood function.
Furthermore, relative (with respect to water surface) motions of the ship and the stochastic

nature of a waves need to be accounted for. That is, flooding occurs when W > Z, where
W and Zg are the elevation of the water surface and the lower limit of the breach (both

measured from the same vertical reference), respectively. The probability of flooding may

therefore be denoted by Eq. 6-19, where W, and V', are motions of the water surface, and

the vessel respectively. However, as the vessel motion is governed by the wave motion,

represented by the significant wave height, this notation may be simplified to Eq. 6-20.

P(F | ZTW V) =PWg > Zg|ZT,W,,V ) Eq. 6-19

P(F \ ZTW V) = P(Wg > Zg|Z,T,Hy) Eq. 6-20

For the purpose of implementing wave-dynamics, the time-domain simulation tool
PROTEUS3 has been utilised, with the aim at developing a probability density function for
initial flooding through the damage breach, conditional on the relevant variables; Z, T, and
H,, as represented by Eq. 6-20. The results will be employed to derive a sensor model,
representing the probability of particular values of T, and H,, given a particular initial
damage extent (represented by Z) imposed by flooding. For illustrating purposes, an initial

damage extent located highly above the waterline imposed by flooding may be considered.
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The model should return a low likelihood for smaller values of H, and draft T, simply because

to realise flooding for higher extents, this has to be a result of larger wave heights and/or
deeper drafts. The vessels KG (or GM) and wave encounter heading would in fact also affect
the initial flooding probability, but similarly to what was done in Chapter 5, these have been

covered by their marginal a priori distributions.

In order to derive the distribution, 10,000 simulations have been performed, with the
significant wave height sampled from the interval [1-15 m], heading from the interval
[0,360°) while draught, T, and KG were sampled from their respective marginal
distributions as discussed more in detail in section 7.2.2. The waves zero up-crossing period,

T, conditional on the wave height have been sampled from the probability distribution

given by Eq. 5-2 for world-wide operation. Following simulation in time-domain for 30
minutes for each sample, the maximum water elevation at random longitudinal positions
along the vessel side-shell was identified, as water ingress may be assumed through any
breach opening located at (or below) this water elevation. The water elevation is
represented as the difference in height from the calm-waterplane and is given by Eq. 6-21.
The values of AZ at which flooding occurs are presented in Figure 6-29, indicating that the

values of AZ are scattered and growing with increasing wave height.

AZ=7Z-T Eq. 6-21
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Figure 6-29: Height from calm-waterplane, AZ, of initial flooding as a function of wave height, Hs.
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The limiting condition for which T = Z, discussed earlier in this chapter, is clearly

noticeable in the figure for wave height H, = 0. The data points are represented well by a

Burr distribution, as given by Eq. 6-22. The corresponding coefficients have been obtained

by MLE and represented as a function of H as given by Eq. 6-23 to Eq. 6-25. The zero

reference of the y-axis is represented by the waterline rather than the vessel baseline.

Histogram and analytical distributions are shown in Figure 6-30.

PDF(AZIH,) = “H(7)* 1[1 + (AZ)“] ~p-1

CHS
a(H)=a+be °a= 141311, b=-141.309, c =-0.012 Eq. 6-23
cH
B(H)=a+be ° a= 0.148,b= 8515, c=-0.422 Eq. 6-24
cH
A(H)=a+be ° a=-28.634,b=29.753,c=0.020 Eq. 625
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Figure 6-30: Numerical and analytical distributions for flooding height from WL.

From Figure 6-30, it is easy to see that the closer to the waterline a lower limit of a breach
is located (the shorter its distance from WL), the more likely is it to be flooded. Similarly, the
probability will increase with increasing wave height but so will the uncertainty around the
mean. It is noteworthy that the distribution given by Eq. 6-22 represents the probability of
obtaining a specific AZ value for which flooding occur, conditional on H,. Flooding would,
however, occur for all AZ values below this specific value, and the probability of flooding

would be given by the exceedance probability denoted P(AZ = z|H ). This is represented by
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the cumulative probability distribution function of Eq. 6-22, obtained by integration and

denoted by Eq. 6-26. The resulting Eq. 6-27 is valid on the interval AZ € [0, %], otherwise

Eq. 6-28 is governing as is shown in Figure 6-31.

(sHlzp)daD-|

Figure 6-31: Exceedance probability of flooding height from WL, AZ.

P8z 2 z|H) = () 1+ ()9 A taz Eq. 6-26
P(az>z|H,) = [1 + (%)“] “F Az €0, ] Eq.6-27
P(AZ >z | H)=1, AZ €[ - o0,0] Eq. 6-28

From the figure it is clear that the limit condition at H, = 0 is represented by a step

function. As the damage extent is known, and not the actual AZ value of the breach, it must
be assumed that the probability of flooding (conditioned on the initial damage extent) may
come from any of the AZ values within the interval AZ € [AZ AZ 2]. This can be accounted for
by integrating Eq. 6-27 and Eq. 6-28 over the specific interval as given by Eq. 6-29. The
integration results in the likelihood functions given by Eq. 6-30 to Eq. 6-33. As we are
developing a likelihood function, the distribution is now represented as H conditioned on
AZ,, AZ,, and denoted using A(AZ,,AZ,).

A7 ANZ _
ADZ,AZ,) = P(H,|AZ,,AZ,) = [ Azf[l + ()] Paz Fq. 6-29
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Az,

1 1
A(AZ,AZ,) = P(H,|AZ,,AZ,) = C(AZZZFl(a,,B;l T (7)“) o Fq. 630

1 1 Azy\ .
B Azlel(;,ﬁ;l +- (7) ) , if Azy>0and Az, >0 Eq. 6-31
1 1 Az3\ o ,
A(AZ,AZ,) = P(H,|AZ,AZ,) = C(AzzzFl(;,ﬁﬂ +2-(5) ) - Azl), if Az, <0 Eq 632
A(AZ,AZ,) = P(H||AZAZy) = C(Az, - Az;),  if Azy<0and Az, <0 Eq. 6-33
1

Figure 6-32 shows sample distributions for two initial damage extents. Case 1 with

vertical integrand interval Z,; =1m,Z,,; = 4 m, significant wave height H,; =5m and
draft T;=7.5m. Case 2 with vertical integrand interval Z;,=9.0m,Z,,=12.0m,

significant wave height H,, = 3 m and draft T; =8 m.
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Figure 6-32: Example distribution for two initial damage extents.

As shown in the figure, Case 1 will flood regardless of the significant wave height due to
both integrands (vertical limits) being located below the calm waterline. Case 2, however,
will not flood for calm water conditions as both integrands are located above the waterline
and the probability of flooding is increasing with wave height. Another example shows a

complete posterior update of the a priori probability for all the initial damage cases (as
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derived in the previous section) using known draught, T, and range of wave heights, H_ as

sensor evidence. For illustrating the change in flooding probability with increasing wave
height, a specific damage extent with high vertical location has been chosen and imposed by
four different wave heights, namely calm-sea, one moderate and two more extreme wave
heights. The draft has in this example been kept constant. The four example cases are
summarised in Table 6-6 and the example damage extent comprising a single compartment

is illustrated in Figure 6-33.

Table 6-6: Summary of example conditions.

Case Draft, T [m] | Wave height, Hs [m] Integrand interval: Z1, Z2 [m] (from BL)
Case 1 8.20 0.00 10.80, 14.20
Case 2 8.20 2.00 10.80, 14.20
Case 3 8.20 6.00 10.80, 14.20
Case 4 8.20 12.00 10.80, 14.20
—2
— 14

N —/

Figure 6-33: Upper example compartment (located above calm waterline).

The result following the posterior update for the respective (increasing) wave heights are
presented in Table 6-7. The posterior update has been executed with use of Eq. 4-26 from
Chapter 4, and by calculating the posterior update for all initial damage extents, as was
identified in the previous section for correct normalisation. However, only the upper
example compartment has been included in the table for illustration. The damage extent has

been denoted as x in the table rather than using the integrands.
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Table 6-7: Posterior update of flooding probability of example extent (Upper) implementing initial flooding
likelihood for increasing wave heights.

Wave height Draft A priori Likelihood Posterior
H[m] T [m] P(x) P(H|x) P(x|Hy)
0.000 8.200 4.477e-4 0.000 0.000
2.000 8.200 4.477e-4 1.285e-3 7.469e-7
6.000 8.200 4.477e-4 0.707 3.361e-4
12.000 8.200 4.477e-4 0.999 4.477e-4

The calculated posterior presented in the table for the respective wave heights
represents the initial flooding likelihood, but does also take into consideration the a priori
belief, and is therefore slightly biased. The posterior flooding probability, in our specific
example, is low for all the wave heights simply because the a priori is considerable low
(4.477e-4). For this reason, when discussing the initial flooding probability in the following,
it is the flooding likelihood that has been considered. It follows from above that the initial
flooding probability is zero in calm water condition simply because the water elevation
would never exceed the lower Z-position of the damage extent. Increasing the wave height
to two metres results in marginal change of the initial flooding probability with flooding to

occur approximately once in every thousand runs.

Running the case in sea state of H;= 6.0 m boosts the initial flooding probability

considerably, and flooding will occur in approximately seven out of ten runs. Finally, the

extreme case of H; = 12.0 mresults in an initial flooding probability of close to one. Flooding

is actually almost certain for most of the initial damage extents due to the extreme wave
height. Since flooding is certain for all cases, the only governing factor remaining is in fact
the a priori probability (deciding which extent is realised), as is illustrated by the posterior
being identical to the a priori. We may now take a closer look at how the probabilities have
shifted between all the initial damage extents following the posterior update (translating the
probability from breach probability to flooding probability) for the respective wave heights,
and how this affects uncertainty. The reduction in uncertainty can be illustrated by using
traditional statistical methods such as confidence intervals (CI). In the following, a 95% CI
has been used. From the a priori list of damage extents, we find that the number of cases
(highest proportion) that results in 95% of the probability is 3,024 cases out of the total
19,225 cases identified in section 6.2.2.
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This is because the available probability is largely spread between all cases. Checking the
calm-water case, the 95% CI comprises only 1,763 cases out of the total 19,225 cases, and it
is clear that due to the available evidence of a particular wave height, we have had a
reduction in uncertainty (reduction of 1,261 cases), and a boost in confidence for the
remaining cases resulting in the CI. The main reason is simply that the probability that was
assigned to the upper extents, when we considered the breach probability alone, has been
transferred to the lower extents, and in fact only to those with their lower Z positioned

below the calm-waterline (being a step function for H,= 0). For the cases with increasing

wave heights, the CI will be reduced for every increase, until the most extreme case actually
returns the CI to its original value of 3,024 cases because the wave height is sufficiently high
to flood all the initial extents regardless of their vertical position, and the governing factor

remaining is the a priori as was mentioned above.

6.3.2 Progressive flooding*
6.3.2.1 Progressive flooding case realisation

The flooding probability introduced in the previous chapter encodes the probability of
floodwater ingress to the initial extent (or stage) of damage. In this chapter we will develop
a probabilistic model for the progressive flooding extent, which encodes the probability of
the realisation of a particular progressive flooding extent originating from a known initial
damage extent. A simple event (probability) tree, as shown in Figure 6-34, can illustrate the
various realisations of initial and corresponding progressive extents. The top event
represents any breach resulting from a collision damage (or contact/grounding), which
branches out to all the possible initial damage extents (as was identified in section 6.2.3). A
range of respective progressive damage extents may originate from each of these initial
extents depending on the openings open/closed state, leak/collapse resistance and the
openings position in relation to the floodwater elevation during the flooding evolution. All
branches of progressive extents stemming from each of the initial extents, should sum to the
initial extent probability according the total probability theorem, as given by Eq. 6-35, where

x = initial, y = progressive.

4 Larger parts of this chapter have been presented in Karolius K. B., Cichowicz, . and Vassalos, D.,
(2018), “Modelling of compartment connectivity and probabilistic assessment of progressive flooding
stages for a damaged ship”, Proceedings of the 17 International Ship Stability Workshop, 10-12 June
2019, Helsinki, Finland
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Ext. 1.1 Ext. 1.2 Ext. 1.3 Ext. 2.1 Ext. 2.2 Ext. 3.1 Ext. 3.2 Ext. 3.3 Ext. N.1 Ext. N.2 Ext. N.3

Figure 6-34: Event (probability) tree of damage extents (First row: breach resulting from collision damage or
contact/grounding, second row: possible initial extents of damage, third row: possible progressive extents of
damage).

P() = J P(xly)P(r)dy Bq. 6-35

For example, the progressive extents in the leftmost branch are representing all possible
progressive extents originating from initial damage extent number one (if there is no
progressive extent the initial extent remains unchanged and considered as total extent,
which would still be represented with a separate branch in the tree). The actual number of
possible realisations of progressive extents will be governed by the number of connections
in direct contact with the initial damage extent, and subsequent connections thereafter. An
initial damage extent comprising a single compartment with just a couple of connections
would therefore be expected to have a smaller number of possible progressive extents than
an initial damage extent comprising several compartments and multiple connections. This
being said, it would not necessarily be so as the probability of progressive flooding will be
governing, e.g. if all the doors leading from the extent with several compartments connected
had a progressive flooding probability of one, the progressive extent where all connected
compartments were progressively flooded would in fact be the only realisation possible. The
various realisations are highly related to the combinatorics problem as was discussed in
Chapter 2. To illustrate the combinatorial problem with multiple permutations, we may
consider an example compartmentation shown in Figure 6-35. The compartmentation
comprises six rooms (compartments): 4, B, C, D, E and F, and six watertight doors: a, b, ¢, d,
e and f Compartment F, marked in yellow, is breached and considered as the initial damage

extent.
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Figure 6-35: Example compartmentation with doors and possible flooding realisations (Doors are marked in red,
initial flooding is marked in yellow, and progressively flooded compartments are marked in blue).
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C

d

For simplicity, we assume that the probability of progressive flooding is solely governed
by the door opening status (frequency), disregarding other variables as was mentioned in
the previous section. A door’s opening status may be modelled by a Bernoulli process with
the opening frequency represented by the parameter A, as shown by Eq. 6-36. The assumed

opening frequency for the example compartmentation is summarised in Table 6-8.

P(open) = A, P(closed)=1-21 Eq.6-36

Table 6-8: Opening frequencies for example compartmentation.

Door, n Opening frequency, 4
0.90
0.95
0.10
0.30
0.05
0.70

=N ¢ I e o R o ulll I <)
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To calculate the realisation probability of Case 1, all the various door status combinations
that are possible needs to be considered. In total, there are 26 = 64 possible permutations
(combinations) of door statuses in this specific case. Out of these, 16 permutations result in
Case 1 being realised (i.e. there are 16 door combinations without progressive flooding, and
where the flooding is limited to room F). The probability of Case 1 may therefore be
calculated by summing all these combinations as shown by Eq. 6-37, where n is the number

of combinations resulting in a specific initial damage extent x.

P(X=x)=%_ P, Eq. 637

It may be shown that this results in a probability of: P(X = Case 1) = 0.285. Another way
to calculate the realisation probability may be illustrated as in the following. For Case 1 to
be realised, doors e and f have to be closed (open = 1, closed = 0) whilst the status of the
remaining doors status is not affecting the outcome. Hence, the probability of this particular
case is simply the joint probability of the two relevant doors being closed (using the

probability rule of conditionality governed by Eq. 6-38 and calculated in Eq. 6-39).

P(X=x)=P(ef)=P(e)P(f) Eq. 6-38
P(X=Casel)= P(e=0,f=0) Eq. 6-39
=(1-2)(1-2)
=(1-0.05)(1-0.70)

= 0.285

The second case, Case 2 may be calculated by the same method (it is only governed by
doors d, e and f). For the case to be realised, doors d and e have to be closed and door fhas
to be open whilst the status of the remaining doors does not affect the realisation. The
probability of Case 2 may again simply be calculated as the joint status probability of the
three relevant doors denoted by Eq. 6-40.

P(X=Case2)= P(d=0,e=0,f=1) Eq. 6-40
= (1-2)(1-2)2;
= (1-0.30)(1 - 0.05)0.70

= 0.4655
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The process can be repeated for all 16 flooding cases from Figure 6-35, but we will
consider Case 6, with all doors part of the progressive boundary, as a final example. This case
may result from flooding progression by two routes with multiple door realisations leading
to the same case. In fact, seven realisations will result in Case 6, summarised below by Eq.

6-41 to Eq. 6-47 with the total probability as given by Eq. 6-48.

P,(X,=Case6)=P(a=b=c=d=e=f=1)=.. Eq. 6-41
..=090-0.95-0.10-0.30-0.05-0.70 = 0.0009

P,(X,=Case6)=P(a=b=c=d=e=1f=0)=.. Eq. 6-42
e = AMAAAS(L = Ap) = ..
..=0.90-0.95-0.10-0.30 - 0.05 - (1 - 0.70) = 0.0004

P;(X;=Case6)=P(a=b=c=d=f=1e=0)=.. Eq. 6-43
e = AAAA(L = A )2 = ...
..=0.90:0.95-0.10-0.30 - (1-0.05)-0.70 = 0.0171

P,(X,=Case6)=P(a=b=c=e=f=1d=0)=.. Eq. 6-44
e = AMA (1= 2)A A = ...
..=090-095-0.10-(1-0.30)-0.05-0.70 = 0.0021

P.(Xs=Case6)=P(a=b=d=e=f=1c=0)=.. Eq. 6-45
o = A (1 = 2D Agh A = ..
..=090-095-(1-0.10)-0.30-0.05-0.70 = 0.0081

P(X,=Case6)=P(a=c=d=e=f=1b=0)=.. Eq. 6-46
o = AL = A AAAA s = ..
..=090-(1-0.95)-0.10-0.30-0.05-0.70 = 0.0001

P,(X,=Case6)=P(b=c=d=e=f=1a=0)=.. Eq. 647
= (1= 2 AAAANA = ..
..=(1-0.90)-0.95-0.10-0.30-0.05-0.70 = 0.0001
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P(X=Case6) =Y _ Py =Py +Py+P3+P,+Pg+Pg+P,=.. Eq. 6-48
- L

..=0.0009 + 0.0004 + 0.0171 + 0.0021 + 0.0081 + 0.0001 + 0.0001 = 0.0287

Table 6-9 summarises the probability calculations for all the example flooding cases. The
second calculation methodology comprises less combinations of doors, as only the doors
located within the flooding boundary is of interest. However, Case 1 and 2 are the simplest
of the example cases, and it is relatively easy to calculate their realisation probability by first
principles calculations, being governed by a few doors. If more doors are governing, such as
in Case 6, increasing various realisations of doors may result in the same progressive
damage extent, which will complicate the problem. Nevertheless, the manual calculations
method cannot be applied to a realistic case of a large cruise vessel with thousands of

possible initial damage extents and numerous connections, hence an alternative approach is

essential.
Table 6-9: Summary of case realisations for example compartmentation.

Case, i Calculation formulae Result

Prase1 = (1.00 - 0.05) - (1.00 - 0.70) =0.2850
Pases = (1.00-0.30) - (1.00 - 0.05) - 0.70 = 0.4655
Pases = (1.00-0.90) - (1.00 - 0.05) - 0.30-0.70 =0.0200
Prases = (1.00 - 0.95) - (1.00 - 0.05) - 0.90-0.30- 0.70 =0.0090
Peases = (1.00 - 0.10) - (1.00 - 0.05) - 0.90-0.95 - 0.30 - 0.70 =0.1535
Prases = 0.0009 + 0.0004 + 0.0171 + 0.0021 + 0.0081 + 0.0001 + 0.0001 =0.0287
Pase7 = (1.00 - 0.70) - (1.0.- 0.95) - 0.10 - 0.05 =0.0001
Paseg = (1.00 - 0.70) - (1.00-0.90) - 0.95-0.10 - 0.05 =0.0001
Paseo = (1.00 - 0.30) - (1.00-0.70) - 0.05-0.10-0.95-0.90 =0.0009
Pase10= (1.00-0.30) - (1.00 - 0.10) - 0.05-0.70 =0.0220
Prase11 = (1.00-0.90) - (1.00 - 0.10) - 0.30- 0.05 - 0.70 =0.0009
Prase12 = (1.00-0.95) - (1.00 - 0.10) - 0.90-0.30- 0.70 - 0.05 = 0.0004
Prase13 = (1.00-0.90) - (1.00 - 0.95) - 0.30-0.70 - 0.05- 0.10 =0.0000
Prase14= (1.00-0.30) - (1.00 - 0.90) - 0.70- 0.05 - 0.10 - 0.95 =0.0002
Pease15 = (1.00 - 0.70) - (1.00 - 0.10) - 0.05 =0.0135
Pease16 = (1.00-0.30) - (1.00 - 0.95) - 0.70 - 0.05 - 0.10 =0.0001
Sum = X Plase =1.0000
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6.3.2.2 Mathematical abstraction of compartment connectivity

The problem of opening permutations can be addressed more efficiently than the direct
calculations with the help of Graph Theory. Graph Theory is a well-known mathematical
modelling technique for representing pairwise connections between objects (nodes) with
the relationship maintained by edges (lines). The application of graphs ranges from the
evacuation modelling software Evi (Vassalos et al., 2001) through social networks (Zweig &
Abufouda, 2016) to navigational- and road-networks (Thomson & Richardson, 1995). Any
exhaustive review of theory and applications of graph theory is outside the scope of this
thesis, but reference is made to introductory texts such as Bondy & Murty (1976). In
modelling of compartment connectivity as a graph, the compartments are simply
represented by the nodes (points) and openings are represented by edges (lines). For
example Dankowski & Kriiger (2013) represented compartment connectivity by
deterministic directed graphs (i.e. without the ability to account for probabilities). A graph
model of the example compartmentation from Figure 6-35 is presented in Figure 6-36. For
the purpose of compartment connectivity, we are not interested in distances between
locations (as is often used for road networks); instead the weights may represent the
probability of progressive flooding between compartments, or opening frequencies,

depending on how we define the problem.

b A b B
A B
a c a C
c > > OO
d e
d e
f
E F
E f F

Figure 6-36: Compartments mathematical abstraction as graph (compartment or node marked in yellow is initial
damage extent, or source node).

Representing the edges by probabilities turns the graph into an uncertain graph, a well-
known technique utilised for example in network reliability (Khan et al., 2018). In the

compartment connectivity example, existence of the edge implies possible progressive
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flooding between the nodes (compartments). However, progressive flooding only occurs if
at least one of the edges is connected to the initial damage extent (the source node). This
conditionality can be accounted for readily by implementing search algorithms for
traversing the graph structure. Such algorithms comprise Breadth-First-Search (BFS)
(Moore, 1959), and Depth-First Search (DFS) (Trémaux, 1859-1882). In the example
compartmentation, the opening frequencies can be used to sample (create) the connections
(edges) between the compartments (nodes) for multiple instances (samples). An example of

such sampled realisations is shown in Figure 6-37, where dashed lines represent non-

existing edges and continuous lines represent existing edges.

Figure 6-37: Sampled edge existence in example compartmentation represented as uncertain graph (Dashed lines
represent non-existing edges or no progressive flooding realization, and continuous lines represent existing edges
or progressive flooding realization. Initial flooding is marked in yellow, and progressively flooded compartments
are marked in blue).

The nodes (compartments), having existing edges and a valid connection to the source
node (initial extent) are part of the progressive extent (blue nodes in the figure). The
sampling process, if done sufficient number of times, should result in accurate
approximation of the realisation probability of the openings, while search algorithms
account for the conditionality of the connections (i.e. they return only the relevant
progressive stages with connection to the source node, representing the initial extent of
damage). The sum of each flooding realisation (initial and progressive combined), divided
by the number of samples, represents the estimate of the respective case-realisation
probabilities. In order to verify the approach, the example flooding cases are sampled with
N =10,000 samples. The results shown in Table 6-10 demonstrate good agreement with the

calculated probabilities.
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Table 6-10: Progressive flooding case (realisation) probability from manual calculation and sampling scheme.

Case, i P, calculation P, sampling
Prase1 = 0.2850 0.2847
Pease2 = 0.4655 0.4650
Peases = 0.0200 0.0201
Prases = 0.0090 0.0091
Peases = 0.1535 0.1542
Peases = 0.0287 0.0287
Pease7= 0.0001 0.0001
Prases = 0.0001 0.0001
Prased = 0.0009 0.0009
Pease10= 0.0220 0.0220
Pease11= 0.0009 0.0010
Pease12= 0.0004 0.0004
Pease13 = 0.0000 0.0000
Prase14 = 0.0002 0.0002
Pease 15 = 0.0135 0.0135
Pease16 = 0.0001 0.0001
Sum = 1.0000 1.0000

6.3.2.3 Real-Case example I

Due to lack of actual data, the opening frequencies for the example case are based on their
opening allowance category (supported by data adopted from the EMSA III project
(Jasionowski et al., 2015), which has been derived from onboard records of various vessel
types). The opening frequencies are discussed more in detail in the next Chapter 7.
Protected, non-watertight openings not imposed by any category, has been given an
assumed opening frequency of 0.5 for the purpose of illustration. The assumed frequencies
are summarised in Table 6-11 for the various opening categories. In reality, such values
would vary with specific doors depending on compartment type and crew/passenger traffic.
The probability of doors being closed in time by crew is represented by a correction factor.
In the EMSA project, such a correction has been modelled as a function of time, however, for
illustration purposes, this has been taken as constant 90% success rate (only for watertight
doors). In this specific example the correction factor accounts also for reliability of the doors.
To limit the result, a single initial damage extent has been chosen to be implemented with

the sampling methodology, to produce progressive extent realisations.
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Table 6-11: Progressive flooding case (realisation) probability from manual calculation and sampling scheme.

Opening Allowance category | Opening Frequency Corrected Frequency
A 0.850 0.085
B 0.600 0.060
C 0.100 0.010
Protected non-WT 0.500 0.500
Unprotected non-WT 1.000 1.000

Furthermore, for the purpose of illustration, we have at this point considered the opening
frequencies alone disregarding other variables such as leak/collapse heads and position of
openings in relation with the floodwater elevation (this will obviously result in
compartments being marked as part of the progressive extent (lost buoyancy), but not
necessarily flooded). Other variables such as leak/collapse heads and position of openings
in relation with the floodwater elevation will be discussed in more detail in the next section.
The initial damage case selected for illustration is a 2-zone damage, comprising 2
compartments and is illustrated in Figure 6-38. For implementation of the sampling
methodology, we generated N = 1,000 samples using the Bernoulli process, resulting in a
corresponding number of graphs representing the state-space. The traversing search
algorithm (BFS in this specific example), identified 86 unique progressive extents
originating from specific initial extent, stemming from 6 openings with direct connection to

the initial extent’s boundary.
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Figure 6-38: Initial damage extent of the case study.
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In order to rank the cases, we again make use of confidence intervals (CI). The summary
results of Cl-based ranking are shown in Table 6-12. For example, the 90% CI simply indicate
that there is a 90% probability that following a damage breach comprising the initial extent,
the progressive extent would result in one out of nine cases as is seen in Table 6-13. Case
No. 3 is seen to represent the initial stage alone, where no additional compartments are
progressively flooded.

Table 6-12: Confidence Intervals (CI) and corresponding number of related
progressive extents for 1,000 samples.

Confidence Interval, CI [%] Number of progressive extents
50 3

80 6

90 9

95 36

99 76

100 86

Table 6-13: Progressive extents representing a 90% Confidence Interval (CI), including initial extent
(two leftmost compartments).

Case No. Probability Compartments (lost buoyancy)

1 0.233 R070101 R080116 EX070101 R070102

2 0.206 R070101 R080116 EX070101 EX080101 R070102
3 0.115 R070101 R080116

4 0.112 R070101 R080116 EX080101

5 0.072 R070101 R080116 R070102

6 0.055 R070101 R080116 EX080101 R070102

7 0.052 R070101 R080116 EX070101

8 0.046 R070101 R080116 EX070101 EX080101

9 0.005 R070101 R080116 EX070101 EX080101 R070102 R080201
SUM 0.896 (= 0.9)

For the purpose of illustration, only the cases representing the 50% CI has been included,
as seen in Figure 6-39 to Figure 6-41. Realisation No. 36, corresponding to the transition to
the 95% CI have also been included as seen in Figure 6-42, for illustrating a less probable,
but larger progressive extent. From the various progressive extent realisations presented in

Table 6-13, it is seen that the 90% CI are mostly comprising smaller A-class boundary
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compartments within the watertight boundaries as would be expected, simply due to the
assignment of a 50% opening rate. More substantial progressive extents with compromised

watertight boundaries are only seen above the 90% (I, as is represented by case realisation
No. 36 in Figure 6-42.
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Figure 6-40: Progressive flooding realization 2, P = 0.206.
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Figure 6-42: Progressive flooding realization 36, P = 0.001

6.3.2.4 Progressive flooding probability

In the above examples, we have assumed that the opening status probability has been the
sole contributor to the progressive flooding probability. This, as already indicated, is not the
case as openings, even when closed, are prone to leak and collapse. The openings position in
relation to the waterplane is obviously also a determinant as openings located above the

floodwater elevation at the time in question would not progressively flood even if open.
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Similarly, leaking or collapsing require build-up of the hydrostatic pressure head. In the
following, a representation of the progressive flooding probability will be introduced for
application within the above sampling scheme, considering all the governing factors. In this
respect, we may summarise the various conditions that will result in progressive flooding as

follows:

1. Opening has status open, has connection to initial damage extent, and floodwater surface

elevation, W, exceeds openings lower vertical position, Z, or;

2. Opening has status closed, has connection to initial damage extent, leak head is smaller
than collapse head producing substantial leak before collapse, and floodwater surface

elevation, W, exceeds openings leak pressure height, H,, or;

3. Opening has status closed, has connection to initial damage extent, there is no substantial

leak before collapse, and floodwater surface elevation, W, exceeds openings collapse

pressure height, H ;.

The above progressive flooding conditions, and their corresponding non-flooding
conditions may be illustrated in an event tree as shown in Figure 6-43. The condition that
the respective openings must be connected to the flooding source is covered by the search

algorithm separately and has not been represented in the event tree.

Door N
Open Closed
/ \
| W.>2Z | W.<Z l |Hleak<Hc0I Hiear = Hol
We<Hiar | (We=Higar | | We < Hegy W, = Hg
‘ Prog. | ‘ No prog. l | No prog. | | Prog. | | No prog. | ‘ Prog. |

Figure 6-43: Event (probability) tree of progressive flooding realisations.
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In the event tree, the closed status has two branches or sub-sets corresponding to the
leak and collapse heads giving the least resistance towards progressive flooding. Most
openings will have a period of leakage before sufficient head has been built-up resulting in
structural collapse (left branch of the closed status). The right branch show leakage head
higher than the collapse head which is slightly misleading as this would never be the case. It
may, however, be that an opening will go straight into structural collapse without having a
period of substantial leakage and is what this sub-set really represents. The condition of
connection to the initial damage extent has been omitted as this will be accounted for in the
search algorithms as illustrated in the foregoing. The event tree can be used to derive a
generic formula representing the progressive flooding probability. The opening condition is
characterised by one of two mutually exclusive statuses, i.e. either N = 1 (open) or N = 0

(closed), as given by Eq. 6-49. Using complementary events, this is translated to Eq. 6-50.

P(N=1UN=0)=P(N=1)+P(N=0) Eq. 6-49

P(N=1UN=0)=P(N=1)+ (1-P(N = 1)) Eq. 6-50

For each of the two events (or opening statuses), there are subsets that will result in
progressive flooding. The open realisation has one subset, while the closed realisation has
two subsets, clearly seen in the event tree. The respective events (opening statuses) have

been represented by Eq. 6-51 and Eq. 6-52, where PF = 1 represents progressive flooding.

P(N=1nPF=1)=P(N=1)P(W,>Z) Eq. 6-51
P(N=0NPF=1)=(1-P(N=1))- .. Eq. 652
o [P(Hypqe < Hoo)P(Wo = Hpgp) + P(Hppgy = Hoo )P(W, = H., )]

The respective equations represent all the events that result in progressive flooding, and
the total progressive flooding probability would simply be the sum of all the subsets, which

is represented by Eq. 6-53.

P(PF=1)=P(N=1nPF=1)+P(N=0NnPF=1) Eq. 6-53
= P(N = 1)P(We > Z) + (1 - P(N = 1))[P(We = Hleak)]' where Hleak < Hcol

=P(N=1)P(W,>Z)+ (1-P(N=1)[P(W,=H,,)|, where Hy,, =H,.,
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[t can be recalled from the previous section that the probability of particular opening
status depends on its opening frequency, 4, and can be modelled by a Bernoulli process. The
Bernoulli process may therefore be used for representing the door status probability terms
of Eq. 6-53. The opening frequencies, their a priori distributions and corresponding
likelihood functions will be discussed in more detail in Chapter 7 covering the vessel
variables. The remaining terms in Eq. 6-53 are all related to the floodwater elevation, or
more specifically, vertical positions and their distances to the floodwater elevation, either in
the form of openings lower limits or pressure heights. Regardless of the vertical positions
type, they are all depending on the probability of the water-elevation exceeding a certain

vertical threshold and would therefore be well represented by the same probabilistic model.

6.3.2.5 Water elevation vertical exceedance probability

For developing a probabilistic model for the exceedance probability of the floodwater
elevation, a similar approach to the one presented for the initial flooding probability in
section 6.3.1 (initial flooding) have been followed. Now, however, the vessel is no longer in
intact condition, and the water surface elevation of interest is that of the internal floodwater
surface. The sampling approach is identical to the one presented in section 6.3.1 but to
account for damaged ship conditions 10,000 damage breaches have been sampled from the

distributions derived in section 6.2.1.

Sampling of the vessel’s loading condition and wave related variables mirrored the
process followed in section 6.3.1, while door status, and leak and collapse heads have been
randomly sampled from distributions that are introduced in section 7.2.1. Following
simulation in time-domain for 30 minutes, the maximum surface elevation within the
flooded compartments where identified, providing the floodwater elevation from the
external waterplane, AZ. This, combined with the corresponding significant wave heights,
enabled the development of a probability distribution for floodwater exceedance at any

compartment within the flooding extent, conditional on the significant wave height, H.. The

identified values of AZ at which floodwater elevation exceedance occurs are plotted against

the corresponding wave height, H, in Figure 6-44.
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Figure 6-44: AZ, between internal and external water elevation, as a function of wave height, H

Similarly to what was seen for the initial flooding probability, the variability (scatter) is
increasing with growing wave height. Some points, however have negative values of AZ
indicating that for some cases the internal floodwater height is located below the external
waterplane. This is a result of slow progressive flooding and the floodwater levels failing to
reach the external waterplane within the duration of simulations. Some outliers are also

seen (e.g. for wave height just above H, = 3.0 m). The outliers at a specific wave height are

all originating from the same simulation case, as all the flooded compartments within a
single simulation run represents independent data points. After further investigation, the

reason for the extreme water-elevation (for the case at H; = 3.0 m) is identified to be a result

of capsize after 90 seconds.

The data points presented in Figure 6-44 are well represented by a Generalised-Logistic
probability distribution, as given by Eq. 6-54. The corresponding coefficients obtained by
MLE techniques and represented as a function of H; as given by Eq. 6-56 to Eq. 6-58.

Analytical and numerical distributions are shown in Figure 6-45. The probability of
exceedance is obtained from the cumulative distribution as is represented by Eq. 6-55 and
illustrated in Figure 6-46. As we are only interested in an actual AZ position, and not an
interval as for the damage extents, Eq. 6-55 may be used directly without the need for
integration. The final probabilistic model for progressive flooding is obtained by substituting
Eqg. 6-55 into Eq. 6-53 for the respective probability of exceedance terms. The door status
probability is further substituted by the Bernoulli process, which result in Eq. 6-59.
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P(AZIH,W,) =- (%) (e(a_/fz))( 1+ e("'ﬁ)) —y-1

Eq. 6-54
(a—AZ)
P(W,=AZ|H,W,) = (1 +e ") Eq. 6-55
cH
a(H)=a+be S, a= -4853,b=5316,c=0.059 Eq. 6-56
H
H)=a+be S a= -26546b= 26138, c=—0.005 Eq. 6-57
B( S) ) ) 1
cH
y(H) =a+be ° a=0.096b=0382c=0.065 Eq. 6-58
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The AZ is now represented as the height from the external residual waterplane, denoted

W,. More details on how the relative heights are obtained, representing the residual

waterplane in mathematical terms utilising the pneumatic drafts sensors are included in
section 7.3.2. The representation of AZ for unprotected openings, and leak and collapse
pressure heads for protected openings corrected for residual heel, ¢, and trim, 6, are given

by Eg. 6-60 and Eq. 6-61 supported by Figure 6-47.

(a—AZ) (“"”i"(Azleak' Azcol))
P(PF:1)=/1(1+e g )‘V+(1—/1)(1+e ! L Eq. 6-59
AZ = (Z-W )cos (p)cos (0) Eq. 6-60
AZcol/leak = (Z - We)COS ((p)COS (0) + Hcol/leak Eq. 6-61

Wy

BL\ y R BL

Figure 6-47: Reference system for openings position in relation with the residual waterplane (leftmost door: Heqy, =
0, Hyo = hy, rightmost door: Hieax = 0, Heo = hy, where hy > h3.)

6.3.2.6 Real-Case example II

Application of the probabilistic model for progressive flooding is illustrated in the
following by a real-case example. The same initial damage extent as was used in the previous
real-case example has been revisited to highlight the impact of implementing the
progressive flooding model, in comparison to relying on opening frequencies alone. The
initial damage extent is illustrated in Figure 6-38 of section 6.3.2.3. The floating positions of

intact and damaged ship are shown in Table 6-14. The residual floating position and the
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known distance, AZ, from each opening to the waterplane can be used to calculate the
progressive flooding probability for the respective openings using Eq. 6-59 to Eq. 6-61. The
Uncertain Graph Sampling (UGS) method presented in section 6.3.2.2 have been performed

for two wave environments, namely: calm-water and wave height of 2.0 m H.

Table 6-14: Floating position in intact and damaged case.

Parameter Intact Residual
Draft, T [m] 8.00 8.453
Trim, Tr [m] 0.00 -0.03
Heel, ¢ [°] 0.00 0.60

Table 6-15: Ten most likely progressive extents representing calm-water cases.

Cases Prob. Comp. (lost buoyancy)
1 0.254 EX070101, R080116, R070101, R070102, EX080101
2 0.184 EX080101, R070102, R070101, R080116, EX070101, R080202, R080201
3 0.065 R070201, EX080101, R070102, R070101, R080116, EX070101
4 0.065 EX080101, R070102, R070101, R080116, EX070101, R080201
5 0.062 R070201, R070203, EX080101, R070102, R070101, R080116, EX070101
R070201, R070203, EX080101, R070102, R070101, R080116, EX070101, R080202,
6 0.046
R080201
7 0.045 R070201, EX080101, R070102, R070101, R0O80116, EX070101, R080202, R080201
8 0.035 R070201, R070202, R070205, EX080101, R070102, R070101, R080116, EX070101
R070201, R070202, R070203, R070205, EX080101, R070102, R070101, R080116,
9 0.033
EX070101
10 0.030 R070201, R070205, EX080101, R070102, R070101, R080116, EX070101

Applying 1,000 samples to the UGS method results in a total of 21 possible calm-water
progressive extents and 55 possible progressive extents in waves. In comparison, the
previous example, produced 86 possible cases, many of them unrealistic such as Case No. 36
seen in Figure 6-42. As expected, the calm-water case identifies only extents with openings
located below the waterplane while the in-waves case includes also extents with openings
located slightly above the waterplane. The ten most likely extents are for calm-water cases

presented in Table 6-15 and in-waves cases are shown in Table 6-16.
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Table 6-16: Ten most likely progressive extents representing calm-water cases.

Cases Prob. Comp. (lost buoyancy)
1 0.187 EX080101, R070102, R070101, R080116, EX070101, R080202, R080201
2 0.156 EX070101, R080116, R070101, R070102, EX080101
3 0.068 R070201,R070202, R070203, R070205, EX080101, R070102, R070101, R080116,
) EX070101, R080202, R080201
R070201, R070203, EX080101, R070102, R070101, R080116, EX070101, R080202,
4 0.066
R080201
R070201, R070202, R070203, R070205, EX080101, R070102, R070101, R080116,
5 0.054
EX070101
6 0.050 R070201, R070203, EX080101, R070102, R070101, R080116, EX070101
7 0.042 R070201, EX080101, R070102, R070101, R080116, EX070101, R080202, R080201
8 0.041 R070201, R070202, R070205, EX080101, R070102, R070101, R080116, EX070101,
) R080202, R080201
9 0.038 R070201, R070203, R070205, EX080101, R070102, R070101, R080116, EX070101,
) R080202, R080201
10 0.036 EX080101,R070102,R070101, R080116, EX070101, R080201

6.3.3 Flooding sensors

The likelihood function for the flooding sensors should encapsulate the relationship
between combined initial and progressive damage extent (as sensors may be positioned in
either) and the related observation states, such as wave height and floating position, and the
probability of a specific sensor to indicate flooding. The probability that specific flooding

sensor, z; will indicate flooding (i.e. z; = 1) given the particular (combined) damage extent,
xp = x;, wave height, H; and damaged floating position, W, is denoted as P(zp = 1|xp, H,,
W ,). In the previous section we have seen how the possible progressive extent realisations

are identified and how each initial damage extent evolves into a range of combined damage
extents by appending the initial extents with the possible progressive flooding scenarios.
Similarly to the openings, flooding sensors will indicate flooding only if they are located
within the boundary of damage extent boundary and are below the floodwater surface. This
enables us to adapt the probabilistic model developed for the internal openings as a
likelihood function for the flooding sensors. The only difference is that a sensor model needs
to account for the possibility of false-negative and false-positive readings as briefly
discussed in Chapter 4. We may again represent the model as an event tree as shown in
Figure 6-48. The error state represents the proportion of time the sensor is not operational,

given by its rate of error, 4,. From the figure it is clear that two sub-sets result in sensor
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status showing flooding, z; = 1, while two sub-sets result in sensor status showing no-
flooding, z; = 0. The likelihood function for the flooding sensors is simply the summation of
both sub-sets resulting in flooding status as is represented by Eq. 6-62, where E; and W
represents the error- and working-states respectively. Substituting for the error rate, A,, and

the exceedance probability we obtain Eq. 6-63. Finally, by multiplying with the initial
flooding likelihood developed in section 6.3.1, we obtain Eq. 6-64, which is the complete

likelihood function for the flooding sensors for respective damage extents, where x,, = [AZ},

AZ,).

Flooding
sensor N

Working Error
state state

False neg. False pos.
w,>z | |w,<z g P
W,>2Z W,.<Z
Sens No sens
No sens Sens

Figure 6-48: Event (probability) tree of flooding sensor status realisations.

P(zp=1|xp, Hy W) = P(W)P(W, > 2) + P(E)P(W, < 2) Eq. 662
(u—AZ) (ﬂ)
= (1-/13)(1 +e ' )‘V+/1€(1—(1 +e’ )‘V)
(5)
P(ZF=1|xD, H,, We)=(1—213)(1+e g )‘V+ A, Eq. 6-63
(a—AZ)
A(8Z,,02,) = P(H|AZ,AZ,)|(1-22,)(1+ e " /)77 + Ae] Eq. 6-64
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6.4 Closing remarks

The above chapter discussed in detail damage related variables. The a priori distributions
developed from available damage statistics with the use of MLE techniques utilise advanced
modelling approaches such as copulas for capturing conditional dependencies between
variables. The distributions have been used to identify possible ship-specific initial damage
extents, in terms of compromised compartments open to sea, with corresponding discrete a
priori probabilities, using Monte Carlo sampling techniques. We have further developed a
probabilistic model encoding the initial flooding probability in terms of water elevation
exceedance of the respective extent’s vertical position. The model is conditional on vessel
draft and significant wave height, governing stochastic vessel movements, and was achieved
by time-domain simulations for an intact vessel in waves. The model is one of two acting as
the likelihood function for the flooding sensors (detection likelihood). A simple example was
presented to illustrate the impact of draught and wave height on the probability of flooding
compartments depending on their location with respect to the waterplane. The method for
calculating probability of progressive flooding uses graph theory for modelling pairwise
connections between compartments. This enables the use of an Uncertain Graph Sampling
(UGS) method for capturing probabilities and application of state-of-the-art search

algorithms to ensure conditionality of connection to source node (initial extent).

A simple example demonstrated that the sampling methodology converges to actual
probabilities calculated from first principles whereas another, more realistic, example,
illustrated the process of inferring of the likely progressive extents for a specific initial
damage extent. It is noteworthy, however, that the latter example is still simplified as it did
not account for variables such as leak/collapse heads and position of openings in relation
with the floodwater. The leak/collapse heads and position of openings relative to the
floodwater level was accounted for by a probabilistic model developed on a basis of time-
domain simulations in waves. This model was further adapted to represent the likelihood
function for the flooding sensor (together with the initial flooding probability) by
introducing the reliability rate accommodating false readings. The model was tested with
the real-case example in both, calm-water and in-waves condition with wave height of 2.0

meters H. The complete model including doors and flooding sensors significantly improved

the accuracy of the flooding prediction compared with the simpler model.
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Chapter 7 - Vessel variables

7.1 Opening remarks

As discussed in Chapter 2, main vessel-specific variables considered herein relate to the
stricken vessel. These include attributes of internal openings (status, leakage and collapse
pressure heads) as well as vessel’s loading condition and floating position. Trim has been
disregarded, as large cruise vessels operate within a very narrow trim range but would be
easily refined and implemented for future developments. The chapter will also present an
attempt to account for impact energy related to the striking vessel’s main particulars based
on AIS data and available damage statistics (design related variables discussed in Chapter 2,
such as crashworthiness and internal subdivision apart from openings has been
disregarded). The following will initially present available a priori statistics for the relevant
variables, followed by developed likelihood functions. The a priori belief of striking vessel
size is indirectly covered by damage extent a priori presented in the previous Chapter 6 and

will therefore not be repeated within this chapter.

7.2 A priori statistics

7.2.1 Openings
7.2.1.1 Opening frequencies

Statistics for door open/closed frequencies are available for main watertight doors from
status sensors required by SOLAS Reg. 1I-1/13 (IMO, 2006). Non-watertight doors are
normally not fitted with such status sensors. However, since they are more prone to leak or
collapse than the watertight doors (e.g. power operated sliding watertight doors) such
statistics are of secondary importance (in the cases the time-element of flooding progression
can be disregarded). Nevertheless, if required, the opening frequencies for non-watertight
doors may be obtained either by fitting status sensors or they can be estimated on a basis of
crew/passenger traffic data. As introduced in Chapter 6, door opening status may be
modelled by a Bernoulli process (Eq. 6-36) where specific door opening frequency, 4,

describes its averaged proportion of open to closed in a given time interval. Herein, due to
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lack of detailed data for actual opening frequencies for the sample vessel, the opening
frequencies of individual doors are based on their opening allowance category as derived in
the EMSA III project (Jasionowski, 2015) from onboard records of various vessels. The
records don’t provide one-set of frequencies per category but permit the creation of

proximate distributions for random sampling as is illustrated in Figure 7-1.
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Figure 7-1: Proximate inverse cumulative density function for sampling of opening frequencies (category C-doors).

Table 7-1: Assumed (expected) opening frequency for sample vessel opening categories.

Description Opening allowance category Opening frequency, A
Sliding watertight door C 0.095
Watertight hatch C 0.169
Hinged cold room door NA 0.044
Hinged provisions room door NA 0.057
Sliding cold room doors NA 0.057
Sliding light-watertight door C 0.075
Sliding provisions room door NA 0.055
Sliding semi-watertight door B 0.584
Escape hatch A 0.522
Hinged weathertight door A 0.032
Sliding weathertight door A 0.417
Hinged double fire door NA 0.690
B-class structure NA 0.000
Hinged escape door NA 0.564
Hinged non-watertight door NA 0.649
Sliding fire door NA 0.620
Hinged fire door NA 0.444
Sliding lift door NA 0.134
Hinged lift door NA 0.095
Unprotected doorway or connection | NA 1.000
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Specific doors in the sample vessel have been given a randomly sampled opening
frequency from the available data from the EMSA project, in line with its respective opening
allowance category using the proximate distributions. This results in different opening
frequencies for all doors despite being of the same category for a realistic assessment. A
detailed overview of the sampled opening frequency for all openings in the sample vessel is
presented in Appendix [V, while the expected frequency (averaged) per door category is

presented in Table 7-1.

7.2.1.2 Leak and collapse

Data regarding the resistance to leaking and collapse for a specific door may be available
from the door manufacturers. However, only minimum requirements for pressure testing of
watertight doors is specified in SOLAS Reg. 1I-1/16.2 (IMO, 2006), which would not provide
a detailed measure of the actual collapse pressure. Various opening categories and their
vulnerability to leakage and collapse has been investigated in the project Floodstand
(Ruponen & Routi, 2011), as was mentioned in the introduction, where several full-scale
model tests were performed, identifying leak and collapse pressure heads for a range of
opening categories. However, there would be some uncertainty related to such estimated
values as these numbers are based on tests performed on a small sample of doors only. Even
if we were to test a specific door design several times for the respective pressures, they
would be seen to vary around some mean due to small variations in structural soundness.
The variations (uncertainties) in collapse and leak pressure heights should therefore be

accounted for in a probabilistic framework, as illustrated in Figure 7-2.

Hleak g‘b
i I\ ) S —

Figure 7-2: Door leak and collapse pressure heights modelled with probability distributions.
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Table 7-2: Opening leak and collapse heads, including probabilistic models and parameters (E(A) and N(u,0)
represent Exponential and Normal distribution respectively).

Description Leak H | Dist. Col.H | Dist. Bottom gap
[m] E(4)/N(n0) | [m] N(w.0) [
Sliding watertight door NA NA 20.0 N(Hcop, 0.1) NA
Watertight hatch NA NA 15.0 N(Ho, 0.1) NA
Hinged cold room door 0 E(100/3) 3.50 N(Hep, 0.1) | No
Hinged provisions room door | 0 E(100/3) 3.50 N(Hep, 0.1) | No
Sliding cold room doors 0 E(100/3) 3.50 N(Hep, 0.1) | No
Sliding light-watertight door 2.5 N(Hjear, 0.1) 8.00 N(Hco, 0.1) No
Sliding provisions room door | 0 E(100/3) 3.50 N(Hg, 0.1) | No
Sliding semi-watertight door 2.5 N(Hjear, 0.1) 8.00 N(Hco, 0.1) No
Escape hatch 0 E(100/3) 2.50 N(Hep, 0.1) | No
Hinged weathertight door 0 E(100/3) 2.50 N(Hep, 0.1) | No
Sliding weathertight door 0 E(100/3) 1.00 N(Hep, 0.1) | No
Hinged double fire door 0 E(100/3) 2.00 N(He, 0.1) | Yes
B-class structure 0 E(100/3) 1.50 N(Hep, 0.1) | No
Hinged escape door 0 E(100/3) 2.50 N(Hep, 0.1) | Yes
Hinged non-watertight door 0 E(100/3) 1.50 N(Hep, 0.1) | No
Sliding fire door 0 E(100/3) 1.00 N(Hep, 0.1) | Yes
Hinged fire door 0 E(100/3) 2.50 N(He, 0.1) | Yes
Sliding lift door 0 E(100/3) 1.50 N(Hco, 0.1) | No
Hinged lift door 0 E(100/3) 1.50 N(Hg, 0.1) | No
Unprotected doorway or conn. | NA NA NA NA NA

In the figure, the collapse head is normally distributed around the specified mean collapse
pressure, while the leak head is modelled by exponential distribution. Doors with higher leak
resistance could also be modelled by a normal distribution as is seen two examples of in
Table 7-2. Leakage through a gap at the bottom of doors (if present) is defined as a
deterministic process governed solely on the position of the gap in relation with the
floodwater level and modelled independently from the opening itself. Although doors
(particularly hinged) may be characterised by different leakage/collapse heads depending
on the direction of the pressure gradient (e.g. pushing towards or away from the door frame)
in this development, for simplicity, the pressure is assumed identical for both directions. The
details of doors’ models are shown in Table 7-2 above. Modelling of the leak- and collapse
pressure heads as probability distributions must account for the fact that the actual heads
are given as distributions. This needs to be considered when implementing the probability

of exceedance from section 6.3.2.4 (Eq. 6-59) as shown Eq. 7-1.

176



P(PF = 1)=A(1+e( g ))‘Y+ Eq. 7-1

(a —min (Zleak' Zcul))

(1= A)fleea (1 t+e _ypdf(Zleak' Z o) AZ 1oqidZ o)

Kk’ Zcol

where, pdf(Zjpup Zeot) = PAf (Z1oai)Pdf (Z,,p), assuming independence.

7.2.2 Loading condition

7.2.2.1 Vessel draft, T

The a priori statistics for the sample vessels’ draft might be available from its operational
data. In the absence of actual operational data (as in the case of the sample vessel) the
distributions can be derived from statistical data. Discrete draft distributions have for this
purpose been adopted from the research project eSAFE (Paterson & Atzampos, 2017), and
rescaled to our sample vessels’ operating range. The discrete draft distribution is shown in
Figure 7-3. The data have further been fitted to a continuous distribution in the form of a
bounded Beta distribution, governed by Eq. 7-3. The continuous distribution is also
illustrated in the figure. Coefficients for the draft distribution are a =15.2, = 1.8, and
bounds are a = 7.1, a = 8.25, and B(«,f3) is the Beta function.
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Figure 7-3: Numerical and analytical dimensionalised draft distribution.
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7.2.2.2 Vertical position of centre of gravity, KG

In absence of the actual operational data the a priori statistics for vertical centre of
gravity, KG, are based on the stability booklet, although in reality the data would be available
from the on-board loading computer. Nevertheless, the standard loading conditions from
the stability booklet should reflect actual operating conditions of the vessel and has been
illustrated in Figure 7-4. The damage stability limit curve, as required by SOLAS Reg. I1-1/5-1
(IMO, 2006) has been included for illustration. Herein, it is assumed that the loading
conditions are normally distributed around the mean value represented in the figure by the
dotted regression line. The orange lines correspond to 99% confidence bounds while the
distribution is given by Eq. 7-3 to Eq. 7-5.
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Figure 7-4: Operating loading conditions.
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As the mean value in Eq. 7-3 is represented by a linear function of the draught, T, given
by Eq. 7-4, the distribution of KG is conditional on draught T, which can be denoted as P
(KG | T). The joint, bi-variate, probability distribution P(KG,T) can be derived with the help
of the chain rule as given by Eq. 4-7. A sample of 1,000 loading conditions drawn from the
distribution is shown in Figure 7-5. The figure shows clearly that the vessel is operating in a
narrow draught range biased towards the area of the summer load-line draft, as is expected.
The leftmost standard loading condition is the lightship condition, and obviously not an area

where you would expect actual operating conditions.
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Limit conditions ® Loading conditions —— Upper 99%

Lower 99% @ 1000 Samples P(KG,T)  ------ Linear (Limit conditions)

——————— Linear (Loading conditions)

Figure 7-5: Bi-variate distribution for KG and T developed from operating loading conditions.

7.3 Likelihood functions

7.3.1 Opening status sensors

The sample vessel has status sensors with indication to the operators fitted for all
watertight, semi-watertight and light-watertight sliding doors. These doors also have
remote closing from the bridge. The likelihood function for the status sensor for doors
should encode the probability of receiving a specific (either open = 1 or closed = 0) status
from the sensor, z, conditional on actual door status, x. The likelihood function should

therefore allow for four possible permutations of a sensor and door statuses:

179



Sensor showing door open, provided that the door is open; P(z=1|x=1)
Sensor showing door closed, provided that the door is closed; P(z=0 | x = 0)

Sensor showing door open, provided that the door is closed; P(z=1|x=0)

oW

Sensor showing door closed, provided that the door is open; P(z=0|x=1)

The two initial combinations obviously correspond to the intended function of the
sensors. The remaining two represent sensor errors in the form of false negatives and
positive readings as already discussed in Chapter 4. Some sensor types have built in error
indication for this purpose, and may be logged, providing an error-, or reliability-rate for a
specific sensor. Alternatively, sensor error- or reliability rates may be provided by the
manufacturer. In this development, assumed sensor success rate for providing both open
and closed indication is 99%, which results in the probabilities (or likelihoods) presented in

Table 7-3.

Table 7-3: Sensor likelihood, including sensor reliability (false positives/negatives).

Actual door status, x
Sensor status, z
x =1 (open) x =0 (closed)
z= 0.99 0.01
z=0 0.01 0.99

The above success rates assume that the sensors are operational (i.e. not part of the
damage breach). This relates directly to systems availability post damage (case specific and
highly dependent on the actual damage breach (initial extent) as discussed in Chapter 6) and
should be accounted for either by sensor reliability figure or by the direct update of the
likelihood function. Sensor availability has not been implemented in the framework at this
stage. As the above likelihoods encodes discrete cases, the simplified version of Bayes
theorem given by Eq. 4-26 cannot be applied directly. Instead, marginal probability
distribution, P(z) needs to be considered explicitly as given in Eq. 7-6, where status x is the

complement or opposite of status x.

p( ‘ )_ P(zIX)P(x) P(z]|x)P(x)
X12)="""P@) T pp0P() + PP

Eq.7-6

The posterior update is illustrated by a simple example considering five doors with

known a priori (opening frequencies) and specific sensor readings, z. Use of the likelihood
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functions derived above results in posterior probability updates as summarised in Table 7-4,

clearly indicating the increased confidence from the available sensor evidence.

Table 7-4: Simple example of posterior update of door status probability using sensor status.

Door No. P(x=1) z PZ=z|X=1) PX=1|Z=2)
Door 1 0.50 0 0.01 0.010
Door 2 0.10 0 0.01 0.001
Door 3 0.05 1 0.99 0.839
Door 4 0.95 1 0.99 0.999
Door 5 0.20 0 0.01 0.003

7.3.2 Draught sensors

7.3.2.1 Waterplane representation from draught sensors

The sample vessel is fitted with four pneumatic draft sensors located on both sides at
forward and aft ends of the hull. The draught sensors readings enable continuous
assessment of the floating position (expressed in terms of draught, heel and trim). The
draught sensors are also used to construct a plane corresponding to the instantaneous
waterplane of the ship. Mathematically, a plane is uniquely described by any three non-

colinear points in space is required as shown given by Eq. 7-7.

a(x - xo) +b(y - 3’0) +c(z- Zo) =0 Eq.7-7

In the equation a,b and c are components of a vector [a, b, c]T normal to the plane while

(xo,yo,zo) is an arbitrary point in the plane. The x and y are coordinates of the draught sensor

in the body-fixed coordinate system and the z-coordinate the height of the water column at
sensor’s location (Figure 7-6). A correction should be applied for the actual heel and trim,
otherwise the values obtained from the plane are only appropriate for smaller heel and trim
values. As four sensors are available, redundancy is provided, in addition to better accuracy
as several planes may be produced, and the waterplane height may be represented as their
mean. The significance of the mathematical representation of the real-time waterplane is
that it provides a reference point to any arbitrary points within the vessel (e.g. external or
internal openings). This is crucial in predicting of the flooding progression and forms the

basis for the probabilistic modelling of flooding sensors as discussed in Chapter 6.
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@ Pressure height readings
@ Draft sensor positions
. Water-plane

Vessel hull

Figure 7-6: Mathematical representation of waterplane using draft sensor measurements.

7.3.2.2 Posterior update of initial damage extent from draft sensors

As established in Chapter 2, the vessels draught influences the vertical extent of the
breach and this knowledge can be utilised for an updated belief of initial damage extent
conditional on vessel draft. The draught sensor model (likelihood function) for this purpose
should therefore encapsulate the probability of a particular draught observation by draught
sensor given the particular initial damage extent (a set of compromised rooms). The specific
initial damage extent has a range of possible lower vertical breach boundaries, Z, governed
by the lower and upper limit of the lower-most compartment within the damage extent

directly related to the integration intervals as was discussed in Chapter 6.

This has been illustrated with an example in Figure 7-7, denoting the lower and upper
limit as Z; and Z, respectively, for an initial damage extent example comprising three
compartments (1, 2 and 3). It is evident that a Z value slightly above Z, would exclude

compartment three from the damage and the extent would take the form as a completely
different damage extent. Similarly, using a Z value slightly below Z; would include additional
lower compartments, and again become a different damage extent. The specific damage
extent (uniquely represented by compartments 1, 2, and 3) will therefore only be realised if
the lower position of the breach take on a value within the specific interval (considering the

Z variable alone).
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\_ I B —

Figure 7-7: Interval of possible Z values for a given initial damage extent.

In summary, it is clear that the lower damage extent, Z;, cannot be lower than the lower
limit of the lower-most compartment, and likewise, the upper damage extent, Z,, cannot be

any higher than the upper limit of the lower-most compartment for this particular initial
damage extent. As the damage extent is given, and not the actual Z value of the breach and
knowing that a range of breaches may result in the same damage extent, it must be assumed
that the probability of a particular draft (conditioned on the damage case) may come from

any of the Z values within the interval Z € [Zl, Zz]- An analytical representation of the

conditional probability of Z, given draft T have already been developed in Chapter 6, and is

reintroduced in Eq. 7-8 and illustrated in Figure 7-8.

T+m-7

e °
PDF(ZlT) = T Eq. 7-8
s(t+e * )

The distribution may be translated to the necessary likelihood function, A(Z L 2), directly
by interchanging the conditionality between the variables to P(T|Z), and further by
representing the Z variable as its respective interval, i.e. A(Zl,Zz) =P(T|Z) = P(T | Zl,Zz).
The vertical interval has to be accounted for by integration, given by Eq. 7-9, which results
in the draft sensor likelihood function given by Eq. 7-10. Taking advantage of hyperbolic

functions, an alternative form of the model is given by Eq. 7-11.
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Figure 7-8: Probability distribution for Z conditional on T.

PDF(2,2,| T) = [ 2PDF(Z|T)dz

Eq. 7-9
| 1 1
PDF(Zl,ZZ T) = m+T-2, T om+T-z Eq 7-10
e * +1 e ° +1
Z,-7, m+T-27, m+T-2,
A(Z,,z,) = PDF(T | Z,,Z,) = Csinh (—5—)sech (——)sech (—5;—) Eq.7-11
1
C= 277, Eq. 7-12

A simple example illustrating how the probabilities of damage extents are updated based
on known operating drafts is presented in the following. Two operating drafts are
considered in the example, namely maximum summer load line draft, T, = 8.25 m, and the
lightship draft, T; = 6.75 m (selected purely for illustration purposes as not being an actual
operating condition). For simplicity, the focus is on a small section of the sample vessel with
a single lower compartment and an upper compartment considered as two separate initial

damage extents (shown together in Figure 7-9). The two respective initial damage extents a

priori probability has been obtained in Chapter 6 from the Monte Carlo sampling.
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Figure 7-9: Ship section with upper and lower compartment and their vertical limits.

The updated posterior belief for the respective initial extents based on two draughts
under considerations (considered as evidence) and incorporating likelihood function given
by Eq. 7-11 is shown in Table 7-5, where specific initial damage extents are denoted by x (

X =121,2,).

Table 7-5: Posterior update of initial damage extent probability.

A priori Draft, T Likelihood Posterior
Damage extent
PX) [m] P(T|x) P(x|T)
6.75 0.0707 0.00216
Lower comp. damage extent 0.002032
8.25 0.0488 0.00149
6.75 0.0054 0.00017
Upper comp. damage extent 0.000215
8.25 0.0098 0.00032

The results show clearly that the probability of damaging lower compartments is reduced
for deeper draughts and increased for shallower drafts governed by their relative vertical
distance from the expected damage region. Similarly, upper compartments are assigned
higher probability of damage for deeper drafts and lower probability of damage for
shallower drafts. This is as expected, and in line with our argument made in in the
introductions. A much higher difference would be expected for other vessel types with a

larger operational draft range.
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7.3.3 AIS “sensor” data

7.3.3.1 Posterior update of initial damage extent based on AIS

An argument presented in Chapter 2 implied that the breach size and the subsequent
initial damage extent depend on the energy exchanged between the ships involved in
collision incident. The energy in turn is related to (among the other) the size, speed and
heading of the ships. In the following, an attempt is made to assess such relationships and
utilise it for the development of likelihood functions (the a priori belief, as already
mentioned, have been covered by the a priori damage distributions developed in Chapter 6).
It is noteworthy that the available damage statistics have a very few data-points that include
speed and heading of the striking vessels. This also applies to the size variables with the
length of the striking vessel recorded most often. For this reason the length is a parameter
of choice for representing the size of the striking vessels. The breach variables influenced by
the available energy are: vertical position, Z, length, L, height, H, and transverse penetration,
Y. The longitudinal position, X, relates to the heading at the instant of collisions and is

assumed unconditional on the striking vessels size.

The likelihood function for AIS data should represent the probability of receiving a
specific vessel length from the AIS, conditional on the respective damage variables. This is
the conditional distribution of (or relationship between) the vessel length, and the
respective damage variables. Relevant distributions are already identified and assessed
from available accident statistics in detail in Chapter 6, and summarised in Table 7-6. These
distributions are marginal, assuming to cover all vessel sizes. However, since the actual size
could be known from AIS data the distributions can instead be given as conditional with the
relevant parameters represented as a function of vessel length, hence capturing the

conditionality, as shown in figures Figure 7-10 to Figure 7-13.

Table 7-6: Marginal distributions for damage breach variables related to collision energy.

Variable Distribution Parameters

Z Logistic m=-1.6218, s = 2.4004

L Burr a=>5.9883,b =0.9576,r = 0.0276

H GBP2 a=6.8089, b =15.7057,p = 0.0838,q = 1.1089
Y Exponential 1=0.2968
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Breach length, L [m] Breach vertical position, Z [m]

Breach height, H [m]
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Figure 7-10: Vertical position of Breach as a function of Striking vessel length.
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Figure 7-11: Length of Breach as a function of Striking vessel length.
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Figure 7-12: Height of Breach as a function of Striking vessel length.
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Figure 7-13: Breach penetration as a function of Striking vessel length.

From the above scatter-plots, it is evident that the breach variables are mainly located in
the lower regions for smaller striking vessel lengths. As the striking vessel length increases,
the valid range of breach variables are expanding to also include the upper region. This
suggests that smaller breach sizes are also viable for larger striking vessel lengths and is
presumably a consequence of not accounting for the speed nor heading. Nonetheless, it is
clearly indicating that more extreme breach sizes are highly unlikely for minor striking
vessel lengths, due to the lack of available energy as was expected. By utilising the
observation of growing spread (or standard deviation), we may construct the conditional
distributions by representing their respective distribution coefficients as functions of the
striking vessel length with new fitting coefficients. By applying maximum likelihood
estimation the analytical distributions and respective fitting coefficients has been obtained
as presented in Eq. 7-13 to Eq. 7-21. Corresponding graphs are presented in Figure 7-14 to
Figure 7-17, including 200 samples from the distributions plotted together with the actual

data-points for comparison. Figures are plotted on the interval Lgp =[50, 250 m] as the
probability are exponentially increasing for lower values of Lgp, defeating the figures

illustrative purpose.
T+m-Z

PDF(Z~T|Lgp) = — =

Eq. 7-13

s(1+e : )Z
s(Lgp) =algp+b, a= 0.0209, b=0.0030 Eq. 7-14
m(Lgp) =algp+b, a= -0.0035 b=-1.2329 Eq. 7-15
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Figure 7-14: Likelihood function for Z (left), and samples compared with data-points (right).
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Figure 7-15: Likelihood function for L (left), and samples compared with data-points (right).
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Figure 7-16: Likelihood function for H (left), and samples compared with data-points (right)
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Figure 7-17: Likelihood function for Y (left), and samples compared with data-points (right).

As for the likelihood function for the draught sensor already introduced (Eq. 7-11), the

discrete initial damage extents are of interest rather than continuous breach variables, and

the distributions need to be integrated over the relevant intervals related to specific initial

damage extents (or damage cases) comprising the integration domain. For highly complex

subdivisions, identifying the relevant intervals for the integration domain (i.e. the upper and

lower bounds) may prove difficult and time consuming. An alternative method involves

identifying the domain by random sampling. In this approach the bounds are associated with

extreme coordinates of the sample point lying within the specific extent. The method is also

time-consuming but much simpler than identification by the compartment extents.

Furthermore, the time overheads are not of prime importance as the process is executed

only once. Example of the integration domain is illustrated in Figure 7-18 for the respective
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variables while the resulting likelihood functions after integration are given by Eq. 7-22 to
Eq. 7-25 (considering the distribution parameters from above valid). The function

,F1(a,b;c;z) in Eq. 7-24 is the Hypergeometric function.

1 ] Z,-7, m+T-2, m+T-2,
A(Z,Z,) = PDF(Lgp | 2,21) = 5z —zysinh (—5)sech (—5;—)sech (—5—) Eq.7-22
1 _ -
A(LyLy) = PDF(LgplLyly) = (1 + (rL)?) @ = (14 (rLy)") ™9 Eq. 7-23

(el s+ 1 (1) - (oo s a1 ()

(Hy - H)pB(p.9)

Eq. 7-24

A(H'Hz) = PDF(LBPlHPHl) =

1 -y
A(YY,) = PDF(LgplY Y1) =3 —y(e  '-e %) Eq. 7-25

I

Figure 7-18: Example of integrand intervals (bounds) for the respective breach variables for specific initial damage
extents (right case with three damage comp. differ from the left case with four damaged comp).

A simple example may illustrate the use of likelihood functions developed above for the
posterior update from known AIS data of the striking vessel length. For this purpose, a small
striking vessel length of 35.0 m has been implemented, and it is assumed that the length
information is received through the AIS receiver and implemented in the update. The

example utilise a priori belief of the initial damage extents developed and presented in the
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previous Chapter 6. To keep the example simple and yet illustrative only likelihood function
representing breach lengths has been implemented (as given by Eq. 7-23). The example uses
a small striking vessel length to illustrate that larger extent damages would, in the posterior
update, be assigned a reduced probability, simply because the limited collision energy would
render larger extents less likely. The posterior update is demonstrated for two damage
cases; minor, 1-zone, and major, 4-zones, extents summarised in Table 7-7 and shown in

Figure 7-19 and Figure 7-20.

Table 7-7: Example initial damage extents (minor and major).

Extent | L-interval [m] | H- interval [m] | Y- interval [m] | Z- interval [m] | Comp. | Zones
Minor | 0.00-16.00 0.00-11.20 0.00-12.70 0.00-8.40 2 1
Major | 42.00-104.00 | 0.00-5.50 0.00-5.50 0.00-5.50 10 4
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Figure 7-20: Major damage extent example.
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The updated belief of longitudinal extent following the posterior update and
normalisation (by means of Eq. 4-26 introduced in Chapter 4) is presented in Table 7-8.
Normalisation is obtained by utilising the fact that the sum of the probability of all the
damage cases should be one. The likelihood functions for specific integration interval L €
[L,, L], and the vessel's length, Lpp are illustrated in Figure 7-21 for both minor and major
damage extents. The graphs clearly show that the developed likelihood functions assigns an
increase in probability to the minor damage extent, while a decrease in probability to the
major damage extent, when supported by the knowledge of a minor striking vessel length,

as was expected.

Table 7-8: Posterior update of initial damage extent probability from AIS data.

Extent A priori Draft, T Likelihood Posterior
P(x) [m] P(Lgp|x) P(x|Lgp)

Minor 0.0026 8.20 0.0616 0.0029

Major 1.24e-05 8.20 1.91e-06 4.28e-10

—— P(Lbp|L1, L2) "Minor (actual) extent"
=== Actual striking vessel length: 35.0 [m]
-- Actual likelihood: 0.06 [-] 0.0004
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Figure 7-21: Likelihood functions, and corresponding likelihood for specific striking vessel length of 35.0 m (Minor
damage extent: Left and Major damage extent: Right).

The posterior update has also a significant impact on uncertainty of prediction of the
initial extent. Considering for example the 95% confidence interval (CI), the a priori list of
damage extents consist of 3,024 cases out of the total 19,225 cases. Following the posterior
update, the number of cases with 95% confidence reduces to just 1,323 cases, simply by
shifting attention from the unlikely major extent cases the more likely minor extents in line
with the available evidence. The above posterior update considers only the likelihood

function representing the breach length. Considering the remaining likelihood functions in
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the posterior update (simply the product of all likelihoods) the number of cases contributing
to the 95% CI would be reduced to 311. The above examples show clearly that the posterior
update with AIS data as evidence can provide a way to effectively prioritise cases based on
the size of the striking ship. Notably, the same “boosting” effect may not be observed when
the striking ship is large, i.e. large size of the striking ship does not necessarily imply large
damage breach. This is because speed of the striking ship and heading are not explicitly
accounted for by the likelihood functions (i.e. they are marginalised from the underlying

probability distribution).

7.4 Closing remarks

In the above the vessel related variables has been reviewed, and appropriate a priori-,
and likelihood distributions has been developed and presented. Due to lack of available data
from the sample vessel, a priori probabilities for the openings have been assumed based on
door category based on the data presented in the EMSA III project (Jasionowski et al., 2015).
Hydrostatic pressure heads for door leakage and collapse have been based on
recommendations of the Floodstand project (Ruponen & Routi, 2011). In addition, the
relevant pressure heads were modelled as distributions around the Floodstand values to
account for uncertainties. Loading condition specific variables has also been covered, such
as draft T and KG. The draft a priori has been assumed using a discrete distribution adopted
from the eSAFE project (Paterson & Atzampos, 2017), but scaled to our sample vessel, and
fitted with an analytical distribution in the form of a Beta distribution. The KG a priori has
been developed based on a range of standard loading conditions obtained from the vessel’s
stability booklet, which have been assumed normally distributed around a function of the

vessels drafts, accounting for the conditionality between the two variables.

Likelihood function developed for the door status sensor utilise a discrete version of
Bayes formula and account for possible sensor accuracy in terms of sensor false negative
and positive readings. Implementation of door status sensor has been illustrated by a simple
example. We have further presented how the draft sensors are utilised to model the
instantaneous waterplane and use it as a reference for internal openings and sensor
locations. The likelihood function for updating the posterior probability for the initial

damage extent based on actual operating draft has been developed and presented, including
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a simple example illustrating an upper- and a lower single compartment initial damage
extent. The examples indicate that the developed likelihood functions work well, and in line
with our initial statements from Chapter 2. Finally, a likelihood function for accounting AIS
data has been developed and presented. Due to insufficient number of sample points with
defined speed and heading the model only considers size of the striking ship (represented
solely by length), but from the example provided, seems to provide large reduction in
uncertainty by updating the posterior belief based on actual knowledge on the size of the
striking vessel, especially so for smaller vessel lengths. The update will be further supported
by implementing information received from the flooding sensors as was discussed in section

6.3.3, providing a more targeted prediction as will be seen in Chapter 10.
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Chapter 8 - Risk-based positioning
of Flooding Sensors>

8.1 Opening remarks

As already discussed in Chapter 3, recent research shows that predicting the evolution of
the flooding process for progressive flooding scenarios, purely based on flooding sensors is
possible, but is highly dependent on sensor type, position and density (Ruponen et al. 2010
& 2017). A high-density array of flooding sensors has proven to increase the accuracy of
flooding assessment and compartment coverage, but such dense network of sensors may be
impractical or even not feasible at all. On the other hand, the result of standard damage
stability assessment demonstrates that only certain combinations of damaged
compartments will result in critical high-risk cases leading to vessel loss. This knowledge
may be utilised to identify locations for flooding sensors accounting for such high-risk cases,
subsequently enabling optimal positioning of the sensors and facilitating rapid and accurate
survivability assessment. It is the aim of this chapter to present the methodology for
assessing the position of sensors by determining optimal locations based on the
identification of critical damage cases and associated floodwater propagation paths. The
evaluation is carried out in two steps. Firstly, the initial assessment is performed to identify
critical damages by utilising (static) probabilistic damage stability calculations in
accordance with SOLAS Reg. 1I-1/6 to 8 (IMO, 2009) and the well-known p- and s-factors.
The assessment considers progressive flooding through openings, resulting in a stepped GZ
curve, an approach more realistic than is currently mandated by the regulations. As a second
assessment, the identified critical damage cases are investigated in time-domain simulations
to assess the impact of dynamic factors, such as waves, on the flooding process and to
identify a limit (threshold) for the onset of high-risk cases and floodwater propagation paths,

which may be used for optimal risk-based positioning of sensors.

5 Main content of this chapter has been published in Karolius K. B., Cichowicz, J. and Vassalos, D.,
(2018) “Risk-based positioning of Flooding Sensors to reduce Prediction Uncertainty of Damage
Survivability”, 13 International Conference on the Stability of Ships and Ocean Vehicles, Japan, 16-
21 Sept. 2018
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8.2 Criticality assessment

8.2.1 Static assessment

Initially, a static assessment has been performed in the stability software NAPA using the
probabilistic approach of SOLAS (2009) Reg. 1I-1/6 to 8. The SOLAS damages were
generated up to 7-zones and, in order to produce detailed arrangement model, all internal
openings have been represented as geometric objects rather than points. The latter enabled
the use of WEPROGR2 (NAPA, 2018) calculation method for modelling of progressive
flooding through the openings submerged in the final stage. In the method, each damage was
represented with an initial stage, i.e. initial damage extent, and a progressive stage, involving
compartments progressively flooded as a result of submerged openings. After reaching
equilibrium at each stage, new openings are checked and additional rooms added to the
progressive flooding sequence. The approach accounts for all types of doors and
unprotected internal openings. As all non-watertight openings were considered as
progressive flooding points with relevant connections, weathertight points were added to
the lifeboat deck for assessment of the range criteria of the regulations. The model and
internal openings have already been illustrated in Figure 1-4 in Chapter 1. Evacuation
arrangements and control stations were excluded from the assessment. Following
probabilistic damage assessment, the s-factor is used for grouping the damage cases into 3

categories as is illustrated in Figure 8-1.
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Figure 8-1: Initial categorisation of static damage cases, (1-s) diagram.
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Figure 8-2: Illustration of limit between critical loss - and survival scenarios.

Cases with s = 0 were considered as capsize cases (irrespective of the actual mode of
loss, e.g. floatability failure or insufficient residual stability margin for survival in waves).
Cases with s = 1 were considered survival cases with sufficient residual stability margin
for surviving in waves. The remaining cases with 0 < s < 1, uncertain in terms of survival
in waves, were all checked in the dynamic damage assessment to identify a limit for critical

cases as is illustrated in Figure 8-2.

8.2.2 Dynamic assessment

As a vessel operates in a highly dynamic environment, this needs to be accounted for
when assessing its survival resistance to flooding incidents. For the purpose of this study, all
the time-domain simulations in waves were carried out with use of the time-domain
simulation code PROTEUS3. The time-domain simulations were performed in a very

conservative, dead-ship conditions with irregular beams seas of 7 metres H . All the internal

openings were assigned relevant leakage and collapse pressure heads. The capsize criteria
are based on the ITTC guidelines (ITTC, 2011) with a run resulting in capsize if
instantaneous roll angle exceeds 30 degrees, or the 3-minute average heel exceeds 20
degrees. SOLAS damages in the stability software NAPA are generated using a zonal
approach by applying a series of subdivision boundaries. Replication of the NAPA damages

for the numerical simulations would involve generating large shell openings in the affected
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area, leading to transient capsize in many cases. To overcome this, and to dampen the
transient effect, only one-third of the aft- and fore-most zones were included in the damage.
The compartments missing out due to this reduction were added to the damage definition
manually with the help of a compartment-connection table. An example of such approach is

given in Figure 8-3 and Figure 8-4 for a 4-zone damage case.
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Figure 8-4: Reduction in damage length to damp the effects of transient flooding.

8.3 Compartment rating

An initial approach was to use the well-known p(1 - s) diagram as seen in Figure 8-5 to
identify critical cases and areas within the ship. This proved not to be detailed enough for
the purpose of this study as the diagram may provide false criticality for certain cases
comprising high number of zones. It is noteworthy that as each damage case is graphically

represented using the mid position of the damage length, hence the marker position does
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not necessarily match the location of the critical compartments. This can be illustrated with
the help of a 4-zone damage centred at midship. This damage may be shown to be highly
critical due to its inclusion of the engine room. The engine room, however, is located further
aft than the x-coordinate from the p(1 - s) diagram, and as such, the criticality position is
deceptively presented at midship, while in reality, the critical compartment (the engine
room) lies further aft. For a more detailed representation of critical areas, each compartment
has been assigned a criticality metric as described in the following. Firstly, it is recognised
that all the capsize cases have a survival index s = 0. This enables representing the risk

from flooding by the p-factor alone, as in Eq. 8-1.

Risk =p(1-5s) > Risk=p Eq. 8-1

Individual compartments can be given a risk rating based on all critical damage cases it

is taking part in, by summing up relevant p-factors as in Eq. 8-2.

. n
Riskcymy = % Paam. Eq. 8-2
P t i

Were, n = number of i damage cases, resulting in flooding compartment k.
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Figure 8-5: P1S diagram illustrating damage cases in terms of risk along ship length.
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8.4 Methodology summary

The following summarises the methodology applied for identification of critical cases,

and subsequent compartment rating.

1) Assessment of static cases from static stability software (NAPA or similar):

a) Remove all cases with s = 1 (these cases have sufficient residual stability margin to

survive in waves).

b) Disregard all cases s = 0 (many of these cases capsize or sink in still water, and the
remaining are assumed to capsize in waves due to insufficient residual stability

margin).

2) For all cases with 0 < s < 1, use time-domain simulations (PROTEUS3 or similar) to

assess survivability in waves. This will identify a limit for critical dynamic capsize cases.

3) Compartment criticality rating:

a) Calculate the criticality rating for individual rooms (by summing p-factors of the

relevant damage cases) and rank the rooms accordingly.

b) Screen all capsize cases and identify critical flood pathways. Identify common or

partly-common flood pathways.

c) Recommend sensor positioning.

8.5 Results

8.5.1 Identification of critical capsize cases

The static calculations up to 7-zone damages resulted in a total of 5,564 different damage

cases. The assessment was carried out at a single loading condition (the summer load-line, d

). This loading condition is recognised as the worst damage stability loading condition of
SOLAS. It is also shown that passenger ships normally operate around this condition most of
the time (Paterson & Atzampos, 2017). Of all the damage cases, a total of 1,568 cases resulted
ins = 1, indicating survival, and 3,450 cases resulted in s = 0, indicating capsize. This left

546 cases with marginal survival factor, i.e. 0 < s < 1. (Figure 8-1). The simulations in
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waves showed that there is no clear limit as presented in Figure 8-2. Instead, there is a
transition area within which neither capsize nor survival is definitive. This transition area

as shown in Figure 8-6, may be due to the stochastic nature of the flooding process in waves.
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Figure 8-6: Identified capsize cases in the uncertain region of the (1-P) diagram.

In particular, it can relate to the so-called capsize band (Vassalos et al. 1998), where the
same flooding case may result in either capsize or survival depending on particular wave
realisation during the time-domain simulations. Furthermore, several of the capsize cases,
marked in red in the lower right corner of Figure 8-6, are attributed to transient capsizes in
response to sudden ingress of floodwater. In total, following the dynamic assessment 108 of
the 546 caseswith0 < s < 1,108 have been identified as capsize. In total, there were 3,558
capsize cases which can be used in the compartment risk rating (including the initial s = 0
cases). It is noteworthy that the large number of capsize cases is mainly due to the excessive
damage extents considered in the calculations (up to 7-zones). Of the total amount of capsize
cases, 1,690 are located on port side, while 1,868 are located on starboard side, due to

asymmetries in the vessel internal subdivision and openings arrangement.

8.5.2 Compartment rating

Rating of the compartments (by means of Eq. 8-2) is presented in the bar chart in Figure
8-7 (due to the high number of compartments, the compartment names are not presented

in the figures). The rating can be separated between initial and progressive stages as shown
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in Figure 8-8 and Figure 8-9, respectively. The compartments have been represented
graphically with colour coding corresponding to criticality (Table 8-1). Figure 8-10 and
Figure 8-11 show the results for initial and progressive flooding stages plotted on the deck
layout. The figures show a clear distinction between compartment criticality in the two
flooding stages. In the initial stage, many of the critical compartments lie in the mid region
of the vessel around the waterline. They also tend to be larger compartments in line with the
IMO guidelines for sensor positioning. In case of progressive stages of flooding (Figure 8-11),
there are several smaller compartments (specifically stairwells, elevator shafts, and vertical
escape shafts) that are given the highest risk rating. Interestingly, the large, upper,
compartments are shown to be of secondary criticality despite being a direct cause (due to
their size) of capsize when flooded. This is because the larger compartment in the upper
decks are flooded in the progressive stages through the smaller compartments, acting as
flood-water pathways. The smaller compartments are therefore involved in a higher number

of critical cases.

Table 8-1: Colour coding for compartment criticality (Risk is normalised according to maximum risk considering
all compartments).

Risk/Criticality Range Colour

Very high 75% < Risk < 100% Red |
High 50% < Risk < 75% Orange O
Low 25% < Risk < 50% Yellow O
Very low 0% < Risk < 25% Green ]

8.5.3 Risk-optimised flooding sensor position

The results of compartment rating show clearly that the criticality information can be
utilised in risk-optimised positioning of the flooding sensors. In the case of compartments
for which IMO requires installation of sensors, their number and location can be analysed in
detail in order to increase accuracy of flooding detection. Furthermore, additional sensors
could be installed inside the compartments not covered by the requirements but scoring
high in the criticality rating. This should enable controlling of critical spaces and flooding
pathways not only for flooding detection but also for monitoring of the flooding progress
during actual casualties. Finally, openings belonging to the critical flooding pathways should
also be monitored in order to allow for better assessment of the extent of the progressive

flooding.
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Figure 8-11: Graphical representation of the compartment risk rating: Progressive stage.
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8.6 Closing remarks

This chapter outlines the methodology for risk-based positioning of flooding sensors
aiming at reducing uncertainty in the assessment of survivability of damaged ships. The
results confirm that the extent of a damage case or geometrical properties of the
compartments alone are insufficient criteria for the positioning of the flooding sensors for
the accurate estimate of survivability during flooding casualties. The regulatory
requirements should be also complemented by the systematic, risk-based rating to
determine critical spaces and flooding pathways. This should lead to targeted and efficient
sensor positioning. The results also show that the same compartment may have different
criticality rating in the initial and progressive stages of flooding. For this reason, these stages
should be ranked separately. Smaller compartments may form critical flooding paths to
larger rooms (through up- and cross-flooding) and should also be fitted with sensors for
early warning of capsize. Separating the initial and progressive stages may also help to
identify the optimal sensor type and position. Specifically, the following can be taken into

account:

e Initially damaged compartments below waterline: Flooding sensors for initial

estimate of the damage extent, i.e. breach detection.

e Initially damaged compartments above waterline: Alternative sensor types for

vertical breach detection (CCTV, Conductive wire loop on vessel skin, etc.).

e Progressively flooded compartments: Pathway monitoring for assessing

survivability and watertight integrity.

e Openings: Status of the openings forming the critical flooding pathways should be

closely monitored (e.g. open/close status, leaking, hydrostatic head build-up).

Finally, considering the presented methodology as part of a life-cycle framework, in
addition to identify sensor locations, applying the method in the design stage would enable
to assess and possibly reduce critical flooding paths, and to help decide on category

(watertightness) of doors to install in the identified flooding pathways.
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Chapter 9 - Complete multi-sensor
fusion methodology

In the foregoing chapters, comprehensive probabilistic models have been developed for
use within a multi-sensor fusion methodology. In the following, their combined
implementation as a complete methodology or framework will briefly be discussed and
reviewed. The review will be supported by the schematic layout of the methodology
illustrated in Figure 9-1. The main variable of interest, X, is the damage extent and location.
This is represented by a set of compartments within the damage breach (initial extent, i),
which may be connected to additional compartments through the internal subdivision
boundaries (progressive extent, j). The complete set of compartments therefore comprises

two disjoint subsets, x;, x;, as represented by Eq. 9-1 to Eq. 9-3.

x; = [Compi.l’ Compi_z;---lcompi,Nl.] Eq. 9-2
x; = [comp; 4, Compj,Z""'Compj.Nj] Eq. 9-3

Initial screening by the fusion process is based on the evidence from draught sensors and

AIS. This is done only once and at the time instant time ¢, immediately before the collision

as is seen at the bottom of Figure 9-1. Since this initial update is non-recursive, Eq. 4-26 may
be used directly, combining the a priori list of initial damage extents, as obtained in Section
6.2.3, (subset x;) with the AIS likelihood functions; Eq. 7-22 to Eq. 7-25. The next fusion
process is done recursively for each time, t;, =t _; + At, at fixed time-steps, At. Initially, the
posterior update of the opening probabilities combines the a priori opening frequencies
with the sensor readings for opening status using Eq. 7-6. This must be part of the recursive
process, as doors may change status. The updated posterior opening probabilities are then
merged with the a priori leak- and collapse model (from Section 7.2.1.2), and in combination
with the currently observed wave height and floating position (from Section 7.2.2.1), it forms

the progressive flooding probabilities for the respective openings, using Eq. 6-59.

208



Time ty + dt

Loop for next time-step Posterior 1: Complete
damage extent

FLooding sensors

Fusion "

i

v

Posterior 1.1: Initial
damage extent

Posterior 1: Complete
damage extent

L

[

i

Posterior 1.2: Progressive
damage extent

i r

Source nodes (for t > to) »| Uncertain Graph
» Sampling

Source nodes (for t = to)

T Wave sensor />
A priori: Leak | Progressive flooding
and Collapse probability
s T ‘—L we
? modelling Draft sensors />
; -
] Opening (damaged
2 probability
p-
o
>
=
[
=]

S

Door sensors ‘¢

A priori: Opening Fusion:
frequencies

Posterior 0: Initial
damage extent

AlS sensor

A priori: Initial
damage extent

WP
modelling
(intact)

Draft sensors />

Figure 9-1: Schematic layout of the multi-sensor data fusion methodology.
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Possible realisations of progressive extents (subset x;), are sampled with the help of the

Uncertain Graph Sampling (UGS) method (presented in Section 6.3.2), for each of the initial
damage extents. The combined sets (i and j), represent the complete samples space of

possible flooding realisations, X(xl-,xj), with each of the samples assigned a new posterior

probability of occurrence. Once all the flooding realisations are established the flooding
sensor readings can be utilised to provide the final update at this time-step. This is done
using Eq. 4-40 in combination with the damage extent probabilities and Eq. 6-64. The final
posterior probability acts as the a priori for the next time step. As the UGS method is applied
for every time-step, the various sampled progressive extents may differ between the time-
steps simply because new evidence might be made available (e.g. change in residual draft).
The a priori for the next time-step should therefore be in the form of the initial extents alone
(subset i). This is obtained from the summation of all the n progressive subsets j originating

from i, represented by Eq. 9-4.

—yn Eq. 9-4
Pi _Zj=1pj

This posterior belief of the complete damage extent is looped back as source nodes for
the UGS method, acting as a priori for the next time steps as is shown in the upper left corner

of Figure 9-1.
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Chapter 10 - Implementation &
testing

10.1 Opening remarks

In the following chapter, all the probabilistic models developed above will be combined
and implemented (coded) as a demonstration platform for application within flooding
emergency scenarios. The platform will read emulated sensor data and provide sequential
updates based on the methodology described in the previous chapters. Time series from
PROTEUS3 have been interpreted as actual sensor readings. The test scenarios are
presented in section 10.2 while section 10.3 discusses in detail how the result will be
presented throughout this chapter. The main results are presented in section 10.4 where the
as-built vessel and corresponding sensors layout is used as basis. The results follow the
successive updates triggered by new sensor evidence to improve the accuracy of flooding
prediction, and to highlight the ensuing reduction in uncertainty for each implemented

update.

10.2 Test scenarios

Five striking vessels have been chosen with size represented by their length of
50,100, 150, 200 and 250 meters, respectively. The damage breaches have been sampled
from the distributions developed in section 7.3.3, conditioned on the striking vessel’s length.
The dependencies between the individual dimensions of the breach are given by the
distributions developed in Chapter 6. The longitudinal position of damage, X, is
unconditional on the striking vessel’s length. Finally, three different significant wave heights

have been chosen and applied to all test-cases: calm-water, medium wave height (5.0 m H,),
and extreme wave height (10.0 m H,). For every test-case the stricken vessel loading

condition, represented by the draft, T, and the vertical centre of gravity, KG, has been
sampled from the distributions developed in section 7.2.2. All the loading conditions assume
that the vessel operates at even keel Tr = 0. The vessel’s heading has been sampled

uniformly on the interval [0, 360°), and the openings’ status, and leak- and collapse heads
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have been sampled from the distributions developed in section 7.2.1.2. The sampled values
for leak- and collapse heads, and statuses of internal openings are presented in Appendix IV.
The test-scenarios and corresponding variables are summarised in Table 10-1. The results
for individual breaches, in combination with the respective wave environments, will be

presented in designated sub-sections within section 10.4.

Table 10-1: Summary of test-scenarios: Striking-vessel length (top two rows), stricken vessel loading condition,
resulting breach and wave environment.

Striking vessel Vi V2 V3 V4 V5
Length, Lgp[m] 50.00 100.00 150.00 200.00 250.00
Stricken vessel L1 L2 L3 L4 L5
Draft, T [m] 7.89 7.72 7.93 8.21 8.13
Vertical centre of gravity, KG [m] 17.13 17.51 17.21 16.55 16.71
Trim, Tr [m] 0.00 0.00 0.00 0.00 0.00
Breach boundary B1 B2 B3 B4 B5
Longitudinal pos., X [m] 165.7 103.1 239.6 257.6 145.3
Vertical pos., Z [m] 6.72 6.23 7.23 6.41 2.40
Length, L [m] 1.23 1.73 4.89 17.85 53.49
Height, H [m] 0.74 1.89 1.23 412 5.16
Penetration, Y [m] 0.21 0.64 1.54 1.84 1.20
Number of zones (initial) 1 1 1 2 4
Number of compartments (initial) 1 1 3 3 6
Wave environment wi w2 w3 w4 W5
Heading, H,[°] 12.45 94.23 69.78 268.12 349.99
Wave height, H,[m] 0,5,10 0,5,10 0,5,10 0,5,10 0,5,10

10.3 Presentation

The ten most likely initial damage extents based on no sensor evidence is presented in
Table V-1 (section V.1 of Appendix V). From the table it is evident that the 100% CI
corresponds to all the a priori cases as was identified in Chapter 6 following the Monte Carlo
(MC) sampling. Furthermore, the distribution of damage cases is biased towards single
compartment damages located in the fore region of the vessel in line with the distributions
developed in Chapter 6. Due to large volume of data the posterior update from door status
sensors are not discussed in detail within this chapter but the comprehensive summary is
given in Appendix IV. The remaining updates, unique for each test-case, are summarised and
discussed in the following sections. The sensor evidence from draft and AIS sensors for each
test-case, accounted for by Eq. 4-26, is implemented only once. It is based on the last

observable draft reading and AIS data received from the striking vessel just before the
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collision incident. The posterior updates from the flooding sensors (Eq. 4-40) are executed
every 5 minutes. Given the 30 minutes duration of the PROTEUS3 simulations, this entails
six successive updates at 5, 10, 15, 20, 25 and 30 minutes. For presenting the results, tables
representing posterior updates for each time-step will be included for each test-case
comprising the ten-most likely damage cases (to limit the amount of data). Due to the large
number of tables, the detailed result tables are found in Appendix V, while the main findings
are summarised and discussed in the following. In the figures illustrating the actual damage
extent, the dark blue colour represents the initial extent, while the successive progressive
extents are shown in a lighter shade of blue. The locations of flooding sensors relevant to

the test-cases are shown as green markers.

10.4 Implementation and testing results

10.4.1 As built sensor array

The sample vessel as-built sensor array was illustrated in the introduction (Figure 1-3)
and comprises a total of 52 pneumatic and 94 level sensors fitted in dry spaces and tanks,
respectively. The sensor arrangement is in agreement with the IMO regulations as set out in
guidance note MSC.1/Circ.1291 (IMO, 2008), which focuses on compartments above a
certain size limit (i.e. those that either have a volume in cubic metres larger than the vessel
moulded displacement per centimetre immersion at deepest subdivision draught or have a
volume in excess of 30 cubic metres). The vessel has in addition four draft sensors fitted, one
fore, one aft, and two at midship, located at either side. Door status sensor are fitted on all

doors classified as watertight (power operated-, semi-, and light-watertight doors).

10.4.2 Test-case 1

Test-case 1, executed in calm water (H,=0.0m), is presented in Figure 10-1. It

comprises a single initially breached compartment (R100009) and no progressively flooded
compartments. The case remains a single-compartment flooding cases throughout the
duration of the simulations as there are no openings located within the compartment
boundary enabling progressive flooding. The breach is caused by a collision with the
smallest striking vessel (50 meters length). Detailed result for the test-case are presented in

section V.2 of Appendix V.
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Figure 10-1: Test-case 1, Striking vessel length: 50.0 m, Hy = 0.0 m (Breach shown as red square, Initial flooding
shown in dark blue (no progressive flooding) and flooding sensors shown in green).

The initial update incorporating sensor evidence from draft and AIS sensors are shown
in section V.2.1, Table V-2. This specific case benefits from the combined effect of the a priori
statistics biased towards single-compartment damages and initial posterior update shifting
the focus from larger damages to the smaller extent due to the available evidence of small
size of the striking ship. The initial posterior update reduces the number of possible initial
extents contributing to 99% CI from 10,915 to 1,106 cases (nearly a tenfold reduction).
Detailed results incorporated with evidence from flooding sensors are shown in Table V-3
to Table V-8 in section V.2.2 for the calm water case. Table V-3 shows the update at time step
t = 5.0 min, indicating that the prediction is increasingly closing in towards the actual
damaged region. There are two flooding sensors showing positive reading, both located in
the actually damaged compartment (R100009) and the ten most likely cases are some
combination involving the actually flooded compartment. Following the initial time-step
update the actual case (DAM16 with no progressive extent) is ranked on a third place, with
probability of 0.14. Two higher ranked cases are both progressive extent realisations of the
case DAM199 with probabilities of 0.15 and 0.20, respectively. With the exception of
R110203 the additional compartments included within these two progressive variants of
DAM199 are not fitted with flooding sensors. The flooding sensor in R110203, however,
would not indicating flooding even if DAM199 was the actual case as it is not yet submerged
(still located 0.1 m above the external waterplane). In combination with the calm water

condition, the case is still highly ranked by the likelihood function.
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The first time-step update reduces the number of cases contributing to 99% CI from the
previous 1,106 cases (draft and AIS update) to only 23 cases. At the next time step,
t = 10.0 min shown in Table V-4, the sensor in compartment R110203 is located slightly
below the calm-waterplane. This in turn results in the likelihood function to assign a reduced
probability for DAM199, because if this was the actual case, it is more likely that the sensor
indicates flooding than not. Some probability is, however, still assigned to DAM199 as the
methodology accounts for slow ingress/leakage (internal waterplane not yet equilibrated
with the external waterplane). The results in Table V-4 show the actual case (DAM16)
ranked first with a probability of 0.32 whereas the two realisations of DAM199 are ranked
second and third on the list with probabilities 0.17 and 0.14, respectively. The number of
cases representing the 99% Cl is reduced to 19 cases from the previous 23. The same trend
is maintained in the following time steps seen in Table V-5 to Table V-8. We may also note
the increased number of cases corresponding to the 100% CI in comparison to Table V-2
considering initial extents alone. This is due to the sampled progressive extent realisations
from the Uncertain Graph Sampling (UGS) approach as was presented in section 6.3.2. The
100% CI is now representing all possible unique combinations of initial- and progressive

extents represented by the last row of the event tree shown in figure 6.34.

At the final time-step, t = 30.0 min seen in Table V-8, the actual case has probability of
0.97 and the 99% Cl is represented by six cases. In contrast, the two realisations of DAM199
are still ranked second and third but have reduced probabilities of 0.008 and 0.006,

respectively. Results with a significant wave height of H; = 5.0 m are shown in Table V-9 to

Table V-14 in section V.2.3. There are no openings connected to the actual initial extent,
hence the case is a single compartment flooding throughout irrespective of an increase in
wave height. Reference is again made to Figure 10-1. Nonetheless, increase in wave height
has an impact on the accuracy of the prediction. At the first time-step, t =5 min (Table V-9)
it is clear that the actual case is ranked first with a probability of 0.41, which indicates that
the increase in wave height provides additional evidence enabling the prediction to
converge towards the actual case faster than in the calm-water cases. It is also seen at the
remaining time-steps that the case is gaining probability at a higher rate in comparison to
the calm-water case above, e.g. the actual case is the sole contributor to the 99% CI at time-
step, t = 20 min (Table V-12) whereas the calm-water case involves 14 cases to represent

the same CI for the respective time-step.
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The same trend is also seen in extreme wave case (H; = 10.0 m) presented in Table V-15

to Table V-20 in section V.2.4, where the actual case is assigned a probability of 0.91 already
at the first time-step, t = 5 min. The 99% ClI is represented by 24 cases and it becomes the
sole case contributing to the 99% CI at t = 10 minutes (Table V-16). The main reason for the
increase in confidence when implementing the evidence on increased wave height is the
nature of the likelihood function. The likelihood function assigns probability to the
respective damage cases (combined extents) by asking: “what is the probability of a distinct
sensor to indicate a particular status, given that the damage extent under consideration is the
actual one?”. Large wave heights increase the probability of a sensor to indicate flooding
(even with higher vertical position) if it is located in the actual damage case. Thus, when no
indication is given by sensors in a specific damage extent, the probability of that extent being

the actual case is subsequently reduced.

10.4.3 Test-case 2

Test-case 2, involving striking ship of 100 m length, is illustrated in Figure 10-2, showing
one initially breached compartment (R070101) and three progressively flooded
compartments (R070201, EX070101, R070102). Similarly to Test-case 1 there are no

additional openings within the damage extent which could enable further escalation of

flooding.
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Figure 10-2: Test-case 2, Striking vessel length: 100.0 m, Hy; = 0.0 m (Breach shown as red square, Initial flooding
shown in dark blue, progressive flooding shown in light blue and flooding sensors shown in green).
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Detailed result for the second test case is presented in section V.3 of Appendix V. The
posterior update from AIS and draft sensors presented in Table V-21, show the actual case
DAM421 ranked 8%. The update sees a reduction in number of cases representing 99% CI
from 10,915 cases to 3,062 cases. The smaller reduction than seen for Test-case 1 is
primarily due to the larger size of the striking vessel (i.e. damages of larger extents are
included in the 99% CI). Detailed calm-water results are shown in Table V-22 to Table V-27
in section V.3.2. The initial Table V-22 shows the update for initial time step t = 5.0 min,
indicating that various progressive extent realisations of the actual damage DAM421 are
dominating the ten most likely cases with the actual case ranked fourth on the list with a
probability of 0.05. Top-ranked (with probability 0.4) is a realisation of the actual case but
without compartment R070201 included in the progressive extent. Compartment R070201
has a flooding sensor fitted but it does not indicate flooding because flooding to
compartment R070201 is slow, due to leakage through an escape hatch, thus the floodwater
level has not reached the sensor. In factit will not reach the sensor in any time-steps because
the internal floodwater will not reach the level of waterplane within the 30-minute
simulation time. As a result, the likelihood function assigns lower probability to the actual

case than to the realisations without R070201.

At the last time step, t = 30 min (Table V-27) the actual case has a probability of 0.07 and
ranks 4™ while the top-ranked case (without R070201) has a probability of 0.56. The 99%
CI comprises 19 cases, down from 81 cases at the initial time-step. Results in waves are

shown in Table V-28 to Table V-33 for 5 meters H and Table V-34 to Table V-39 for 10
meters H.. Like the calm-water case, the sensor in R070201 is not indicating flooding but

now only in the first two time-steps. As the wave-induced motions enhance the leakage
through the opening, the internal waterplane exceeds the sensor height resulting in flooding

indication at an earlier stage in the flooding evolution. This is shown in Table V-29 for H|
= 5.0 m and Table V-36 for H, = 10.0 m, where it is also evident that this has resulted in a

boost in confidence for the actual case, now having a probability of 0.07 and 0.13 for the

respective wave cases and time-steps. In the successive time-steps for the wave case, H|

= 5.0 m, the actual case is top-ranked with a final probability of 0.17 at the last time step

(Table V-33). The wave case, H, = 10.0 m, also show the same boost for the actual case just

following the flooding indication in R070201 but in the last few time steps there are
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progressive extent realisations with even more compartments that are assigned a larger
proportion of the probability. In both the wave cases there are additional, compared to the
calm-water case. The additional spaces, small A-class compartments: R070205, R070203
and R070202, are located around midship within the same watertight zone as the initial

flooding as shown in Figure 10-3 at the final time-step.
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Figure 10-3: Additional progressive flooding extent for Test-case 2, Striking vessel length: 100 m, Hy= 5.0 m and H;
=10.0 (Breach shown as red square, Initial flooding shown in dark blue, initial progressive flooding shown in light
blue, additional progressive flooding shown in lighter blue and flooding sensors shown in green).

10.4.4 Test-case 3

Test-case 3 in calm-water is illustrated in Figure 10-4, showing three initially breached
compartments (R160111, R160201, R160204) and five progressively flooded
compartments (R160202,R160205, EX160101, R160103, R160206). Similar to the previous
cases there are no internal openings enabling further progressive flooding. Detailed result
for this test-case are presented in section V.4 of Appendix V. The posterior update from AIS
and draft sensors have been presented in Table V-40, where we again see that the 99% Cl is
represented by 3,416 compared with the 10,915 a priori. The result with evidence from
flooding sensors are for the calm-water case shown in Table V-41 to Table V-46 for the
respective time-steps. The initial time-step update at, t = 5.0 min, presented in Table V-41
show that the actual case DAM49 is not included within the ten most likely cases in spite of

the positive readings from two flooding sensors located within the flooding boundary.
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Figure 10-4: Test-case 3, Striking vessel length: 150.0 m, H; = 0.0 m (Breach shown as red square, Initial flooding
shown in blue, progressive flooding shown in light-blue and flooding sensors shown in green).

The actual case ranks 46 following the initial flooding sensor update. The cases
representing the ten most likely cases are all some combination of the compartments
showing positive flooding readings with a range of compartments not fitted with flooding
sensors. This indicates that the prediction is in fact targeting the actual damaged region, just
not the actual case (unique combination of initial and progressive extent). This is illustrated
in Figure 10-5, where all compartments contributing to the 99% CI for time step, t = 5.0 min
are marked red. It is noteworthy that there are only 38 compartments within the 99% CI
although corresponds to 2,741 possible flooding cases (combinations of the 38
compartments). The progressive flooding realisation of DAM359, ranked second on the list,
is in fact identical to the actual case (with the difference stemming from the distinct initial
extents). Since only two out of the 38 compartments representing the 99% CI, have flooding
sensors, it is impossible to distinguish between the cases resulting in many possible flooding
combinations. The first posterior update offering only a minor reduction is also highlighted
by the 99% CI, reduced to 2,741 from the previous 3,416. For the successively time-steps,
the same trend is maintained, where various progressive realisations of DAM359, DAM120,
DAM18, DAM1992 and DAM134 are representing the ten most likely cases. The two
realisations of DAM359, including the one identical to the actual case, are ranked first and
second. The actual case rank is varying around 46-138 for the successive time-steps. Results

with wave heights of H, = 5.0 m and H; = 10.0 m are shown in Table V-47 to Table V-52 and
Table V-53 to Table V-58 respectively.
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Figure 10-5: Compartments part of the 99% CI for the calm-water case, time step t = 5.0 min (Compartments are
shown in red and available (two) sensors is shown in green).

There are no openings connected to the actual initial extent preventing escalation of
flooding and making Figure 10-4 still valid. The results still follow the same trend as was
seen above, with the same cases representing various combinations of the compartments
with positive sensor reading and surrounding compartments without flooding sensors. It is
also seen that the progressive stages are increasing in number of realised compartments
similar to what was observed in the former test-cases above. The demonstration platform
has been implemented to maintain the differentiation between initial and progressive
extent. It provides an additional information to the vessel operators but at the same time it
makes the accurate predictions more difficult than looking at the flooding extent alone. In
fact, many combinations of the compromised rooms in the top-ranking scenarios are
identical to the actual case. It would therefore be beneficial to uniquify these combinations
(sum their probabilities) rather than maintaining a reference to the actual damage names
and separated initial- and progressive flooding extents. Applying this approach to test-case
3 for the calm-water case, the actual damage case would be ranked second on the list with a
probability around 0.08 for all time-steps, outranked only by an almost identical case with
one additional compartment. This is a considerable increase in prediction performance
compared with the alternative presentation method, observing an increase in rank from 138

to 2, and a reduction in the 99% CI from 1,510 to 785 cases.
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Another way of presenting the results would be to provide flooding probability per
compartment by adding contributions of probabilities from damage cases involving the
compartment in question. This would enable presenting the most likely compartments being
flooded independently and utilise colour coding, or heat maps similar to that in Chapter 8.
Such approach has been implemented for test-case 3 for the calm-water case at time-step,
t = 5.0 min, and is presented in Figure 10-6. The colours are representing the probability,
where red correspond to a probability of one, yellow to a probability of 0.01 and green to a
probability of zero (the probability is linearly mapped to an RGB colour profile). Heat maps

for all test-cases for the calm-water case and the extreme wave height of H, = 10.00 m, for

all time-steps are in presented Appendix VI. The intermediate wave height has been
disregarded to limit the number of figures. Nonetheless, the way the predictions are
presented depended on the application, and in some cases, it may be beneficial to maintain
a clear differentiation between initial and progressive extents, e.g. to predict breach size and

subsequent time-to-capsize or to provide support in deciding on actions for flooding

containment.

Figure 10-6: Heat map for calm-water case, time step t=5.0 min representing the probability that a compartment is
flooded (Red represents a probability of 1.00, yellow a probability of 0.01 and green a probability of 0.00, governed
by the mapping (R, G,B)=P: (1,0,0)=1,(1,1,0) =0.01, (0,1, 0) = 0).
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10.4.5 Test-case 4

Test-case 4 is illustrated in Figure 10-7, showing three initially breached compartments
(R180001, R170101, R180002) and one progressively flooded compartment (EX170201).
The case is again maintained as such throughout the whole flooding evolution as there is no
progressive flooding. This also applies for the wave cases, and the figure is applicable to
those as well. It is further seen in the figure that the sensor might be located within the
breach. This is, however, not the case as the sensor is located below the breach extent. Cable
routing have not been considered at this stage, and we cannot say for certain whether or not
this is within the damage extent and compromised, but we assume that the sensor is fully

functional. Detailed result is presented in section V.5 of Appendix V.
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Figure 10-7: Test-case 4 (major), Striking vessel length: 200.0 m, Hs = 0.0 m (Breach shown as red square, Initial
flooding shown in dark-blue, progressive flooding shown in light-blue and flooding sensors shown in green).
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The initial update incorporating sensor evidence from draft and AIS sensors are shown
in Table V-59 of section V.5.1, and further inclusion of cases to the 99% Cl is seen due to the
further increase in striking vessel length (200.0 m). The increase is however less than
before, seen in rate of change per meter ship length, but is as expected seen in relation with
the distributions developed in section 7.3.3 (reduced from 10,915 to 3,459 while we saw a
reduction from 10,915 to 1,106 for ship length of 50.0 m). Detailed result incorporated with
evidence from flooding sensors are shown in Table V-60 to Table V-65 in Section V.5.2 for
the calm water case. The initial Table V-60 shows the update for initial time step t = 5.0 min,
showing the actual case DAM342 part of the ten most likely cases, at rank 8, with a
probability of 0.02. The remaining cases are again seen to be various combinations of the
compartments indicating flooding, combined with a range of other compartments without
flooding sensors. The top ranked case is a progressive flooding realisation of DAM29 and
almost identical to the actual case, except it is missing compartment R180002. From the
previous posterior update from draft and AIS sensors, it is clear that this case was initially
more likely, and therefore still ranked higher than the actual case simply because there is
not enough evidence to distinguish them, resulting in the likelihood function to assign

probability to both. Following normalisation, the actual case will still be ranked lower.

The uncertainty represented by the 99% CI has been reduced from the previous 3,459
cases to 120 cases. We may again utilise the heat-map approach as to illustrate how the
actual damaged region is localised following the flooding sensor update for time-step,
t = 5.0 min. The heat map is shown in Figure 10-8, and it clearly showing the expected
damage region. As time progresses, the actual case is de-ranked, and is seen on a rank 27 at
time-step, t = 30.0 min, while progressive flooding realisations of cases DAM29, DAM352
and DAM7528 are governing the top rows in the table, which indicates less accurate
predictions if the prediction entails predicting the actual damage case maintaining a
distinction between initial - and progressive extent. However, as we mentioned above, the
prediction accuracy is depending on the application (what we want to predict), and if it is
the most likely flooding extent for decision support, acting on DAM29 would not really be
any different that acting on the actual case just because of a small difference represented by

R180002 (miniscule compartment located within R180001).
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Figure 10-8: Heat map for calm-water case, time step t = 5.0 min representing the probability that a compartment
is flooded (Red represents a probability of 1.00, yellow a probability of 0.01 and green a probability of 0.00, governed
by the mapping (R, G,B)=P: (1,0,0)=1,(1,1,0) =0.01, (0,1, 0) = 0).

The graphical representation would provide significant supportive information to the
crew, regardless of the actual case not being ranked on top. It is also important to highlight

that the actual case is still within the 99% CI. Results incorporated with more extreme

significant wave heights of H, = 5.0 m and Hy = 10.0 m are shown in Table V-66 to Table

V-71 and Table V-72 to Table V-77 respectively. The same trend is seen as for the calm-water
case, but due to waves, the prediction seems to be slightly improved (similar to what was
seen for test-cases 1-2). The actual case is not ranked on top but is for the last time-step seen
on a rank 10 with probability 0.024 for H; = 5.0 m, and a rank 11 with probability of 0.015
for H,=10.0 m. DAM29 almost identical to the actual case, but excluding R180002, is
ranked on top for all wave-cases and their respective time-steps. The uncertainty
represented by the 99% CI has, however, grown for the wave cases compared with the calm-
water cases due to the additional realisations of progressive flooding stages, and their
inclusion in the 99% CI due to few sensors (similar to test-case 3). This being said, the

graphical representation in the form of the heat map for wave case, H, = 10.0 m, have for

the last time-step been included in Figure 10-9 and is almost identical to that of the calm-

water case.
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Figure 10-9: Heat map for wave-case, H; = 10.0 m, time step t = 30.0 min representing the probability that a
compartment is flooded (Red represents a probability of 1.00, yellow a probability of 0.01 and green a probability
of 0.00, governed by the mapping (R, G,B) =P: (1,0,0) =1, (1,1,0)=0.01, (0, 1, 0) = 0).

This indicates that regardless of the increase in confidence intervals for the list of cases
distinguishing between flooding stages, the independent compartment probability is
essentially unchanged. Even when additional cases are assigned to the CI’s, the additional
cases are still some combination of the compartments within the expected damage region,
and the independent compartment probabilities would therefore only see a minor

adjustment.

10.4.6 Test-case 5

The final test-case 5 is illustrated in Figure 10-10, for a significant wave height H, = 0.0 m

. The case comprises five initially breached compartments (R100009, R090009, R080116,
R100108, R090113) and four progressively flooded compartment (R080201, EX080101,
EX100101, R100107). The same extent is maintained throughout the whole flooding
evolution as there is no progressive flooding in any of the time-steps. Test-case 5 has the
largest initial damage extent of all the cases, comprising 4 watertight zones as is seen in the

figure. From the figure, it is also seen that three sensors are close to the breach boundary.
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Figure 10-10: Test-case 5, Striking vessel length: 250.0 m, Hy= 0.0 m (Breach shown as red square, Initial flooding
shown in dark-blue, progressive flooding shown in light-blue and flooding sensors shown in green).

Further investigation reveals, however that the aft- and foremost sensors both are

located below the breach extent (z,,, = 1.85 m, whereas the lower position of the breach is
Zpreach = 24 m), while the mid sensor are located 0.70 m inward of the breach (y,,,
= 16.0 m from midship, whereas the breach penetration only extends to y;, ..., = 16.7). As

was highlighted for the previous test-case, cable routing may still be a problem, but has not
been considered at this point. Another point to make, is that sensors may be fitted with
indication if the signal is lost (which would be the case if the sensor or cabling is damaged),
and this could be considered evidence in itself and implemented to the likelihood function,
indicating that the compartment is part of the initial damage extent. In the following
example, we assume that the sensors all are operational and provide proper indication.
Detailed result for the final test-case is presented in section V.6 of Appendix V. The initial
update incorporating sensor evidence from draft and AIS sensors are shown in Table V-78
of section V.6.1. Yet again the same trend is seen with further increase in the 99% CI, but less

than the increase seen in the initial test-cases corresponding to smaller striking vessels.
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This indicates that the information related to knowledge on the vessel size in the smaller
regions of striking vessel is more sensitive than it is in the upper region, e.g. incorrect
evidence in the smaller vessel regions would be increasingly reflected as an incorrect CI. The
99% CI is now reduced from 10,915 to 3,461 cases. For the previous case (striking ship
length of 200.0 m), there was a reduction from 10,915 to 3,459, while a reduction from
10,915 to 1,106 and from 10,915 to 3,062 was seen for ship length of 50.0 m and 100.0 m
respectively. This is a result of the decreasing rate of change of the standards deviation in
the distributions developed in section 7.3.3, if assessed along the x-axis (ship-length).
Detailed result incorporated with evidence from flooding sensors are shown in Table V-79
to Table V-84 in section V.6.2 for the calm water case. The initial Table V-79 shows the
update for initial time step t = 5.0 min, showing the actual case DAM7043 part of the ten
most likely cases, at rank 8, with a probability of 0.005. It is further seen that all the ten most
likely cases are some realisation of the actual initial case, and the case ranked on top with
probability of as much as 0.82 only differs from the actual case by one compartment

(R080201 not included).

This compartment has a flooding sensor which is located below the waterplane but does
not yet show indication (similar to test-case 2 above) and is the reason for its high rank. The
progressive flooding rate for the calm-water case is not sufficient for equilibrating the
external and internal waterplanes, and the sensor would not be submerging within the 30-
min simulation time. The 99% CI has from the previous posterior update been reduced from
3,461 to 8 cases. The list is maintained more or less the same for the remaining time-steps
due to the negative flooding indication in R080201, only seeing a slight increase of the actual
case torank 3, and 99% Cl represented by 5 cases in the final time-step. Results incorporated
with more extreme significant wave heights of H, = 5.0 m and H; = 10.0 m are shown in
Table V-85 to Table V-90 and Table V-91 to Table V-96 respectively. For a wave height of H|

= 5.0 m, the actual case is ranked 14™ while the same cases from before is ranked first. The
actual case is maintaining a rank around 11-14 for the successively time-steps, but due to
the increased wave height, the flooding sensor in R080201 is indicating flooding in the fifth
time-step, t = 25 min (Table V-89), resulting in the actual case to be increased to 3™ rank

for the last two time-steps with a probability of 0.053-0.065.
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There are two other realisations of DAM7043 ranked first and second with probability of
0.47 and 0.15 respectively, both with additional compartments without flooding sensors
included (R080202 & R080304) (Table V-90). Based on the available evidence, these cases

are more likely. For the significant wave-height of H, = 10.0 m, the progressive flooding rate

is further increased, and the sensor in R080201 is indicating flooding already in the third
time-step, t = 15 min (Table V-93). In the following time-step an additional compartment

progressively floods, namely R080202, the one indicated in the previous case (H; = 5.0 m)

to be more likely. The actual case is now ranked first on the list with a probability of 0.53,
and the 99% Cl is represented by 45 cases (Table V-94). For the successively time-steps the
actual case is increased to a top rank with probability of 0.55 seen in the last time-step (Table
V-96). The final extent included with the additional compartment R080202 (minor A-class
compartment) is illustrated in Figure 10-11, and a heat-map representing the extreme wave
case at the last time-step is illustrated in Figure 10-12, clearly replicating the actual damaged

region from Figure 10-11 in red (yellow region is due to extreme H; representing P = 0.01).
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Figure 10-11: Test-case 5, Striking vessel length: 250 m, H;= 10.0 m, t = 30 min (Breach shown as red square, Initial
flooding shown in dark-blue, progressive flooding shown in light-blue and flooding sensors shown in green).
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Figure 10-12: Heat map for wave-case, Hs = 10.0 m, time step, t = 30 min, representing the probability that a
compartment is flooded (Red represents a probability of 1.00, yellow a probability of 0.01 and green a probability
of 0.00, governed by the mapping (R, G, B) = P: (1, 0, 0)=1, (1, 1, 0)=0.01, (0, 1, 0)=0).

10.5 Closing remarks

In this chapter all the probabilistic models (likelihood functions) developed in the
previous chapters have been implemented within a demonstration platform for application
within the (flooding) emergency phase. The demonstration platform has been applied to five
test-cases reading emulated sensor data obtained from time domain simulations. The
sequential updates executed every 5 minutes allowed to identify the flooding extent with
increasing confidence. The accuracy of prediction varied between the cases mainly because
the differentiating between initial and progressive damage extents (requiring a unique
combination of flooded compartments in the respective stages). However, considering the
total flooding extent allows identifying of the actual flooding case with high confidence even
if not all the compromised compartments are fitted with flooding sensors. More detailed
discussion of the findings are included in the next chapter where main conclusions and

recommendations are presented.
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Chapter 11 - Discussion,
Recommendations and Concluding
Remarks

11.1 Discussion and recommendations

The main aim of the research undertaken has been to develop and test a framework for
providing real-time information to the crew for improved and risk-informed situational
awareness in flooding emergencies resulting from ship-to-ship collision, specifically with
respect to damage extent and location. The application of the developed framework during
the emergency phase, leading to valuable risk-informed information and decision making,
demonstrates clearly that the main aim of the research has been fulfilled. The methodology
adopted lead to identifying the targeted damaged region with high confidence in all five test-
cases in spite of sparse sensor coverage. The results were presented as unique combination
of flooded compartments (i.e. exact damage case) or in the form of heat-maps with
individual locations ranked according to the probability of being flooded. The sequential
updates increase the accuracy of the prediction (represented by number of cases within the

confidence interval) providing quantitative evidence to support decision-making.

The fundamental ambition of providing supportive information was to provide improved
risk-informed situational awareness to support survival assessment and to facilitate timely,
targeted and efficient emergency response. The heat-maps presented in the results
demonstrate that the predictions are converging to the region of the actual damage within
the first time-steps in all test-cases. Rapid prediction of the compromised area enables fast
and targeted deployment of the damage control teams, while the active mitigation measures
may be implemented at an earlier stage based on the probabilistic evidence for the most
likely flooding extent. The evidence allows effective monitoring and management of the
openings within the flooding boundary as well as optimised use of other resources such as

bilge or ballast systems as well as cross- and down flooding arrangements.
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Furthermore, it increases flexibility for use of openings in the areas not affected by the
casualty, thus allowing more flexibility in managing traffic and, if necessary, facilitating
evacuation. Considering the strategy for presenting the prediction, it is noteworthy that
maintaining the distinction between the flooding stages may lead to the situation where the
actual case may not be among the top-ranked extents. This is a consequence of the absence
of flooding sensors in minor A-class compartments. As a matter of fact, the use of clearly
defined stages is important for deterministic predictions such as breach estimation based
on floodwater inflow rate (NAPA, as discussed in Chapter 3). However, making such
distinction is not essential within the probabilistic framework. On the contrary, the result of
the test-cases show unambiguously that the top-ranked cases form various combinations of
the actual damage extent supplemented by smaller A-class compartments. Hence, the
prediction is easily verifiable and relevant for the survivability assessment. The developed
method does not rely on a complete flooding sensor array (i.e. coverage) to produce
estimates, as the likelihood functions allow for combining the sensor information with other
sources such as probabilistic models considering water elevation exceedance,wave
responses, etc. In a way, the likelihood functions act as filters in a process of case filtering.
The fact that the framework generates accurate predictions even with the as-built sensor
array demonstrates that the methodology may be implemented on a large cruise vessel

without changes to the flooding detection system.

On the other hand, this entails that existing sensor arrays may be optimised for faster and
more accurate predictions. This could either be in the form of the above-mentioned risk-
based optimisation method, or simply to optimise in terms of general prediction accuracy in
the form of uncertainty (CI). Due to insufficient time, the risk-based approach for sensor
positioning developed in the course of this research (Chapter 8) (or any other means of
sensor optimisation) were not implemented within the framework. Hence the method (or
rather extension to the present method) could not be tested and the improvement
measured. In this respect, additional research is needed to quantify the impact of optimised
sensor layout. Having said this, special attention may be given to the type of flooding sensors.
The framework presented herein does not require pneumatic flooding sensors, which
enable inflow-rate estimates. Hence, the flooding sensors may be of a simpler (and less

expensive) type, such as limit switches.

232



On the other hand, the time-variant characteristics, such as time-to-capsize may require
the estimate of flooding rates and the flooding sensors providing estimates of inflow-rate.
The configuration (i.e. types) and layout of flooding sensors, offering the best trade-offs
between accuracy of flooding prediction and complexity, could be a part of the optimisation.
[tis important to stress that the present framework, does not provide a means for estimating
the time-to-capsize. It does provide, however, the foundations for decision support which
could be extended to accommodate for assesment of the likely outcome of the flooding
accident. Needless to say that the accurate prediction of flooding extent, such as presented
herein, is a fundamental prerequisite and it could be of great assistance in decision making
in emergencies. Nevertheless, additional research should be performed to include a fully
probabilistic measure for the TtC, linking the identified damage extents (initial- and
progressive) to their respective (possible) breach sizes, for a complete assessment of the

time available for evacuation.

Further consideration needs to be given to sensor availabillity, as two of the test-cases
indicated sensors located critically close to the damage breach boundary. Sensor availability,
as such, has not been considered at this point although the reliability has been partly
considered by accounting for frequency of Error- and Working states. There are many
alternatives to incorporate the availability which, for example, may be assessed in a similar
manner to the Monte Carlo (MC) sampling performed in Chapter 6 while checking for
overlap with the sensors position (and cabling). Sufficient sample size could also account for
the appropriate conditionality, i.e. probability of a sensor to be damaged, given specific
initial damage extent. The same method could be applied to a range of systems availability
(active barriers) and even to pipe-routing (damaged pipes could be considered a source of
progressive flooding). A simpler (and more conservative) approach may involve an
assumption that all the system components within the initial breach are unavailable, a logic
consistent with the underlying assumptions behind Safe Return to Port. Technology, and in
particular connectivity may provide wireless solutions for the sensors, reducing the need for
cabling, which will increase sensor reliability in terms of availability in a damaged condition,
simply because sensor cables will increase the probability of them being located in the
breach boundary. A final note to be made regarding sensor positions is regarding the
MSC.1/Circ.1291, “Guidelines for flooding detection systems on passenger ships” (IMO, 2008).

The guidelines recommended to position sensors on both sides of the ship, without
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providing any recommendations or limits to how close to the side shell the sensor should be
positioned. This (as indicated by the sensor layout of the sample vessel) might lead to low
sensor availability as a large amount of shallow penetration damages could possibly lead to
sensor damage. A simple transverse limit could provide the appropriate solution. e.g. B/5 or

similar.

In order to demonstrate how the environmental variables can be accounted for, a method
utilising motion sensors for infering the significant wave height has been presented. This
method significantly reduces uncertainty in comparison to the available a priori wave height
statistics but it has several limitations that should be investigated further. Firstly, the
method has been developed for the case without forward speed and, therefore, cannot be
used for inference in normal operational conditions. Secondly, the recursive implementation
of the method should incorporate a state transition model for better accuracy and
performance (eliminate insensitiveness to rapid increase in wave height as observed in the
results). Finally, alternative methods for uncertainty reduction as was discussed in Chapter
5 could be investigated, and how they could be combined with the presented methodology
for further refinement and improved prediction accuracy (with emphasis on damaged
condition). Wind-induced forces and their impact on both the floating position as well as
dynamic responses were not considered at this stage of development. The developed model
incorporating AIS data indicates that evidence on striking vessel length provides a global
shift in probabilities. This is particularily evident in case of smaller striking vessels. For
larger vessels, the data suggest that the full range of damage extent is still possible with both
minor as well as major damage extents. It can be argued however, that additional variables,
such as relative speed and heading, would provide further evidence and result in a similar
shift in probabilities for larger striking vessel lengths. The challenges relate to the
availability of data. The GOALDS database utilised in this development does not contain

sufficient datapoints for such implementation and improved alternatives are necessary.

It should also be noted that the developed likelihood functions are derived based on 30
minutes long simulations. As progressive flooding scenarios may take several hours before
reaching a stationary state or loss, the likelihood models could be made time-dependent.
Considering for example several of the negative data-points (floodwater levels failing to

reach the external waterplane within the duration of simulations) observed in the
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floodwater exceedance probability, developed in Chapter 6, would shift towards the positive
side with longer duration of the simulations. Including the time aspect, allows for providing
additional supportive evidence in a way similar to that of the evidence of larger wave height,
where compartments showing no flooding were assigned increasingly less probability as the
floodwater levels failing to reach the external waterplane would be less likely with time. One
of the objectives discussed in the introductory chapters was to examine the feasibility of use
of the framework for life-cycle flooding risk management. It is evident that such
development would entail extensive time-domain simulations and in-depth analysis of all
the variables relevant to a flooding scenario. Undoubtedly, such undertaking would require
detailed ship-specific knowledge far in excess of that linked to the regulatory framework of
SOLAS (2009). Furthermore, it would be well aligned with the risk-based ship design
philosophy mentioned in the introduction. In the design stage, the process described in the
foregoing could be used to examine in detail the critical flooding scenarios to identify and
address local vulnerabilities. Such an approach would allow comprehensive testing of the
watertight subdivision, internal openings and flooding sensor layout. In addition, it would
offer a platform for systematic verification and validation of the design assumptions.
Furthermore, the sensor data collected during the operation of existing ships could be used

as a priori beliefs.

In operation, the probabilistic models could provide a measure of vulnerability to
flooding in a way similar to the developments presented in Chapter 3 (Jasionowski: 2010,
2011). In principle, the vulnerability can be expressed as an average product of probability
of damage occurrence (e.g. p-factor) and probability of capsize or sinking (e.g. complement
to s-factor). Unlike the static A-index approach the operational vulnerability measure would
be a dynamic quantity calculated with the use of evidence from onboard sensors such as
door, draught and motion sensors. It should also be noted that the likelihood functions are
vessel specific and, therefore, additional investigations would be required to examine the
possibility of parameterising the models. In the short term, this would require considerably
more simulations. However, if sucsessfully identified, the parametric models would

significantly reduce the need for simulations resulting in long-term benefits.

The above discussion allows to formulate the main suggestions for future research as in

the following:
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e Perform comprehensive testing of the methodology for risk-optimised positioning of
sensors (or any other optimisation parameters).

e Incorporate within the framework probabilistic measure for the Time-to-Capsize (TtC).

e Incorporate sensor availability assessment and combine it with sensor reliability.

e Develop a procedure for positioning of flooding sensors considering post-casualty
sensor availability.

e Develop a procedure for incorporating pipe routing in progressive flooding stages
prediction (e.g. with use of graph model).

e Add forward speed in the wave-height prediction model.

e Implement a transition model in the wave-height prediction to improve performace of
the model.

e Perform a more comprehensive assessment of the effects of wind.

e Investigate source of data sufficient for incorporating speed and heading into the AIS
inference model.

e Parameterise (generalise) the developed likelihood functions.

e Adapt the developed methodology for use within a life-cycle flooding risk management

framework.

The above discussion further allows to summarise what significant novelties the

presented development contributes to the field of Naval Architecture:

e Bayesian Inference is widely used in various applications and in different fields. The
presented development, however, is the first attempt to implement this approach for a
more comprehensive life-cycle risk framework, with application on the prediction of
damaged compartments in emergency situations, by considering information coming
from a range of available (existing) sensors.

e Utilising Copula Theory to model statistical dependencies between damage
characteristics in the analysis of the GOALDS accident database of ship casualties.

e Development of a fully probabilistic methodology for accounting progressive flooding
through openings, by considering both opening status and leak/collapse heads, by
utilising uncertain (probabilistic) graphs.

e Development of a risk-based methodology for determine the position of flooding

Sensors.
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11.2 Concluding remarks

The foregoing details a fully probabilistic methodology developed with the aim to
improve real-time information, providing risk-informed situational awareness in flooding
emergencies. The methodology utilises probabilistic inference in the form of multi-sensor
data fusion techniques for manipulating conditional probability distributions.
Implementation and testing of the framework on a range of realistic test scenarios
demonstrates that the method accurately identifies the extent of the actual flooding casualty
even with a sparse flooding sensor array. The correct prediction of the flooding extent is
essential in survival assessment and in manging timely, targeted and efficient emergency
response. The successful test-cases indicate that the methodology may be implemented on
a large cruise vessel without any changes to the existing sensor layout (i.e. with as-built
sensor arrays) although use of the optimised layout could improve both the accuracy and
convergence rates of the prediction model. The framework, based on Bayesian inference,
relies on multi-sensor data fusion with sequential updates, which is a memory efficient way

of utilising the previous posterior as the current a priori belief.

The range of probabilistic models (likelihood functions) has been developed for the
specific sample vessel using the state-of-the-art time-domain simulation code PROTEUS3,
enabling the simulation of a damaged ship in a dynamic operational climate capturing
dynamic variables in greater detail than the traditional static calculation tools. The variables
governing a flooding scenario have been identified and reviewed for the purpose of
implementation in the respective probabilistic models, categorised as: environmental-,
damage-, and ship-specific. The challenges in emergency response to a flooding scenario on
large cruise vessels have been discussed and highlighted. Traditional emergency response
is shown to be a highly time consuming and manual process, prone to human error or
misjudgement that might lead to severe consequences. This is highly paradoxical, given that
the most important variable is time, specifically, Time-to-Capsize (TtC) and Time-to-
Evacuate (TtE) are the two drivers of risk in any flooding emergency. The developed
framework provides the main foundations needed for assessing vessel survivability and TtC,

as the latter requires detailed knowledge about the actual damage extent.
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The traditional tools supporting the emergency response focus mainly on controlling and
containing the flooding process. Inadequate situational assessment entails that the process
under control is rather hypothetical and may be significantly different from the actual one.
This may result in implementing suboptimal (in the best case) or even utterly wrong
mitigation measures. In the latter case the action intended to improve the situation may in
fact worsen it. Hence, providing a tool for risk-informed and time-optimised emergency
response and damage control is of high value to the vessel operators. The advantages
provided would further be a valuable addition to the third-party emergency response
services. The drawbacks to the current approach in terms of minimum response time and
reliance on second-hand information would clearly benefit from having direct access to real-
time information from such a probabilistic framework rather than relying singlehandedly

on the operators (biased) perception.

An important part of the development relates to the a priori statistical data for collision
damages and it is necessary to discuss the shortcomings of the available damage
distributions tailored to use within SOLAS. The data, simplified to enable harmonisation for
all ship types, lacks important ship-type dependent properties as well as conditional
dependencies between variables. For that reason, a priori distributions from available
damage statistics have been derived with the use of advanced methods capturing conditional
dependencies between variables. Monte Carlo sampling enabled discrete a priori probability
to identify initial breach (i.e. the compartments open to sea). Furthermore, use of time-
domain simulations has allowed developing a probabilistic model capturing the probability
of initial flooding based on the vertical elevation of the damage breach with respect to the
waterplane and conditional on vessel’s draught and significant wave height. One of the main
challenges in flooding prediction has always been associated with the modelling of
progressive flooding in waves. The process, while intrinsically stochastic due to the nature
of ship motions, is also combinatorially complex due to the presence of multiple internal
openings. For these reasons it has been proposed to utilise Uncertain Graphs for modelling
compartment connectivity. Such an approach has two main advantages. Firstly, it allows for
random sampling of the graphs based on the probability of particular door status. Secondly,
it allows state-of-the-art search algorithms for maintaining the probabilistic conditionality
of connection to source (initial extent). This simplifies the problem significantly as non-

existing connections to the source are disregarded and the search space contracts rapidly.
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The realistic case studies presented demonstrate that the method identifies a manageable
number of possible progressive flooding extents. The choice of detail, and number of
resulting cases are governed by the confidence interval and number of samples used. Apart
from survivability assessment, the method may also be employed in emergencies to avoid
compartments imposed by floodwater, smoke, or fire in a range of emergency situations and
may, therefore, provide a tool in identifying optimal evacuation routes. An important aspect
considered while modelling progressive flooding is the status of the internal openings. This
entails not only the open/close status but also leaking and collapse under the build-up of
floodwater. Hence, the likelihood model developed for the framework takes into account not
only the status of the opening (e.g. open/close) but also its position with respect to the
external calm waterplane and the probability of leaking or collapse, both given as
distributions around the nominal leak/collapse hydrostatic pressure heads. Representing
the waterplane as a mathematical (dynamically changing) plane, enables a continuous
reference point from the observed waterplane from any arbitrary point in the vessel
coordinate system and has been crucial in the development of a dynamically changing
progressive flooding probability. Combined with the Uncertain Graph Sampling (UGS)

method, this blend into a robust probabilistic model for progressive flooding stages.

It is also noteworthy that the framework addresses both aleatory and epistemic
uncertainties and although the former category has been the main focus within this thesis
the latter has also been accounted for within the door- and flooding sensor models in the
form of false-positives and -negatives. A discrete version of Bayes formula for application on
binary values has been utilised for the developed door sensor model enabling correct
normalisation. The likelihood function for updating the posterior probability for the initial
damage extent, based on actual operating draft, has been developed and presented,
including a likelihood function for modelling the energy availability from AIS data. Due to
few samples for speed and heading the model only considers the vessel size particulars in
the form of striking vessel length, but from the implemented test-cases, it provide a large
reduction in uncertainty by updating the posterior belief based on actual knowledge on the
size of the vessel involved in a collision incident with, especially so for smaller striking

vessels.
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A fully exhaustive sensor array is not feasible, hence the available sensor resources needs
to be managed properly. One should make sure that high risk loss scenarios are covered with
optimised uncertainty reduction, which is catered for by the methodology for risk-based
positioning of flooding sensors. It can be accepted that low risk scenarios (survival) are
provided with less prediction accuracy, simply because we have much more time available
and may deploy traditional emergency response teams for support. The study confirms that
the extent of a damage case or geometrical properties of the compartments alone are
insufficient criteria for the positioning of the flooding sensors for the accurate estimate of
survivability during flooding casualties. The regulatory requirements should also be
complemented by the systematic, risk-based rating to determine critical spaces and flooding
pathways. This should lead to targeted and efficient sensor positioning. In addition, the
results reveal that the same compartment may have different criticality rating in the initial
and progressive stages of flooding. For this reason, these stages should be ranked separately,
as smaller compartments may form critical flooding paths to larger rooms (through up- and
cross-flooding) and should also be fitted with sensors for early warning of capsize.
Separating initial stage and progressive stage may also help identifying sensor type and

position.

Finally, a range of findings have been discussed in the previous section, where several
limitations and alternative implementation approaches have been discussed. These have
been summarised and listed as suggestions for future research and development. In
summary, the work presented herein lays the foundations for a fully probabilistic
methodology for predicting the outcome of flooding casualties and lays the foundations for
a comprehensive framework for life-cycle flooding risk management. This allows for reliable
estimation of real-time flooding risk in passenger ships through its life-cycles and most
importantly, when it really matters, namely in emergencies. This is an innovation offering

unique tangible benefits.
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AppendixI - Wave prediction
method - Complete test-case results

Table I-1: Sensor readings and statistical prediction data for all test-cases.

Case Roll Pitch Heave Actual Exp. Diff. Priori Posterior  Diff.
[#] @[ O[T Zsm] Hgm] Hgm] AHg[m] o[] o[]  Ao[]

1 0.733 0.118 0.294  2.893 3.429 -0.536  2.189 0.849 -1.339

§ 2 0.307 0.052 0.047 1.298 2.015 -0.717  2.189 0.601 -1.588
!E 3 0.044 0.014 0.012 1.418 1.205 0.213 2.189 0.281 -1.908
§ 4 1.085 0.283 0.145  4.323 4.291 0.032 2.189 0.970 -1.219

5 0.215 0.033 0.020 1.538 1.602 -0.064  2.189 0.460 -1.729

1 0.094 0.038 0.093 1.692 1.815 -0.123  3.333 0.579 -2.754

=]
"E 2 6.699 0.792 1.695  8.688 8.939 -0.251  3.333 1.631 -1.702
&
%’ 3 0.873 0.176 0.357  3.295 4.269 -0.974  3.333 0.970 -2.363
=
=]
;6 4 0.311 0.136 0.107  4.391 3.122 1.268 3.333 0.839 -2.494

5 0.319 0.050 0.108  2.282 2.348 -0.065  3.333 0.671 -2.662

1 0.580 0.072 0.054 1.781 2.458 -0.677  2.366 0.669 -1.697
£ 2 0.221  0.043 0.032 1.939 1.737 0.202 2.366 0.581 -1.785
§ 3 0.045 0.022 0.007  0.763 0.906 -0.143  2.366 0.430 -1.936
[
S 4 1.666 0.319 0.192 3.274  4.428 -1.154  2.366 0.879 -1.487
5 0.038 0.013 0.006  0.555 0.725 -0.170  2.366 0.371 -1.995

1 10933 0.818 2,564 10312 9.762 0.549 3.333 1.761 -1.572

o
§ 2 13.882 0.660 2,585 10.081 9.638 0.443 3.333 1.771 -1.562
g 3 16.073 0.619 4451 12.211 9.890 2.320 3.333 1.812 -1.521
3
S
5 4 11.307 0.721 3.153 10.027 9.677 0.349 3.333 1.761 -1.572

5 21420 1.117 4.022 13984 11.090 2.894 3.333 1.868 -1.465
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Figure I-1: A priori, and likelihood functions (C1-World-wide).
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Figure I-2: A priori and posterior including actual and expected value (C1-World-wide).
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Figure I-3: Cumulative a priori and posterior including actual and expected value (C1-World-wide).

2472




PDF

PDF

CDF

0.40 4

—— P(Hs)
0.35 —— P(Roll|Hs)
. —— P(Pitch|Hs)
—— P{Heave|Hs)
0.30 1 —— Actual Hs=1.3
0.25 A
0.20 +
0.15 A
0.10 A
0.05 A
0.00 +
T T T T T T T T T
o] 2 4 <] 8 10 1z 14 16
Hs
Figure I-4: A priori, and likelihood functions (C2-World-wide).
1.0 1 [ 95% CI: L=1.03, U=3.3
—— Actual Hs=1.3
—— Expected Hs=2.02
0.8 4 —— P(Hs)
—— P(Hs|Roll, Pitch, Heave)
Posterior St.dev=0.6
Priori St.dev=2.19
0.6
0.4 4
0.2 | ~
0.0 +
T T T T T T T T
o] 2 4 5] 8 10 12 14 16
Hs
Figure I-5: A priori and posterior including actual and expected value (C2-World-wide).
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Figure I-6: Cumulative a priori and posterior including actual and expected value (C2-World-wide).
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Figure 1-8: A priori and posterior including actual and expected value (C3-World-wide).
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Figure I-9: Cumulative a priori and posterior including actual and expected value (C3-World-wide).
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Figure I-11: A priori and posterior including actual and expected value (C4-World-wide).
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Figure I-12: Cumulative a priori and posterior including actual and expected value (C4-World-wide).
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Figure 1-13: A priori, and likelihood functions (C5-World-wide).
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Figure I-14: A priori and posterior including actual and expected value (C5-World-wide).
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Figure I-15: Cumulative a priori and posterior including actual and expected value (C5-World-wide).
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Figure I-16: A priori, and likelihood functions (C1- North-Atlantic).
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Figure I-17: A priori and posterior including actual and expected value (C1- North-Atlantic).
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Figure I-18: Cum. a priori and posterior including actual and expected value (C1-North-Atlantic).
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Figure I-19: A priori, and likelihood functions (C2-North-Atlantic).
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Figure I-20: A priori and posterior including actual and expected value (C2-North-Atlantic).
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Figure I-21: Cum. a priori and posterior including actual and expected value (C2-North-Atlantic).
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Figure [-22: A priori, and likelihood functions (C3-North-Atlantic).
1.0 1 [ 95% CI: L=2.55, U=6.33
—— Actual Hs=3.29
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Figure I-23: A priori and posterior including actual and expected value (C3-North-Atlantic).
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Figure 1-24: Cum. a priori and posterior including actual and expected value (C3-North-Atlantic).
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Figure I-25: A priori, and likelihood functions (C4-North-Atlantic).
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Figure I-26: A priori and posterior including actual and expected value (C4-North-Atlantic).
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Figure I-27: Cum. a priori and posterior including actual and expected value (C4-North-Atlantic).
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Figure [-28: A priori, and likelihood functions (C5-North-Atlantic).
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Figure I-29: A priori and posterior including actual and expected value (C5-North-Atlantic).
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Figure 1-30: Cum. a priori and posterior including actual and expected value (C5-North-Atlantic).
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Figure I-31: A priori, and likelihood functions (C1-Caribbean).
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Figure I-32: A priori and posterior including actual and expected value (C1-Caribbean).
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Figure I-33: Cum. a priori and posterior including actual and expected value (C1-Caribbean).
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Figure I-34: A priori, and likelihood functions (C2-Caribbean).
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Figure I-35: A priori and posterior including actual and expected value (C2-Caribbean).
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Figure I-36: Cum. a priori and posterior including actual and expected value (C2-Caribbean).
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Figure I-37: A priori, and likelihood functions (C3-Caribbean).
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Figure I-38: A priori and posterior including actual and expected value (C3-Caribbean).
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Figure I-39: Cum. a priori and posterior including actual and expected value (C3-Caribbean).
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Figure 1-40: A priori, and likelihood functions (C4-Caribbean).
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Figure 1-41: A priori and posterior including actual and expected value (C4-Caribbean).
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Figure I-42: Cum. a priori and posterior including actual and expected value (C4-Caribbean).
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Figure 1-43: A priori, and likelihood functions (C5-Caribbean).
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Figure I-44: A priori and posterior including actual and expected value (C5-Caribbean).
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Figure I-45: Cum. a priori and posterior including actual and expected value (C5-Caribbean).
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Figure I-46: A priori, and likelihood functions (C1-Extreme wave).
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Figure I-47: A priori and posterior including actual and expected value (C1-Extreme wave).
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Figure 1-48: Cum. a priori and posterior including actual and expected value (C1-Extreme wave).
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Figure 1-49: A priori, and likelihood functions (C2-Extreme wave).
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Figure I-50: A priori and posterior including actual and expected value (C2-Extreme wave).
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Figure I-51: Cum. a priori and posterior including actual and expected value (C2-Extreme wave).
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Figure I-52: A priori, and likelihood functions (C3-Extreme wave).
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Figure I-53: A priori and posterior including actual and expected value (C3-Extreme wave).
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Figure I-54: Cum. a priori and posterior including actual and expected value (C3-Extreme wave).
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Figure I-55: A priori, and likelihood functions (C4-Extreme wave).
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Figure I-56: A priori and posterior including actual and expected value (C4-Extreme wave).
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Figure I-57: Cum. a priori and posterior including actual and expected value (C4-Extreme wave).
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Figure I-58: A priori, and likelihood functions (C5- Extreme wave).
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Figure I-59: A priori and posterior including actual and expected value (C5-Extreme wave).
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Figure I-60: Cum. a priori and posterior including actual and expected value (C5-Extreme wave).
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Appendix I - GoF statistics for
damage breach distributions with
multiple distribution candidates
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Figure II-1: GoF statistics for damage length L.
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Figure 1I-2: GoF statistics for vertical damage location Z.

262



Density

COF

030

020

0.00

1.0

00 02 04 08 08

Histogram and theoretical densities Q-Q plot

W
o™
2 8
H
5 e
S
$ 2
=
E
w ['z]
{=]
T T T T T 1
0 5 10 15 20 25 0 8 10 15 20
data Theoretical quantiles
Empirical and theoretical CDFs P-P plot
o
3 @
= 5
=
= o
2 O
= =
g <
=
E 3
a
T T T T T T = T T T T T T
0 5 10 15 20 25 0.0 0.2 0.4 0.6 0.8 1.0
data Theoretical probabilities

Figure 1I-3: GoF statistics for damage penetration Y.
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Appendix III - Excerpt of (500) MC
samples for initial damage extent

Table 11I-1: Excerpt of 500 samples from the Monte Carlo sampling for initial damage extent.

B. No. X Z L H Y B. No. X Z L H Y
B1 270908 6.737 11473  3.488 0.317 B34 142926  6.479 0.032 10.621  0.852
B2 257.282  0.000 8.178 4.201 0.865 B35 255.693  2.147 1.354 0.247 1.501
B3 178.174  6.482 3.794 3.113 0.475 B36 236.800 4.762 18.141 6.496 0.525
B4 243536 4168  12.225  2.429 2.185 B37 128940  0.568 3.796 4.283 1.006
B5 -12.819 0.540 1.927 3.905 1.697 B38 199.539  6.099 4.538 0.759 2.845
B6 260.035 9.728 23.396 1.711 0.175 B39 258903 6.771 1.801 1.724 4.034
B7 268.789  3.925 1.042 2.757 0.846 B40 78.265 6.743 2.147 4221 5.745
B8 275.748 5311 1.277 0.156 0.507 B41 257.131 4.584 2.622 4.377 2.012
B9 -0.229 4.898 3.811 9.439 0.575 B42 -2.703 2.860 4.438 3.383 0.526
B10 273.038  0.811 1.757 2.756 1.651 B43 242.604 4.291 5.696 3.552 1.715
B11 166.964 12.765  1.423 3.078 0.789 B44 8.085 9.025 15.356  8.075 1.125
B12 257.393  7.229 1.807 4.394 3.696 B45 159.661 10.062 23.072  7.038 1.068
B13 56.391 7.058 4304 10.042 2.664 B46 49.405 4421 21118 3.818 0.667
B14 189.176  0.000 6.210 0.219 5.191 B47 253.404  8.607 3.721 2.041 7.877
B15 129.281  3.852 1.057 0.533 3.115 B48 6.327 9.788  10.272 0912 2.076
Bl6 249.619  1.551 1.257 6.699 2.306 B49 245.491 10.033  0.877 1.546 1.932
B17 262.090  6.000 1.039 11.100 0.858 B50 36.150 6.588 7.127 0.028 0.055
B18 151.393  4.752 6.283 1.845 2.894 B51 172.408  8.652 0.699 6.631 0.760
B19 264497 10926  1.547 0.485 1.547 B52 -8.476 0.000 11.039  1.952 0.237
B20 228345 0.061 29.777 6.231 1.556 B53 227.399 9.669 18871 7.431 0.849
B21 165.228  6.671 0.278 0.061 1.369 B54 31.357 2.108  31.635 3.695 0.868
B22 254.509  5.520 5.129 5.627 1.673 B55 126.248  0.252 3.703 5.376 4.402
B23 234.554  5.297 5.500 2.927 0.016 B56 260.894  0.000 1.842 7.541 0.914
B24 -10.513 13.088  2.204 2.429 0.286 B57 265.030  5.344 5.715 3.975 0.859
B25 204.881  8.228 8.076 4.663 0.611 B58 225369 15.377 17.684  1.723 0.338
B26 271530 14.432 0.315 2.668 0.840 B59 270.000 0.000 10.663  3.230 0.497
B27 108.556 16.858  2.981 0.242 2.294 B60 102.674  7.821 1.734 1.576 2.113
B28 215.662  4.902 0.381 1.595 0.550 B61 43.462 3.261 2911 12.665 5.261
B29 236.943  0.243 1.712 0.706 0.844 B62 225.701  9.478 3.702 2.390 1.526
B30 263.360  7.460 0.033 9.640 0.178 B63 268.418 1.598 5.487 9.584 1.987
B31 211419  2.074 24967 0.138 1.390 B64 241219 2.104 8.527 2.086 0.906
B32 251.338  6.819 0.588 9.580 2.436 B65 244.284 10.235 7.238 0.330 1.957
B33 265.688  6.384 3.115 6.161 2.870 B66 88.859 0.000 0.394 0.400 2.121
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B67 251.471 1962 4.675 7.778 0.130 B109 267.014 5.680 21904 7.969 3.084
B68 265.118  3.312 4.546 3.395 0.743 B110 194.685  4.329 0.220 8.989 0.967
B69 96.737 4.417 3.099 7.267 1.761 B111  129.598  2.241 0.715 4.295 0.573
B70 76.753 8.157 3.825 1.165 0.642 B112  192.627 5.341 1.616 6.756 3.250
B71 52.222 5.340 7.081 4.790 2.261 B113 11.216 9.600 28.019 6.077 1.666
B72 218.639 9308 19.350 2.356 0.217 B114 -10.951 10.616  2.632 3.884 0.458
B73 74.146 6.716  10.503 10.384  0.030 B115 16.332 7.694 2.226 0.268 0.074
B74 210.457 4159 18981 7.771 0.910 B116  263.713  6.431 7.230 10.669  0.853
B75 239.190  4.651 3.991 4.296 2.049 B117  237.262 13.588 14.284  0.797 3.800
B76 146.950 8.016 1.496 9.084 1.167 B118 20.623 1.934 4.372 1.798 0.028
B77 268.227 8376 0.151 8.724 2.398 B119 216.837  4.857 1.800 6.243 4.119
B78 -12.708  5.884 2.584 0.333 0.094 B120 262.326  0.626 4.893 4.573 0.718
B79 78.146 8.323 0.564 0.185 1.527 B121 58.327 3.871 4.485 6.460 0.238
B80 259.476  7.829 2.384 9.271 0.498 B122  250.360 4.705  28.757  1.140 5.091
B81 265346  5.644  20.995 9.547 5.552 B123  130.474 12.677 9.841 2.706 0.189
B82 270518 11.795 14.939 5.305 3.592 B124  274.852  0.846 5.862 0.018 0.668
B83 222.681  3.617 6.978 5.637 7.225 B125 201.538  4.109 8.268 12991 1.702
B84 256.952  3.177 8.627 2.680 1.631 B126 219.165 11.819 6.787 0.267 0.113
B85 41.634 6.242 6.103 2.347 0.152 B127 79.541 4.377 3.657 6.295 7.902
B86 152.082 2946 1.136 8.599 1.122 B128 84.737 0.000 22.129 3.890 1.536
B87 200.854  6.992 7.962  10.108  2.165 B129  150.692  3.629 0.857 5.470 1.046
B88 188.563 3.789 10.775 8.193 1.734 B130 84.663 14.514  0.808 2.586 1.183
B89 207.485  9.937 1.973 1.387 1.107 B131 70.741 0.000 1.801 6.898 6.011
B90 275.172  7.551 0.260 0.196 5.899 B132  254.597 4.115 11.809 10.305 0.962
BI1 62.295 3.268 11.112  0.530 1.040 B133  241.047 2.685 15373  3.317 1.396
B92 270.290  9.442 3.602 0.763 0.791 B134 258972  6.589 3.590 10.511  2.879
B93 266.041  0.000 6.831 4.761 1.201 B135 273963 1.198 2.457 5.383 1.202
B94 240.013 10.452  3.243 3.541 2.029 B136  256.082 13.293  4.819 3.807 0.168
B95 239.716  0.000 1.486 4.263 0.377 B137 47.225 7.362 10.716  0.709 2.214
B96 193.364  4.717 6.897 5.714 2.320 B138 179.298  7.027 12222  0.212 1.272
B97 57.637 1.654 5.132 6.532 2.732 B139 265.841 5901 24.230 0.068 3.612
B98 84.419 7.197 8.528 1.783 0.151 B140 236.791  9.251 0.406 3.100 0.057
B99 257.143  7.659 2.052 5.074 1.877 B141 246.789  5.453 5.593 3.055 0.799
B100 39.353 5820 23947 1.087 2.863 B142  109.967 11.263  1.348 5.837 0.520
B101 266.476  6.543 9.105 8.981 4.289 B143 55.881 0.000 3.146 4.120 8.007
B102  226.362  7.474 3.245 0.314 3.206 B144 101.802 6.686 7.909 4.090 0.786
B103 77.927 7.301 7.202 3.669 2.392 B145 155.878 6.370 4.455 0.758 2.650
B104 88.123 0.000 5177 17.047 3.511 B146 172733 6.076  13.257  7.150 0.975
B105 276.998  2.048 1.998 15.052  2.689 B147 104.111 9.876 8.452 7.224 0.377
B106 97.026 7.072 2.071 1.690 2.431 B148 36.485 0.000 0.700 2.438 2.660
B107 257.649  4.602 1.885 3.434 0.361 B149 276.117  0.000 3.760 7.506 1.226
B108 81.170 10.904  4.307 1.356 2.305 B150 93.843 3.296 0.717 10311 1.152
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B151 247.343 11452  2.591 0.034 0.523 B193  256.620 10.234 11.542  0.027 2.208
B152 261.313 6.893 1.697 4.069 3.836 B194 214.278 3.956 6.748 6.547 0.112
B153 264.611 4.772 1.839 4.056 0.593 B195 63.533 1.109 0.039 5.584 0.154
B154 260915 1.011 31.345 4.335 0.407 B196 157.461 8.436 3.625 4.035 8.016
B155 255.860  3.909 7.953 4.420 0.668 B197 263.809  4.667 3.232 2.134 1.523
B156 99.363 2.104 9.457 3.366 2971 B198 53.859 16.100 1.462 1.000 7.990
B157 265.473 4564 18307 12.536  0.055 B199  263.360  3.453 0.173 11.698 0.281
B158 93.617 6.260 8.479 4.509 0.325 B200 113.582 16.959  4.809 0.141 0.818
B159 78.650 6.856 35217 5.478 2.528 B201 242.051 5.603 17950 6.393 0.352
B160 152.013 8.653 0.849 8.447 3.341 B202 252949  4.383 3.233 4.473 1.092
B161 131.586 13.662  0.942 0.542 1.596 B203  262.466  5.922 0.662 0.525 2.327
B162 38.038 4.335 7.836  11.226  2.236 B204 190.657  1.847 7.181 3.103 0.633
B163 96.109 13911 3.436 3.189 1.449 B205 126.414  4.139 2.896 0.601 5.039
B164 135.092 10.564 1.656 1.421 2.495 B206 185436  6.663 2.329 2.566 4.136
B165 103.696  6.580 8557 10.139  1.666 B207  262.745 11.119  3.795 5.625 0.718
Bl66 218.363  8.923 3.164 1.400 0.166 B208  234.452 12942 1.266 1.944 0.510
B167 220.376  7.593 5.766 7.470 1.446 B209 191.791  4.003 2471  13.097 2.585
B168 264.822  0.044 1.650 5.052 0.933 B210 262.269  8.332 1.972 1.734 0.237
B169 197.874 14.088  2.062 3.012 1.483 B211 161.683  3.035 5866 14.065 1.382
B170 166.943  0.306 3.798 4.330 6.416 B212  228.728  4.679 7.441 5.974 0.560
B171 215251 10.069  3.994 4.761 0.131 B213 40.039 0.313 0.272 5.396 1.566
B172 248454 3.874 3.482 6.610 0.452 B214  269.009 1.272 2.918 5.438 0.727
B173 42.609 11.262  4.008 5.838 9.469 B215 271.452 5956 10.516  1.633 5.854
B174 112.855 4.608 2411 12324 1.576 B216 50.370 9.366 0.078 2.544 0.718
B175 240.871 6.768 7.696 1.159 1.706 B217  253.040 9.416 1.830 7.198 0.920
B176 238965 8866 12.213 5.516 0.089 B218 128.690 5360 68.380 7.512 0.975
B177  265.240 15344 1.913 0.737 1.922 B219  262.703  2.283 1.766 4.305 0.730
B178 81.596 5825 13.199 11.275 1.152 B220 257.150 0.885 13.174 3.761 0.397
B179 247957 6.694 6.203 2.774 2.118 B221 107.698 7.721 3.936 3.415 0.741
B180  205.674  8.903 3.349 1.368 0.161 B222  239.501 8.945 2.646 5.317 0.955
B181  220.128 8.214 18.670 4.423 0.075 B223 183.368 6.836 4.598 1.739 6.817
B182 77.763 7.236 0.821 2.134 1.760 B224 113350 16.555 0.810 0.545 0.054
B183  155.538  2.484 4.768 4.281 0.989 B225 187.963 15454 1.784 1.646 0.772
B184  241.275  3.365 0.165 8.866 0.623 B226  229.516 12498  2.828 4.602 1.861
B185 138.738 13.386 23.547  2.660 1.264 B227 257.551 0.000 15425 9.718 0.972
B186  165.446  0.000 0.467 0.610 3.735 B228  242.265 7.744 6.162 4.094 1.079
B187  140.439  7.282 2.722 9.818 4.726 B229  266.261 12.254  0.810 1.323 3.199
B188 217.851  3.584 1.182 6.704 1.086 B230 146.234  4.133 4.258 0.489 0.570
B189 232410  0.000 9.222 0.698 0.598 B231 266.883  4.057 4.909 3.860 0.490
B190  -11.432 6.076 5.135 6.198 1.670 B232 93.957 9.380 1.653 7.720 0.928
B191 260.780  9.767 2.833 1.231 1.468 B233 156313  2.722 2.322 5.181 0.331
B192 257979  5.968 6.577 11.132  0.376 B234  263.275 8367 15.048 5.872 1.920
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B235 173.268  6.146 0.240 3.039 3.462 B277  153.655  8.404 6.915 4.734 2.889
B236  224.173 0.000 10986  2.491 1.777 B278 176.014 10.059 42.627 6.108 11.860
B237 181.842 16.897 4.014 0.203 2.371 B279 192.893 10.675 17.771  0.345 0.469
B238 9.288 0.000 3.020 0.267 1.227 B280 253.460 5.459 19.908 4943 2.037
B239 136.079  4.755 7.067 1.333 1.719 B281 150.396 5.416 5.017 11.684 3.917
B240 254.602 6.900 3.656 10.200 0.419 B282 34.785 10.055 1.586 7.045 1.610
B241 71.033 7.449 7.189 9.497 1.728 B283  240.115 4.096 5.318 3.760 0.196
B242  256.032  4.810 7.606 0.856 0.133 B284 111.270  7.342 0.105 4.978 3.939
B243 91.759 0.000 0.426 8.886 3.900 B285 240985  5.090 0.560 6.402 1.143
B244 192197  7.459 0.918 2.444 1.410 B286 267.462  4.499 0.641 9.221 0.659
B245 238.788 9.110 0.557 0.338 0.206 B287 128.595 11.213 26.080 0.236 0.918
B246 86.323 9.097 13.864  4.522 3.432 B288  273.670 15.248  8.650 1.852 0.248
B247 -2.803 7.876  21.117 1.357 0.077 B289  215.120 11.030 0.877 2.361 1.440
B248 277.437 11.030 1.121 4.204 4.314 B290 156.390  6.715 0.006 8.987 1.036
B249 252396 8.006 15923  0.286 1.143 B291 14.809 4.993 3.614 12.107 6.291
B250 75.106 5.466 2.015 0.242 0.076 B292 122943  5.664 1.961 2.746 1.947
B251 81.968 4.669 1.793 0.807 1.553 B293  263.267 2481 2.204 10.806  3.723
B252 190.674 12.035 0.038 5.065 0.375 B294  202.020 5.066 0.450 1.991 0.881
B253 128.869  5.872 3.160 6.315 2.142 B295 255.821 5.608 11.083  3.569 0.156
B254 45.951 9.294 7.990 7.806 1.906 B296 248414 3.847 29.153  6.045 0.966
B255 56.572 9.153 2.051 0.042 0.331 B297  249.775 15.157  7.158 1.943 3.062
B256 -5.444 5.505 3.937 2.602 2.009 B298 162.818 4.611 13981 1.718 1.238
B257 74.502  15.669  1.836 1.431 1.046 B299 198.419 9.830 4.491 7.270 0.030
B258  249.520  4.880 1.623  12.220 0.259 B300 261.508 4.566 0.778  10.722  0.132
B259 195518 10.034 0.798 7.066 0.149 B301 47.424 0.000 0.216 1.557 3.902
B260 265943  8.368 1.163 0.026 7.901 B302 239491  4.272 4.683 0.151 0.597
B261 249.341  4.960 1.878  12.140 3.274 B303 227.582 5.116 3.779 11984  2.325
B262  267.000 5.646 1.055 2.163 3.606 B304 66.853 0.000 15.575 1.370 0.168
B263 257.829  6.408 5.103 4.619 0.395 B305 257.445 11.737 3.686 5.363 0.258
B264 257.350 10.082  6.053 4.076 1.427 B306  259.032  3.499 4.449 3.538 1.622
B265 262.178 4.014 9.373 2.219 1.240 B307 265.839 10.665 7.963 6.435 0.724
B266 242175  1.169 4.598 0.833 4.578 B308 151.739  7.349 4.998 7.624 1.997
B267 28.399 8.184 0.442 0.415 0.862 B309 14.152 6.374 2.544 1.430 0.070
B268 102.289  9.527 26.010 4.524 5.557 B310  239.027  5.287 1.104 11.813 0.758
B269 264.233  4.006 1.552 13.094 0.817 B311 269.965 10.276 5.196 4.103 1.170
B270 266.048 11.759  1.548 3.124 3.304 B312 23.741 6.367 3.162 2.605 0.298
B271  230.078  2.988 1.470 1.942 3.163 B313 248905 11374 1.644 0.107 1.848
B272 245356  0.000 2.383 3.505 5.622 B314 62.649 13.678  4.568 3.318 3.284
B273  200.728  7.380 1.367 7.544 0.093 B315 59.943 0.000 6.156 4.504 0.074
B274 181.751 4.254 19.367 10.629  3.233 B316  261.430 5.079 2.393 2.840 0.096
B275 80.424  11.052  5.445 1.050 0.942 B317 37.167 15.538  2.492 1.562 1.374
B276  262.835 5.736 3.774 3.527 0.359 B318 50.844 8.712  18.443  5.563 2.210
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B319 264.254 10.219 4.174 0.475 2.357 B361 273.752  3.414 2.622 8.808 0.331
B320 90.865 1.574 1.714 5.181 1.666 B362 5.299 5.824 2.901 3.834 0.985
B321 223.120  8.005 1.410 9.095 5.258 B363  250.705  0.000 2.644 4.058 0.355
B322 188378 0.000 11.404 4.105 0.190 B364 244.454 10.201 6.112 0.698 0.145
B323 69.993 11.792  0.715 5.308 0.167 B365 268.897  8.822 6.034 7.428 0.604
B324 97.551 4.765 13.190 0.375 2.311 B366 261.037  8.920 3.921 3.806 0.233
B325 264.510 9.564 1.892 6.898 5.973 B367 173.830  5.559 3.012 5.389 0.923
B326 18371 15412  5.214 1.688 0.688 B368  266.924  0.000 1.384 0.295 4.607
B327 91.501 7.430 3.223 3.884 4.074 B369 253.835 16.230 1.621 0.870 0.801
B328 159.265  0.000 6.365 9.679 1.181 B370 194.013 4.516 2923 12584 1.028
B329 124.708 6.839 17.097 0.193 3.783 B371 257.254 3.851 0.069 1.310 9.417
B330 266.101 5.074 8.825 12.026 7.474 B372  251.774 13.659 17.325 0.346 0.812
B331 247.838  7.699 6.146 3.226 1.780 B373 10.255 8.807 0.553 7.280 0.237
B332 124957 5266 16.644  2.348 2.548 B374  228.731 9.934 3.323 4.717 0.854
B333  260.672  2.770 4.816 6.122  17.114 | B375 172.244 12.263 11.618  0.942 0.509
B334 169.215 8.415 8.385 3.164 0.563 B376  189.575  4.447 4.371 3.158 1.378
B335 196.687 16.365 9.538 0.735 1.110 B377  262.153  1.822 3.998 3.122 1.927
B336 38.490 0.000 6.628 3.279 2.727 B378  249.545  1.348 2.808 15.752 0.787
B337 252967 8354 18332 5.014 2.782 B379 163.540 5423 12.785 4.836 2.869
B338 129.657  2.399 1.854 3.538 0.444 B380 276.542  4.256 2.909 5.233 6.598
B339 251.344  0.000 7.830 8.536 3.005 B381 264.645 0.000 5.814 5.298 4.701
B340 164.541 7.529 3.812 1.089 1.075 B382 122175 11.942  7.285 0.224 0.227
B341 191.586  3.796 0.655 13.183 1.216 B383 174.084 6984 32.501 2.218 1.590
B342 248303  3.570 1.789 5.259 1.723 B384 269.631  5.005 1.444 4.406 0.028
B343 239.568 12102  2.399 4.998 1.534 | B385 124.242 6.119 2.287 0.702 1.978
B344 2.649 8.147 0.044 5.810 4.584 B386 117.890  8.987 7.366 4.302 3.076
B345 -10.943 7.567 6.112 0.488 0.756 B387 179.815 3.071 24301 4.835 11.779
B346 187.697  4.259 0.118 4.322 0.463 B388 28.597 7.481 2.103 8.232 2.661
B347 266.816 13.836 14.217 0.893 2.416 B389 224.618 6.847 0.308 1.529 6.378
B348 259.344 11.119  0.200 0.077 4.797 B390 189.176 8749 15.851 8.351 0.767
B349 84.775 5.034 0.718 4.021 1.276 B391 205.561 5.134 4.274 4.279 1.946
B350 246.106 7.986  29.074  0.442 4.103 B392  276.066  4.661 3.861 11731 6.094
B351 77.687 0.000 12.830 2.197 2.598 B393 3.125 10.641  8.073 6.459 0.317
B352 9.305 7.361 9.505 2.148 4.123 B394 -7.976 8.497 1.890 8.603 2.249
B353 269.358  2.922 0.231 2.904 1.859 B395 252289 7.671 8.475 5.363 1.005
B354 218923  3.962 1.025 11970 0.196 B396 260.694  5.257 2.581 0.028 0.254
B355 177.764 6.401 24.164 0.000 1.185 B397  209.448 5.744 0.888 0.194 0.643
B356 122.041 4219 21.847 0.578 4.064 B398 157.588  7.190 0.839 1.777 2.047
B357 269.880  4.383 7.964 2.007 0.032 B399  267.043  8.609 7.479 8.491 0.328
B358 76.214 7.628 11.707  3.110 1.991 B400 147.214 6.009 11760  3.499 0.501
B359  222.696  0.000 0.410 0.865 6.176 B401 60.319 5.483 6.006 6.067 1.176
B360 267.448 14.509 10.084 1.020 2.043 B402 241.469  4.186 0.578 3.408 3.236

268




B. No. X Z L H Y B. No. X Z L H Y

B403  212.697 8.411 2.355 0.363 0.546 B445 112.511 12.515 0.904 4.585 0.286
B404 240.786  1.310 2324 14124  7.593 B446  249.353  0.000 12.808  3.395 3.493
B405 264.693  0.529 3.623 12122  0.284 B447 85.747 11462  6.627 5.638 0.235
B406 55.846 0.376 2.829 6.313 7.232 B448  265.588  3.615 8.243 1.688 3.915
B407 216.845 4.012 0.290 4.616 2.002 B449 84.275 4.918 1.431 0.899 3.117
B408 117.090 6.582 16.386  2.280 0.392 B450 61.295 7.357 2.472 9.437 0.566
B409 110.859 10.818 2.516 2.236 0.724 B451 272.601 6.974 2.808 7.317 1.965
B410  248.301 6.904 0.835 0.553 0.402 B452 261564 3963 22301 7.812 0.013
B411 231132 11.511  4.237 5.589 2.195 B453 274463 4.736 7.065 0.198 0.852
B412 254557 4163 29.608  2.766 0.961 B454  262.652 1.216 3.316 0.774 1.196
B413 58.748 0.634 3.199 1.778 3.859 B455  257.797 14.017  7.527 3.083 9.883
B414  159.015 0.000 5.405 1.192 0.185 B456 63.507 4.471 1.099 3.588 0.345
B415 44.390 7.009 9.986 2.776 3.191 B457  246.395 15.447  1.799 1.653 2.170
B416 2.814 10.508  1.347 1.090 0.208 B458 238720 5400 14.782 2218 0.652
B417  216.101  9.054 4.829 3.148 1.090 B459  256.072 12.422  0.430 4.678 0.735
B418 101.847  0.000 8.025 0.980 0.341 B460 39.205 4.026  18.590 1986 0.054
B419 264.748 6.581 0.237 0.399 0.647 B461 49.147 0.000 2457 14174 2276
B420 -8.159 8.716 7.053 4.072 1.461 B462 28.379 4.856 10.132  0.543 0.163
B421 271499 8.982 0.445 1.775 1.954 B463  206.783  0.282 1.600 0.006 1.174
B422 64.165 3.611 0.467  13.489  1.417 B464  243.224  2.548  26.264  4.653 0.337
B423 256459  3.030 8.785 4.289 2.383 B465 235.013 10.005 3.788 0.788 1.079
B424 130.261 12.800 3.273 0.098 0.873 B466 194.096  1.563 7.328 0.851 4.639
B425 145.517 6.395 1.143 2.645 1.964 B467 260.751  5.698 4.092 2.064 0.545
B426  144.922  2.995 5.951 9.118 0.088 B468  260.975  8.700 0.684 2.322 0.321
B427 0.628 5794 10.511 5.170 1.567 B469  180.255  7.480 0.588 0.053 0.613
B428 25.872 0.000 1.615 1.240 0.134 B470 -0.161 6.546 0.401 6.372 4.184
B429 56.786 2.493 5.145 0.354 2.482 B471 131416 8.465 24963 8.635 3.796
B430 4.376 4.762  12.714  1.798 1.320 B472 131483 5914 0.262 4.163 3.974
B431 256475 2918 1.470 9.268 1.961 B473  264.652  3.143 6.286 0.272 1.553
B432  129.940  0.000 3.419 2.227 0.041 B474 -0.700 14.618  0.706 1.559 0.411
B433 42.746 9.754 8.156 4.123 4.836 B475 205913 2997 13983 4.704 0.827
B434 269.760 7.566 11.605 4.006 0.587 B476  270.983  2.809 2.297 3.278 0.073
B435 271.628 8.135 12.124 0.013 0.621 B477  260.381  9.349 5.126 6.559 2.338
B436 248945 9.884 1.281 1.001 0.523 B478 211977  6.040 3.380 11.060  3.725
B437 50.681 5.613 4509 10.428 2.381 B479  140.081  4.887 6.657 1.306 0.659
B438 13.516 0.000 19.908 10.565 0.993 B480 16.777 4.001 15.671  3.755 4.009
B439  259.220 6.710 2.067 4.040 0.198 B481 52.354 6.509 8.290 2.434 0.168
B440 167.911 12.427  5.047 4.673 0.288 B482  266.533  1.961 0.261 11.834 5.153
B441 162.259  4.795 0.123 1.661 4.323 B483 82.337 6.065 20.704  0.094 2.682
B442 7.995 6.334 25939 7.874 0.084 B484 54.013 6.722 2.008 2.303 1.097
B443  264.661  0.000 2.607 0.241 3.332 B485 99.660 2.555 2.006 12.011 0.794
B444  249.246  7.039 10.480 8.820 1.347 B486 76.136  13.307  5.383 3.793 0.048
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B. No. X Z L H Y B. No. X Z L H Y

B487 135.043 9.971 4.185 7.129 2.247 B494 16.630 5.783 0.230 10.462 1909
B488  264.629  8.768 1.035 8.332 0.764 B495 247.168 5360 11.240 11.740 2.001
B489 274.811  7.808 2.659 0.452 1.292 B496 166.680  3.069 6.229 9.079 1.802
B490 96.083 1.865 11974 0.021 1.743 B497 245776  4.661 1.076 8.113 1.180
B491 268.803  8.412 1.035 4.495 3.960 B498  244.402  5.334 1.698 2.190 1.189
B492  145.120  0.000 8.070 3.655 3.148 B499  254.529 2462  12.165 12936 0.626
B493  267.281  3.587 4.846 6.176 3.178 B500 67.274 10908  1.650 0.482 0.209
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Appendix IV - A priori and posterior
opening data

Table IV-1: A priori and posterior opening data.

Test-case 1 Test-case 2 Test-case 3
Type Priori Stat. Col Leak Post. |Stat. Col Leak Post. | Stat. Col Leak Post.
Slid. WT 0.000 |0 19.96 0.00 0.000 |0 19.97 0.00 0.000 |0 19.88 0.00 0.000
Hng. Esc. 0438 |1 0.00 0.00 0438 |1 0.00 0.00 0438 |1 0.00 0.00 0.438
Slid. WT 0.019 |0 19.88 0.00 0.000 |0 19.96 0.00 0.000 |0 20.12 0.00 0.000
Slid. WT 0.006 |0 20.02 0.00 0.000 [0 19.99 0.00 0.000 |0 19.87 0.00 0.000
Slid. WT 0.000 |0 19.81 0.00 0.000 |0 20.16 0.00 0.000 |0 20.08 0.00 0.000
Hng. Fire 0398 |0 244  0.00 0398 |0 250 0.04 0398 |0 250 0.02 0.398
Hng. Fire 0601 |1 0.00 0.00 0.601 |1 0.00 0.00 0.601 |0 252  0.04 0.601
Hng. Esc. 0649 |1 0.00 0.00 0.649 |1 0.00 0.00 0.649 |1 0.00 0.00 0.649
Hng. Esc. 0997 |1 0.00 0.00 0997 |1 0.00 0.00 0997 |1 0.00 0.00 0.997
Hng. Esc. 0.613 |0 2.32 0.01 0613 |1 0.00 0.00 0613 |1 0.00 0.00 0.613
Hng. Esc. 0365 |0 261 0.07 0365 |0 234 0.03 0365 |0 252 0.04 0.365
Slid. WT 0.021 |0 19.99 0.00 0.000 |0 20.00 0.00 0.000 |0 20.00 0.00 0.000
Hng. Esc. 0492 |1 0.00 0.00 0492 |1 0.00 0.00 0492 |0 238 0.04 0492
Slid. WT 0.006 |0 19.87 0.00 0.000 |0 19.89 0.00 0.000 |0 19.93 0.00 0.000
Hng. Esc. 0.662 |0 237 0.05 0662 |1 0.00 0.00 0662 |1 0.00 0.00 0.662
Hng. Fire 0.893 |1 0.00 0.00 0893 |1 0.00 0.00 0.893 |1 0.00 0.00 0.893
Hng. Esc. 0910 |1 0.00 0.00 0910 |1 0.00 0.00 0910 |1 0.00 0.00 0.910
Slid. WT 0.021 |0 19.99 0.00 0.000 |0 19.97 0.00 0.000 |0 19.97 0.00 0.000
Hng. Esc. 0819 |1 0.00 0.00 0819 |1 0.00 0.00 0819 |1 0.00 0.00 0.819
Slid. WT 0.003 |0 19.95 0.00 0.000 |0 1991 0.00 0.000 |0 19.89 0.00 0.000
Hng. Fire 0.566 |1 0.00 0.00 0.566 |1 0.00 0.00 0.566 |1 0.00 0.00 0.566
Hng. Fire 0963 |1 0.00 0.00 0963 |1 0.00 0.00 0963 |1 0.00 0.00 0.963
Hng. Fire 0.185 |0 245 0.06 0.185 |0 239 0.01 0185 |1 0.00 0.00 0.185
Hng. Fire 0.610 |0 255 0.00 0.610 |1 0.00 0.00 0.610 |0 245 0.01 0.610
Hng. Fire 0559 |1 0.00 0.00 0559 |1 0.00 0.00 0559 |0 243 0.01 0.559
Hng. Fire 0546 |1 0.00 0.00 0.546 |0 238 020 0546 |1 0.00 0.00 0.546
Hng. Fire 0833 |1 0.00 0.00 0.833 |0 256 0.00 0833 |1 0.00 0.00 0.833
Hng. Fire 0921 |1 0.00 0.00 0921 |0 2.64 0.01 0921 |1 0.00 0.00 0921
Hng. Fire 0912 |1 0.00 0.00 0912 |1 0.00 0.00 0912 |1 0.00 0.00 0912
Hng. Esc. 0.181 |0 253  0.01 0181 |1 0.00 0.00 0.181 |1 0.00 0.00 0.181
Slid. WT 0.000 |0 20.11 0.00 0.000 |0 20.03 0.00 0.000 |0 20.04 0.00 0.000
Hng. Esc. 0792 |0 254 0.01 0792 |0 255  0.02 0792 |1 0.00 0.00 0.792
Hng. Fire 0884 |1 0.00 0.00 0.884 |1 0.00 0.00 0.884 |1 0.00 0.00 0.884
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Slid. WT
Hng. Esc.
Hng. Esc.
Hng. Esc.
Hole
Hng. Esc.
Hole
Hole

Hng. Non-WT

Slid. Lift
Slid. Lift
Hng. Fire
Hng. Fire
Hng. Fire
Hole
Hng. Dbl.
Hng. Esc.

Fire

Hng. Non-WT

Hng. Esc.
Hng. Esc.
Hng. Dbl.
Hng. Esc.
Hng. Esc.
Slid. Lift
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Esc.
Hng. Esc.
Hole
Hng. Esc.
Hng. Fire

Fire

0.000
0.435
0.436
0.817
1.000
0.935
1.000
1.000
0.902
0.091
0.007
0.694
0.714
0.508
1.000
0.888
0.996
0.335
0.430
0.251
0.821
0.917
0.980
0.028
0.725
0.017
0.448
0.659
0.630
0.208
0.545
0.325
0.274
0.162
0.986
0.388
0.259
0.876
0.843
0.961
1.000
0.550
0.418

O O R R O R O R R O OO R R R R OO RO R R R R R B B B 2 O R R O O R R R R R R O Rk O

20.16
0.00
2.46
0.00
0.00
0.00
0.00
0.00
0.00
1.61
1.60
0.00
0.00
2.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.71
0.00
2.62
2.51
0.00
0.00
0.00
0.00
1.62
1.53
2.37
0.00
0.00
2.43
0.00
2.58
0.00
0.00
2.67
2.24

0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.07
0.04
0.02
0.00
0.00
0.07
0.00
0.06
0.00
0.00
0.05
0.12

0.000
0.435
0.436
0.817
1.000
0.935
1.000
1.000
0.902
0.091
0.007
0.694
0.714
0.508
1.000
0.888
0.996
0.335
0.430
0.251
0.821
0.917
0.980
0.028
0.725
0.017
0.448
0.659
0.630
0.208
0.545
0.325
0.274
0.162
0.986
0.388
0.259
0.876
0.843
0.961
1.000
0.550
0.418

R R R R R OO R RO R O R O R R OO R R R R RB B RB B B B B B 0 R OO R R R R R R o o o

20.05
2.55
2.39
0.00
0.00
0.00
0.00
0.00
0.00
1.38
1.52
0.00
2.66
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.43
2.70
0.00
0.00
2.53
0.00
1.41
0.00
2.45
0.00
0.00
2.39
2.57
0.00
0.00
0.00
0.00
0.00

0.00
0.01
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.02
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00

0.000
0.435
0.436
0.817
1.000
0.935
1.000
1.000
0.902
0.091
0.007
0.694
0.714
0.508
1.000
0.888
0.996
0.335
0.430
0.251
0.821
0.917
0.980
0.028
0.725
0.017
0.448
0.659
0.630
0.208
0.545
0.325
0.274
0.162
0.986
0.388
0.259
0.876
0.843
0.961
1.000
0.550
0.418
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19.97
0.00
0.00
2.50
0.00
0.00
0.00
0.00
0.00
1.50
1.50
0.00
2.52
2.42
0.00
0.00
0.00
1.40
2.50
2.24
0.00
0.00
0.00
1.63
0.00
2.52
2.71
2.61
0.00
2.34
0.00
1.31
1.57
2.59
0.00
2.50
2.47
0.00
0.00
0.00
0.00
0.00
2.65

0.00
0.00
0.00
0.06
0.00
0.00
0.00
0.00
0.00
0.02
0.02
0.00
0.00
0.02
0.00
0.00
0.00
0.02
0.03
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.05
0.00
0.01
0.00
0.06
0.03
0.05
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.01

0.000
0.435
0.436
0.817
1.000
0.935
1.000
1.000
0.902
0.091
0.007
0.694
0.714
0.508
1.000
0.888
0.996
0.335
0.430
0.251
0.821
0.917
0.980
0.028
0.725
0.017
0.448
0.659
0.630
0.208
0.545
0.325
0.274
0.162
0.986
0.388
0.259
0.876
0.843
0.961
1.000
0.550
0.418
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Slid. Prov. Room
Hole

Hng. Dbl. Fire
Hole

Hng. Fire
Hng. Dbl. Fire
Hng. Fire
Hng. Dbl. Fire
Hng. Esc.
Hng. Fire
Hole

Hng. Dbl. Fire
Hng. Cold Room
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Non-WT
Slid. Lift
Slid. Lift
Slid. Lift
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Non-WT
Hng. Esc.
Hng. Fire
Hng. Esc.
Hng. Fire
Hng. Fire
Hole

Hole

Hole

Hole

Hng. Fire
Hng. Esc.
Hng. Esc.
Hng. Esc.
Hng. Esc.
Hng. Fire
Hng. Fire
Hng. Esc.
Hole

Hole

0.040
1.000
0.459
1.000
0.796
0.752
0.649
0.841
0.955
0.471
1.000
0.800
0.166
0.706
0.987
0.803
0.168
0.082
0.221
0.006
0.888
0.323
0.586
0.638
0.913
0.985
0.459
0.389
0.795
1.000
1.000
1.000
1.000
0.827
0.727
0.838
0.621
0.860
0.661
0.758
0.179
1.000
1.000
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2.34
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.70
1.57
0.00
0.00
1.47
1.49
1.59
1.49
0.00
0.00
0.00
0.00
2.43
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.54
0.00
0.00
0.00
0.00
0.00
2.51
0.00
0.00

0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.16
0.01
0.03
0.02
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00

0.040
1.000
0.459
1.000
0.796
0.752
0.649
0.841
0.955
0.471
1.000
0.800
0.166
0.706
0.987
0.803
0.168
0.082
0.221
0.006
0.888
0.323
0.586
0.638
0.913
0.985
0.459
0.389
0.795
1.000
1.000
1.000
1.000
0.827
0.727
0.838
0.621
0.860
0.661
0.758
0.179
1.000
1.000
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0.00
0.00
2.01
0.00
0.00
0.00
0.00
0.00
0.00
2.73
0.00
0.00
3.35
1.33
0.00
0.00
0.00
1.37
1.50
1.52
0.00
0.00
2.60
0.00
0.00
0.00
2.56
2.77
2.54
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.40
2.57
2.43
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.06
0.10
0.00
0.00
0.00
0.00
0.02
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.09
0.08
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.08
0.00
0.00

0.040
1.000
0.459
1.000
0.796
0.752
0.649
0.841
0.955
0.471
1.000
0.800
0.166
0.706
0.987
0.803
0.168
0.082
0.221
0.006
0.888
0.323
0.586
0.638
0.913
0.985
0.459
0.389
0.795
1.000
1.000
1.000
1.000
0.827
0.727
0.838
0.621
0.860
0.661
0.758
0.179
1.000
1.000
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2.55
0.00
2.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.47
1.33
0.00
2.56
1.61
1.62
0.00
1.35
0.00
1.60
0.00
0.00
0.00
0.00
0.00
2.48
0.00
0.00
0.00
0.00
0.00
0.00
2.47
0.00
0.00
0.00
0.00
0.00
2.36
0.00
0.00

0.01
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.02
0.02
0.00
0.10
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.07
0.00
0.00

0.040
1.000
0.459
1.000
0.796
0.752
0.649
0.841
0.955
0.471
1.000
0.800
0.166
0.706
0.987
0.803
0.168
0.082
0.221
0.006
0.888
0.323
0.586
0.638
0.913
0.985
0.459
0.389
0.795
1.000
1.000
1.000
1.000
0.827
0.727
0.838
0.621
0.860
0.661
0.758
0.179
1.000
1.000
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Hng. Esc.
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Hole

Hng. Fire
Hng. Fire
Hng. Fire
Hole

Hng. Esc.
Hng. Esc.
Hng. Dbl. Fire
Hng. Fire
Hng. Fire

Esc. Hatch
Hng. Fire
Hng. Non-WT
Slid. WT

Esc. Hatch
Hng. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Hng. Fire
Hng. Fire
Hole

Esc. Hatch
Esc. Hatch
Esc. Hatch
Slid. WT

Esc. Hatch
Hng. Fire
Hng. Fire
Hng. Fire
Esc. Hatch
Hng. Non-WT
Slid. WT
Hng. Fire
Hng. Fire
Slid. WT
Hng. Non-WT

0.382
0.967
0.675
0.672
0.871
0.889
1.000
0.487
0.527
0.642
1.000
0.879
0.624
0.856
0.954
0.506
0.722
0.471
0.762
0.133
0.542
0.683
0.602
0.133
0.112
0.882
0.747
1.000
0.573
0.213
0.547
0.121
0.389
0.637
0.953
0.517
0.661
0.439
0.054
0.988
0.967
0.387
0.277

=R R R O O O R R R R OO0 O O R R RO R R R R O R R RO R R O R R OO O R R O R R O O

2.41
2.49
0.00
0.00
241
0.00
0.00
2.42
2.74
2.44
0.00
0.00
2.52
0.00
0.00
2.56
0.00
0.00
0.00
20.06
0.00
0.00
0.00
0.00
1.41
0.00
0.00
0.00
2.35
2.45
2.52
20.07
0.00
0.00
0.00
0.00
2.57
1.49
20.08
0.00
0.00
0.00
0.00

0.02
0.00
0.00
0.00
0.03
0.00
0.00
0.01
0.05
0.01
0.00
0.00
0.03
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.07
0.00
0.00
0.00
0.00
0.00
0.02
0.02
0.00
0.00
0.00
0.00
0.00

0.382
0.967
0.675
0.672
0.871
0.889
1.000
0.487
0.527
0.642
1.000
0.879
0.624
0.856
0.954
0.506
0.722
0.471
0.762
0.002
0.542
0.683
0.602
0.133
0.112
0.882
0.747
1.000
0.573
0.213
0.547
0.001
0.389
0.637
0.953
0.517
0.661
0.439
0.001
0.988
0.967
0.006
0.277

O O R R O O R R R R RO R OO R R R OO R R R O R R R R R R RB B B B B B B BB B B oRBoo

2.44
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
20.03
0.00
0.00
0.00
1.39
1.29
0.00
0.00
0.00
2.40
2.55
0.00
19.94
0.00
0.00
0.00
0.00
0.00
1.50
19.95
0.00
0.00
20.13
1.42

0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.06
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.01

0.382
0.967
0.675
0.672
0.871
0.889
1.000
0.487
0.527
0.642
1.000
0.879
0.624
0.856
0.954
0.506
0.722
0.471
0.762
0.002
0.542
0.683
0.602
0.133
0.112
0.882
0.747
1.000
0.573
0.213
0.547
0.001
0.389
0.637
0.953
0.517
0.661
0.439
0.001
0.988
0.967
0.006
0.277

© O R R O R R R R R OO R R R R B B O R R R R O RO R R R R O R R R R R R B B B B R

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.56
0.00
0.00
0.00
0.00
2.42
0.00
19.88
0.00
0.00
0.00
0.00
1.41
0.00
0.00
0.00
0.00
0.00
0.00
20.15
2.63
0.00
0.00
0.00
0.00
0.00
20.01
0.00
0.00
20.21
1.54

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03

0.382
0.967
0.675
0.672
0.871
0.889
1.000
0.487
0.527
0.642
1.000
0.879
0.624
0.856
0.954
0.506
0.722
0.471
0.762
0.002
0.542
0.683
0.602
0.133
0.112
0.882
0.747
1.000
0.573
0.213
0.547
0.001
0.389
0.637
0.953
0.517
0.661
0.439
0.001
0.988
0.967
0.006
0.277
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Hng. Non-WT
Hng. Non-WT
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Non-WT
Slid. Lift
Hole

Hng. Non-WT
Hng. Non-WT
Hng. Fire
Hng. Fire
Slid. Fire
Slid. Lift
Slid. Lift
Hng. Dbl. Fire
Hng. Fire
Hole

Hole

Hng. Esc.
Hng. Esc.
Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Esc.
Hole

Hng. Fire
Hng. Fire
Slid. WT
Hng. Esc.
Hng. Esc.
Hng. Esc.
Hng. Fire
Hng. Fire
Hng. Esc.
Hng. Esc.
Hole

Hng. Prov. Room
Hng. Fire
Hng. Prov. Room

Hng. Esc.

0.495
0.663
0.999
0.558
0.499
0.785
0.220
1.000
0.967
0.500
0.844
0.947
0.390
0.001
0.088
0.634
0.601
1.000
1.000
0.746
0.392
0.909
0.533
0.252
0.809
0.593
0.867
1.000
0.698
0.893
0.000
0.780
0.314
0.307
0.791
0.741
0.124
0.906
1.000
0.013
0.790
0.031
0.670

O R O R R O R OO O R O R O R R R R OO R R R R B B OO0 O O R O R R R O R O R R O O

1.57
1.53
0.00
0.00
2.58
0.00
1.42
0.00
0.00
0.00
2.55
0.00
0.98
1.56
1.39
1.91
0.00
0.00
0.00
0.00
0.00
0.00
1.55
1.43
0.00
0.00
0.00
0.00
2.45
0.00
19.98
0.00
2.42
2.52
2.42
0.00
2.55
0.00
0.00
3.38
0.00
3.46
0.00

0.01
0.06
0.00
0.00
0.03
0.00
0.02
0.00
0.00
0.00
0.04
0.00
0.01
0.11
0.07
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.02
0.01
0.11
0.00
0.02
0.00
0.00
0.00
0.00
0.06
0.00

0.495
0.663
0.999
0.558
0.499
0.785
0.220
1.000
0.967
0.500
0.844
0.947
0.390
0.001
0.088
0.634
0.601
1.000
1.000
0.746
0.392
0.909
0.533
0.252
0.809
0.593
0.867
1.000
0.698
0.893
0.000
0.780
0.314
0.307
0.791
0.741
0.124
0.906
1.000
0.013
0.790
0.031
0.670

©O O R O R R O O R O O R O R R R R R R O R RFP O O R R R R O O R R R R R R O RFP O O R R R

0.00
0.00
0.00
1.56
2.48
0.00
1.53
0.00
0.00
0.00
0.00
0.00
0.00
1.36
1.52
0.00
0.00
0.00
0.00
2.48
2.65
0.00
0.00
1.38
0.00
0.00
0.00
0.00
0.00
0.00
20.20
0.00
2.41
2.43
0.00
2.57
2.60
0.00
0.00
3.42
0.00
3.25
2.48

0.00
0.00
0.00
0.00
0.01
0.00
0.10
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.02
0.02
0.00
0.00
0.04
0.00
0.02
0.10

0.495
0.663
0.999
0.558
0.499
0.785
0.220
1.000
0.967
0.500
0.844
0.947
0.390
0.001
0.088
0.634
0.601
1.000
1.000
0.746
0.392
0.909
0.533
0.252
0.809
0.593
0.867
1.000
0.698
0.893
0.000
0.780
0.314
0.307
0.791
0.741
0.124
0.906
1.000
0.013
0.790
0.031
0.670

O O O O R R O R R O OO0 0 O R R R O R O R R R R RB B O R OO R R R O R R O R R O R R R

0.00
0.00
0.00
1.45
0.00
0.00
1.46
0.00
0.00
1.39
0.00
0.00
0.00
1.49
1.49
0.00
2.51
0.00
0.00
0.00
0.00
0.00
0.00
1.53
0.00
2.37
0.00
0.00
0.00
2.43
20.00
2.60
2.45
2.48
0.00
0.00
2.59
0.00
0.00
3.48
2.38
3.54
2.37

0.00
0.00
0.00
0.03
0.00
0.00
0.01
0.00
0.00
0.05
0.00
0.00
0.00
0.01
0.03
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.08
0.00
0.00
0.00
0.02
0.00
0.12
0.10
0.03
0.00
0.00
0.00
0.00
0.00
0.02
0.04
0.01
0.16

0.495
0.663
0.999
0.558
0.499
0.785
0.220
1.000
0.967
0.500
0.844
0.947
0.390
0.001
0.088
0.634
0.601
1.000
1.000
0.746
0.392
0.909
0.533
0.252
0.809
0.593
0.867
1.000
0.698
0.893
0.000
0.780
0.314
0.307
0.791
0.741
0.124
0.906
1.000
0.013
0.790
0.031
0.670
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Slid. Prov. Room
Slid. Prov. Room
Hng. Prov. Room
Hng. Prov. Room
Hng. Fire

Slid. Prov. Room
Slid. Prov. Room
Slid. Semi-WT
Hng. Esc.

Slid. Cold Room
Slid. Cold Room
Hng. Fire

Hole

Hole

Slid. Cold Room
Slid. Prov. Room
Slid. Prov. Room
Slid. Prov. Room
Slid. Prov. Room
Hng. Non-WT
Hole

Hole

Shell

Shell

Hng. Prov. Room
Hng. Prov. Room
Hng. Prov. Room
Hng. Non-WT
Hng. Prov. Room
Hng. Fire

Hng. Prov. Room
Hng. Prov. Room
Hng. Dbl. Fire
Hng. Fire

Hng. Fire

Hng. Prov. Room
Hng. Prov. Room
Slid. Lift

Slid. Lift

Slid. Lift

Hng. Prov. Room
Hng. Cold Room
Hng. Fire

0.020
0.030
0.031
0.100
0.449
0.004
0.047
0.930
0.358
0.106
0.015
0.635
1.000
1.000
0.049
0.093
0.142
0.040
0.061
0.613
1.000
1.000
0.000
0.000
0.056
0.045
0.086
0.235
0.101
0.912
0.029
0.011
0.859
0.979
0.347
0.020
0.016
0.094
0.349
0.142
0.021
0.003
0.880

O O O B O O O B B P O O FBr O O O O O Kk KB P PR PR O O O O O Rr PO O O O B, o o o o o o o

2.56
2.59
3.46
3.53
2.52
2.47
2.51
0.00
2.48
3.45
3.56
2.39
0.00
0.00
3.52
241
2.54
2.38
2.40
0.00
0.00
0.00
1.00
1.00
3.47
3.46
3.29
1.49
3.42
0.00
3.57
3.64
0.00
0.00
0.00
3.49
3.29
1.45
0.00
1.51
3.60
3.48
0.00

0.03
0.02
0.01
0.01
0.00
0.02
0.01
0.00
0.09
0.00
0.08
0.02
0.00
0.00
0.02
0.04
0.03
0.02
0.06
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.02
0.01
0.00
0.04
0.03
0.01
0.00

0.020
0.030
0.031
0.100
0.449
0.004
0.047
0.118
0.358
0.106
0.015
0.635
1.000
1.000
0.049
0.093
0.142
0.040
0.061
0.613
1.000
1.000
0.000
0.000
0.056
0.045
0.086
0.235
0.101
0.912
0.029
0.011
0.859
0.979
0.347
0.020
0.016
0.094
0.349
0.142
0.021
0.003
0.880

O O O O © O O O B B O O Rk O O Rk O O R kB Rk Rk B O O O R O Rk Bk O O O KB RBp O o r o o ©o o

2.33
2.44
3.49
3.51
0.00
2.40
2.34
0.00
0.00
3.55
3.41
2.39
0.00
0.00
3.43
0.00
2.44
2.53
2.54
0.00
0.00
0.00
1.00
1.00
3.45
3.40
0.00
1.47
3.60
0.00
3.48
3.54
0.00
0.00
2.25
3.57
3.45
1.46
1.56
1.54
3.50
3.36
0.00

0.10
0.01
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.01
0.02
0.06
0.00
0.00
0.09
0.00
0.01
0.02
0.04
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.04
0.00
0.04
0.03
0.00
0.00
0.01
0.01
0.06
0.01
0.00
0.01
0.05
0.00
0.00

0.020
0.030
0.031
0.100
0.449
0.004
0.047
0.118
0.358
0.106
0.015
0.635
1.000
1.000
0.049
0.093
0.142
0.040
0.061
0.613
1.000
1.000
0.000
0.000
0.056
0.045
0.086
0.235
0.101
0.912
0.029
0.011
0.859
0.979
0.347
0.020
0.016
0.094
0.349
0.142
0.021
0.003
0.880

O O O O © O O O B B O O O O O © O© O Rk Kk Kk B O O © O Fr O Rk B O O O © Fr O O r»r o o o o

2.35
2.63
3.52
3.53
0.00
2.68
2.53
0.00
2.41
3.59
3.39
2.42
0.00
0.00
3.37
0.00
2.58
2.58
2.36
1.55
0.00
0.00
1.00
1.00
3.40
3.53
3.49
1.27
3.33
2.49
3.61
3.50
0.00
0.00
2.51
3.43
3.55
1.57
1.57
1.46
3.44
3.53
0.00

0.00
0.03
0.00
0.04
0.00
0.02
0.02
0.00
0.02
0.02
0.07
0.11
0.00
0.00
0.08
0.00
0.02
0.05
0.01
0.05
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.01
0.03
0.01
0.02
0.08
0.00
0.00
0.02
0.05
0.01
0.00
0.02
0.05
0.01
0.00
0.00

0.020
0.030
0.031
0.100
0.449
0.004
0.047
0.118
0.358
0.106
0.015
0.635
1.000
1.000
0.049
0.093
0.142
0.040
0.061
0.613
1.000
1.000
0.000
0.000
0.056
0.045
0.086
0.235
0.101
0.912
0.029
0.011
0.859
0.979
0.347
0.020
0.016
0.094
0.349
0.142
0.021
0.003
0.880
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Hng. Cold Room
Hng. Prov. Room
Hng. Fire
Hng. Fire
Hole

Slid. Light-WT
Slid. Semi-WT
Hole

Hng. Esc.
Hng. Fire
Hng. Fire
Hng. Fire
Esc. Hatch
Esc. Hatch
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Esc. Hatch
Hng. Dbl. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hole

Shell

Hng. Dbl. Fire
Hng. Dbl. Fire
Hole

Hng. Esc.
Esc. Hatch
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Non-WT
Hng. Non-WT
Hng. Fire
Shell

Hng. Fire
Hng. Fire
Hole

Slid. Semi-WT
Hng. Fire

0.004
0.179
0.615
0.944
1.000
0.000
0.635
1.000
0.631
0.977
0.983
0.330
0.960
0.312
0.912
0.965
0.692
0.799
0.205
0.506
0.535
0.511
0.649
0.647
1.000
0.000
0.699
0.150
1.000
0.512
0.987
0.998
0.326
0.551
0.833
0.939
0.947
0.000
0.828
0.931
1.000
0.472
0.894

m O R O R R R R R R R R RO R R R R R RO O R R O RO R R R R O R R R R RO R R O o O

3.55
3.55
2.30
0.00
0.00
8.02
0.00
0.00
0.00
0.00
0.00
2.34
0.00
0.00
0.00
0.00
2.44
0.00
2.48
0.00
0.00
2.64
231
0.00
0.00
1.00
0.00
0.00
0.00
2.33
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.00
0.00
2.64
0.00
8.12
0.00

0.11
0.06
0.08
0.00
0.00
0.14
0.00
0.00
0.00
0.00
0.00
0.07
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.07
0.00

0.004
0.179
0.615
0.944
1.000
0.000
0.017
1.000
0.631
0.977
0.983
0.330
0.960
0.312
0.912
0.965
0.692
0.799
0.205
0.506
0.535
0.511
0.649
0.647
1.000
0.000
0.699
0.150
1.000
0.512
0.987
0.998
0.326
0.551
0.833
0.939
0.947
0.000
0.828
0.931
1.000
0.009
0.894

RO R R R R R R R RO R R R R OO R R R R O R RO R R R R O RO R RO R OO R R R O O

3.57
3.67
0.00
0.00
0.00
7.97
7.96
0.00
2.52
0.00
0.00
241
0.00
2.45
0.00
0.00
0.00
0.00
2.55
0.00
0.00
2.49
0.00
0.00
0.00
1.00
2.13
1.96
0.00
0.00
0.00
0.00
1.45
0.00
0.00
0.00
0.00
1.00
0.00
0.00
0.00
8.01
0.00

0.01
0.13
0.00
0.00
0.00
0.04
0.00
0.00
0.03
0.00
0.00
0.03
0.00
0.06
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.05
0.02
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.004
0.179
0.615
0.944
1.000
0.000
0.017
1.000
0.631
0.977
0.983
0.330
0.960
0.312
0.912
0.965
0.692
0.799
0.205
0.506
0.535
0.511
0.649
0.647
1.000
0.000
0.699
0.150
1.000
0.512
0.987
0.998
0.326
0.551
0.833
0.939
0.947
0.000
0.828
0.931
1.000
0.009
0.894

BR R R O R R R R O R R RO R O R R R R R R B OO0 R R R R O R O R O R R R O R R R o o

3.47
3.63
0.00
0.00
0.00
8.19
0.00
0.00
0.00
2.28
0.00
2.59
0.00
2.43
0.00
0.00
0.00
0.00
2.37
2.02
0.00
0.00
0.00
0.00
0.00
1.00
0.00
2.06
0.00
2.46
0.00
0.00
0.00
2.59
0.00
0.00
0.00
1.00
2.48
0.00
0.00
0.00
0.00

0.12
0.12
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.04
0.00
0.01
0.00
0.03
0.00
0.00
0.00
0.00
0.03
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.02
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00

0.004
0.179
0.615
0.944
1.000
0.000
0.017
1.000
0.631
0.977
0.983
0.330
0.960
0.312
0.912
0.965
0.692
0.799
0.205
0.506
0.535
0.511
0.649
0.647
1.000
0.000
0.699
0.150
1.000
0.512
0.987
0.998
0.326
0.551
0.833
0.939
0.947
0.000
0.828
0.931
1.000
0.009
0.894
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Slid. Light-WT
Hole

Hole

Shell

Hole

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Shell

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Esc.
Hng. Dbl. Fire
Shell

Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Shell

Slid. Lift
Slid. Lift
Hole

Hole

Slid. Lift
Slid. Lift
Hole

Hole

Slid. Fire
Hole

Slid. Lift
Slid. Lift
Hole

Hole

Hng. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Shell

0.097
1.000
1.000
0.000
1.000
0.930
0.923
0.592
0.406
0.000
0.961
0.978
0.924
0.961
0.935
0.568
0.353
0.093
0.840
0.000
0.849
0.724
0.330
0.000
0.154
0.175
1.000
1.000
0.057
0.139
1.000
1.000
0.496
1.000
0.029
0.116
1.000
1.000
0.504
0.991
0.867
0.563
0.000

e e T T = T S — T S e e S S — S S S I = T S — R R N N T = T e e e T T = T T S S e e e e S S S S N S S )

8.03
0.00
0.00
1.00
0.00
0.00
0.00
0.00
0.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.55
0.00
1.00
0.00
1.96
1.92
1.00
1.60
1.61
0.00
0.00
1.39
1.46
0.00
0.00
0.00
0.00
1.54
1.37
0.00
0.00
0.00
0.00
0.00
0.00
1.00

0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.02
0.04
0.00
0.02
0.01
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.02
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.001
1.000
1.000
0.000
1.000
0.930
0.923
0.592
0.406
0.000
0.961
0.978
0.924
0.961
0.935
0.568
0.353
0.093
0.840
0.000
0.849
0.724
0.330
0.000
0.154
0.175
1.000
1.000
0.057
0.139
1.000
1.000
0.496
1.000
0.029
0.116
1.000
1.000
0.504
0.991
0.867
0.563
0.000

R O O R R R R O O R O R R OO R R OO R O R R R R OO R R R R R R RBR O R R R R RBR R RO

7.97
0.00
0.00
1.00
0.00
0.00
0.00
0.00
2.10
1.00
0.00
0.00
0.00
0.00
0.00
0.00
2.52
2.67
0.00
1.00
0.00
0.00
2.12
1.00
1.44
1.43
0.00
0.00
1.50
1.46
0.00
0.00
1.06
0.00
1.44
1.45
0.00
0.00
0.00
0.00
2.10
2.04
1.00

0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.02
0.00
0.00
0.00
0.00
0.04
0.00
0.01
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.04
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00

0.001
1.000
1.000
0.000
1.000
0.930
0.923
0.592
0.406
0.000
0.961
0.978
0.924
0.961
0.935
0.568
0.353
0.093
0.840
0.000
0.849
0.724
0.330
0.000
0.154
0.175
1.000
1.000
0.057
0.139
1.000
1.000
0.496
1.000
0.029
0.116
1.000
1.000
0.504
0.991
0.867
0.563
0.000

R R R R O R R O O R O R R OO R R OO R O O R R O R O O R R R R R R O R R R R R R R ©

7.99
0.00
0.00
1.00
0.00
0.00
0.00
0.00
1.94
1.00
0.00
0.00
0.00
0.00
0.00
2.64
2.57
0.00
1.90
1.00
0.00
1.96
2.04
1.00
1.41
1.49
0.00
0.00
1.33
1.55
0.00
0.00
1.01
0.00
1.58
1.44
0.00
0.00
2.56
0.00
0.00
0.00
1.00

0.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.06
0.00
0.09
0.00
0.00
0.04
0.01
0.00
0.02
0.10
0.00
0.00
0.00
0.08
0.00
0.00
0.03
0.00
0.01
0.02
0.00
0.00
0.03
0.00
0.00
0.00
0.00

0.001
1.000
1.000
0.000
1.000
0.930
0.923
0.592
0.406
0.000
0.961
0.978
0.924
0.961
0.935
0.568
0.353
0.093
0.840
0.000
0.849
0.724
0.330
0.000
0.154
0.175
1.000
1.000
0.057
0.139
1.000
1.000
0.496
1.000
0.029
0.116
1.000
1.000
0.504
0.991
0.867
0.563
0.000
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Hng. Fire
Slid. Semi-WT
Hng. Fire
Hole

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Hng. Fire
Hole

Hole

Hng. Fire
Slid. Semi-WT
Hng. Fire
Slid. Lift
Slid. Lift
Shell

Shell

Hng. Fire
Hng. Fire
Hole

Hng. Fire
Hng. Fire
Hole

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hole

Slid. Light-WT
Hng. Fire
Hng. Fire
Hng. Fire
Hole

Hng. Fire
Hole

Hng. Fire
Slid. Semi-WT
Hole

Hng. Fire
Hole

Hng. Fire
Hng. Dbl. Fire

0.804
0.696
0.658
1.000
0.274
0.727
0.251
0.502
0.885
1.000
1.000
0.680
0.517
0.738
0.017
0.187
0.000
0.000
0.798
0.922
1.000
0.840
0.921
1.000
0.821
0.969
0.943
0.881
1.000
0.080
0.946
0.997
0.418
1.000
0.892
1.000
0.741
0.492
1.000
0.489
1.000
0.566
0.945

mR R O R R R R R RO R RO R RO RO R R O R R R R R O R R R R R RB B B 0O R R R

0.00
0.00
0.00
0.00
2.46
2.53
241
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.56
1.00
1.00
0.00
0.00
0.00
2.63
0.00
0.00
2.21
0.00
2.35
0.00
0.00
8.03
0.00
0.00
2.48
0.00
0.00
0.00
0.00
0.00
0.00
2.49
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.06
0.02
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.04
0.00
0.01
0.00
0.00
0.03
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00

0.804
0.023
0.658
1.000
0.274
0.727
0.251
0.502
0.885
1.000
1.000
0.680
0.011
0.738
0.017
0.187
0.000
0.000
0.798
0.922
1.000
0.840
0.921
1.000
0.821
0.969
0.943
0.881
1.000
0.001
0.946
0.997
0.418
1.000
0.892
1.000
0.741
0.010
1.000
0.489
1.000
0.566
0.945

RO R O R R R R R R O R OO R O R R R R R RPB B OO R R OO R O R R R R OO R R R R O R

0.00
8.00
0.00
0.00
0.00
0.00
2.47
1.80
0.00
0.00
0.00
0.00
8.05
0.00
1.57
1.63
1.00
1.00
2.61
2.41
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.44
0.00
8.07
2.50
0.00
2.49
0.00
0.00
0.00
0.00
0.00
0.00
2.51
0.00
2.47
0.00

0.00
0.03
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.05
0.00
0.05
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.03
0.03
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.02
0.00

0.804
0.023
0.658
1.000
0.274
0.727
0.251
0.502
0.885
1.000
1.000
0.680
0.011
0.738
0.017
0.187
0.000
0.000
0.798
0.922
1.000
0.840
0.921
1.000
0.821
0.969
0.943
0.881
1.000
0.001
0.946
0.997
0.418
1.000
0.892
1.000
0.741
0.010
1.000
0.489
1.000
0.566
0.945

e e e e e T = T S e e e e = N e N e S e = T T = T = e S e e S B = N e S e N S S N I = I = = T = T N

0.00
0.00
0.00
0.00
0.00
0.00
2.41
2.00
0.00
0.00
0.00
0.00
0.00
2.45
1.39
1.39
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
7.92
0.00
0.00
2.51
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.11
0.04
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.804
0.023
0.658
1.000
0.274
0.727
0.251
0.502
0.885
1.000
1.000
0.680
0.011
0.738
0.017
0.187
0.000
0.000
0.798
0.922
1.000
0.840
0.921
1.000
0.821
0.969
0.943
0.881
1.000
0.001
0.946
0.997
0.418
1.000
0.892
1.000
0.741
0.010
1.000
0.489
1.000
0.566
0.945
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Hng. Fire
Hng. Fire
Hng. Fire
Hole

Hole

Hng. Fire
Hng. Fire
Hole

Slid. Semi-WT
Slid. Semi-WT
Hng. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Hole

Hole

Hng. Non-WT
Hng. Non-WT
Hole

Hole

Slid. Lift
Slid. Lift
Hng. Non-WT
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Shell

Shell

Hng. Fire
Hole

Slid. Semi-WT
Hole

Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Fire
Slid. Lift
Slid. Lift

Esc. Hatch
Esc. Hatch
Hng. Non-WT

0.580
0.403
0.774
1.000
1.000
0.825
0.924
1.000
0.477
0.514
0.337
0.670
0.109
0.095
1.000
1.000
0.798
0.746
1.000
1.000
0.371
0.017
0.410
0.397
0.288
0.757
0.789
0.000
0.000
0.656
1.000
0.518
1.000
0.937
0.955
0.893
0.122
0.861
0.286
0.246
0.346
0.367
0.724

O O O O O O O R R R RO R O R R O RO R OO O R RO R R R OO R R R R R RO R R R Rk o

2.55
0.00
0.00
0.00
0.00
2.51
0.00
0.00
0.00
0.00
0.00
0.00
1.45
1.43
0.00
0.00
0.00
1.64
0.00
0.00
1.53
1.34
1.66
0.00
1.80
0.00
2.07
1.00
1.00
2.52
0.00
7.88
0.00
0.00
0.00
0.00
2.30
2.31
1.36
1.32
2.47
2.58
1.45

0.22
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.01
0.00
0.00
0.01
0.00
0.11
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.11
0.00
0.05
0.02
0.01
0.07

0.580
0.403
0.774
1.000
1.000
0.825
0.924
1.000
0.009
0.011
0.337
0.670
0.109
0.095
1.000
1.000
0.798
0.746
1.000
1.000
0.371
0.017
0.410
0.397
0.288
0.757
0.789
0.000
0.000
0.656
1.000
0.011
1.000
0.937
0.955
0.893
0.122
0.861
0.286
0.246
0.346
0.367
0.724

R O O 0 O O O R R R R R R R R RBR O R R OO0 O O R R R R R B OO R O OO R R R R R R O R

0.00
2.52
0.00
0.00
0.00
0.00
0.00
0.00
7.99
8.10
2.54
0.00
1.36
1.48
0.00
0.00
0.00
0.00
0.00
0.00
1.61
1.55
1.59
1.84
0.00
0.00
2.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.58
2.63
1.38
1.55
2.44
2.43
0.00

0.00
0.09
0.00
0.00
0.00
0.00
0.00
0.00
0.11
0.01
0.07
0.00
0.11
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.12
0.01
0.02
0.01
0.00
0.00
-0.19
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.09
0.03
0.03
0.03
0.06
0.00

0.580
0.403
0.774
1.000
1.000
0.825
0.924
1.000
0.009
0.011
0.337
0.670
0.109
0.095
1.000
1.000
0.798
0.746
1.000
1.000
0.371
0.017
0.410
0.397
0.288
0.757
0.789
0.000
0.000
0.656
1.000
0.011
1.000
0.937
0.955
0.893
0.122
0.861
0.286
0.246
0.346
0.367
0.724

B O R O R R O R O R R R R R R R R B RB O R OO R R R R R RBR O R R O RO R R R R RB B O R

0.00
2.50
0.00
0.00
0.00
0.00
0.00
0.00
7.95
0.00
2.52
0.00
0.00
1.49
0.00
0.00
0.00
0.00
0.00
0.00
1.49
1.41
0.00
1.95
0.00
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
2.47
0.00
2.61
0.00
0.00
1.50
0.00
2.45
0.00

0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.02
0.00
0.00
0.01
0.00
0.05
0.00

0.580
0.403
0.774
1.000
1.000
0.825
0.924
1.000
0.009
0.011
0.337
0.670
0.109
0.095
1.000
1.000
0.798
0.746
1.000
1.000
0.371
0.017
0.410
0.397
0.288
0.757
0.789
0.000
0.000
0.656
1.000
0.011
1.000
0.937
0.955
0.893
0.122
0.861
0.286
0.246
0.346
0.367
0.724
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Hng. Non-WT
Hng. Fire
Hole

Hng. Non-WT
Hng. Non-WT
Hng. Fire
Hng. Dbl. Fire
Hng. Non-WT
Hole

Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Esc.
Hng. Non-WT
Hole

Slid. Lift
Hole

Slid. Light-WT
Hng. Fire
Hng. Fire
Hng. Esc.

Esc. Hatch
Esc. Hatch
Hng. Esc.
Hng. Weat.
Hng. Weat.
Hng. Weat.
Hng. Weat.
Hng. Weat.
Hng. Weat.
Hng. Weat.
Hole

Hole

Hole

Hng. Cold Room
Hng. Fire
Hng. Non-WT
Hng. Non-WT
Hole

Hng. Prov. Room
Hng. Fire
Hng. Fire
Hng. Cold Room

0.782
0.997
1.000
0.952
0.867
0.939
0.888
0.980
1.000
0.899
0.171
0.229
0.124
0.920
1.000
0.061
1.000
0.121
0.458
0.420
0.618
0.658
0.341
0.481
0.229
0.011
0.019
0.000
0.047
0.023
0.000
1.000
1.000
1.000
0.026
0.922
0.668
0.686
1.000
0.164
0.761
0.570
0.063

O O R O R R O R R R R RO O O O O O O R R R O O O O RO R R OO O R R R R RO O R ko

0.00
0.00
0.00
1.34
1.54
0.00
0.00
0.00
0.00
0.00
241
2.48
2.46
0.00
0.00
1.64
0.00
8.16
2.39
2.49
2.44
0.00
0.00
0.00
3.47
3.54
3.29
3.23
3.37
3.58
3.56
0.00
0.00
0.00
0.00
0.00
1.56
0.00
0.00
3.62
0.00
2.61
3.41

0.00
0.00
0.00
0.07
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.03
0.00
0.08
0.01
0.05
0.00
0.00
0.00
0.00
0.01
0.01
0.02
0.01
0.01
0.08
0.01
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.05
0.01

0.782
0.997
1.000
0.952
0.867
0.939
0.888
0.980
1.000
0.899
0.171
0.229
0.124
0.920
1.000
0.061
1.000
0.001
0.458
0.420
0.618
0.658
0.341
0.481
0.229
0.011
0.019
0.000
0.047
0.023
0.000
1.000
1.000
1.000
0.026
0.922
0.668
0.686
1.000
0.164
0.761
0.570
0.063

O R RPR O R R R R O R R P O O O O O O O O O O R O O O R O R R R O O R R R R R R O R B R

0.00
0.00
0.00
1.47
0.00
0.00
0.00
0.00
0.00
0.00
2.33
2.61
0.00
0.00
0.00
1.62
0.00
8.17
2.59
2.47
0.00
2.74
2.48
2.60
3.48
3.45
3.48
3.44
3.34
3.44
3.39
0.00
0.00
0.00
3.44
0.00
0.00
0.00
0.00
3.29
0.00
0.00
3.40

0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.05
0.00
0.00
0.00
0.11
0.00
0.03
0.07
0.00
0.00
0.04
0.01
0.01
0.00
0.02
0.06
0.02
0.00
0.06
0.02
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.04

0.782
0.997
1.000
0.952
0.867
0.939
0.888
0.980
1.000
0.899
0.171
0.229
0.124
0.920
1.000
0.061
1.000
0.001
0.458
0.420
0.618
0.658
0.341
0.481
0.229
0.011
0.019
0.000
0.047
0.023
0.000
1.000
1.000
1.000
0.026
0.922
0.668
0.686
1.000
0.164
0.761
0.570
0.063

O R R O R P O O O R R R O O © © © © © © R R R PR O R PR O R O © © O R R R R R R R R R O

1.53
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.63
2.61
2.58
1.48
0.00
1.47
0.00
0.00
2.56
0.00
0.00
0.00
0.00
2.41
3.47
3.33
3.58
3.51
3.53
3.39
3.53
0.00
0.00
0.00
3.66
2.55
1.41
0.00
0.00
3.56
0.00
0.00
3.34

0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.07
0.02
0.09
0.00
0.02
0.00
0.00
0.06
0.00
0.00
0.00
0.00
0.03
0.03
0.01
0.06
0.14
0.01
0.04
0.03
0.00
0.00
0.00
0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.08

0.782
0.997
1.000
0.952
0.867
0.939
0.888
0.980
1.000
0.899
0.171
0.229
0.124
0.920
1.000
0.061
1.000
0.001
0.458
0.420
0.618
0.658
0.341
0.481
0.229
0.011
0.019
0.000
0.047
0.023
0.000
1.000
1.000
1.000
0.026
0.922
0.668
0.686
1.000
0.164
0.761
0.570
0.063
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Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Esc.
Hng. Dbl. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Slid. Lift
Hng. Fire
Hng. Fire
Hole

Hole

Hole

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Hng. Non-WT
Hng. Non-WT
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Fire
Hng. Non-WT
Hng. Non-WT
Hng. Fire
Slid. Fire
Slid. Fire
Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Non-WT
Hole

Hole

Hng. Fire
Hole

0.935
0.863
0.554
0.088
0.631
0.641
0.990
0.722
0.871
0.874
0.362
0.796
0.151
0.167
0.114
0.989
0.503
1.000
1.000
1.000
0.936
0.045
0.507
0.713
0.393
0.766
0.598
0.427
0.462
0.172
0.671
0.660
0.113
0.399
0.479
0.527
0.808
0.618
0.883
1.000
1.000
0.310
1.000

O R R O R O O O O O R R O O R O RO R OO R R R R R R OO0 O R O R R R R R R O R ko

0.00
0.00
0.00
2.35
0.00
0.00
0.00
0.00
0.00
0.00
2.03
0.00
1.46
1.41
1.60
0.00
0.00
0.00
0.00
0.00
0.00
2.50
2.60
0.00
1.82
0.00
1.59
0.00
2.01
2.62
0.00
0.00
2.39
1.09
1.08
2.50
2.45
0.00
1.46
0.00
0.00
2.70
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.14
0.01
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.01
0.00
0.04
0.00
0.07
0.00
0.00
0.01
0.00
0.00
0.07
0.02
0.13
0.03
0.02
0.00
0.02
0.00
0.00
0.04
0.00

0.935
0.863
0.554
0.088
0.631
0.641
0.990
0.722
0.871
0.874
0.362
0.796
0.151
0.167
0.114
0.989
0.503
1.000
1.000
1.000
0.936
0.045
0.507
0.713
0.393
0.766
0.598
0.427
0.462
0.172
0.671
0.660
0.113
0.399
0.479
0.527
0.808
0.618
0.883
1.000
1.000
0.310
1.000

RO R R R R R R R B O 0 0 0 O O R RO R R O R R R R O R OO O R O R RO R OO O R O R

0.00
1.42
0.00
2.51
2.45
2.49
0.00
2.46
0.00
0.00
1.98
0.00
1.74
1.43
1.27
0.00
2.46
0.00
0.00
0.00
0.00
2.54
0.00
0.00
2.12
0.00
0.00
1.83
1.81
2.53
1.65
1.59
2.56
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.71
0.00

0.00
0.01
0.00
0.04
0.03
0.01
0.00
0.01
0.00
0.00
0.03
0.00
0.01
0.11
0.02
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.04
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.935
0.863
0.554
0.088
0.631
0.641
0.990
0.722
0.871
0.874
0.362
0.796
0.151
0.167
0.114
0.989
0.503
1.000
1.000
1.000
0.936
0.045
0.507
0.713
0.393
0.766
0.598
0.427
0.462
0.172
0.671
0.660
0.113
0.399
0.479
0.527
0.808
0.618
0.883
1.000
1.000
0.310
1.000

R O R R R O R R R R O R R O O O R R O R O O R R R R R R O O O R R R R O R R O O R R R

0.00
0.00
0.00
2.57
2.59
0.00
0.00
2.45
0.00
0.00
0.00
0.00
1.54
1.68
1.50
0.00
0.00
0.00
0.00
0.00
0.00
2.46
2.41
0.00
2.00
0.00
0.00
2.02
1.95
2.48
0.00
0.00
2.35
0.00
0.00
0.00
0.00
1.53
0.00
0.00
0.00
2.53
0.00

0.00
0.00
0.00
0.11
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.01
0.03
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.05
0.00
0.00
0.02
0.00
0.03
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.04
0.00

0.935
0.863
0.554
0.088
0.631
0.641
0.990
0.722
0.871
0.874
0.362
0.796
0.151
0.167
0.114
0.989
0.503
1.000
1.000
1.000
0.936
0.045
0.507
0.713
0.393
0.766
0.598
0.427
0.462
0.172
0.671
0.660
0.113
0.399
0.479
0.527
0.808
0.618
0.883
1.000
1.000
0.310
1.000
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Hng. Fire
Slid. Lift
Slid. Lift
Shell
Slid. Weat.
Hole
Slid. Lift
Slid. Lift
Slid. Lift
Slid. Lift
Slid. Weat.
Shell
Slid. Fire
Hng. Fire
Slid. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Slid. Semi-WT
Hng. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Hng. Fire
Hng. Fire
Hole
Hole
Hole
Hng. Esc.

B-Class Struct.
B-Class Struct.

Hng. Fire
Hng. Fire
Hng. Fire

Slid. Semi-WT
Hole

Hng. Fire
Hng. Non-WT
Hng. Fire

B-Class Struct.
B-Class Struct.

0.715
0.035
0.036
0.000
0.516
1.000
0.238
0.109
0.064
0.042
0.318
0.000
0.836
0.941
0.968
0.409
0.863
0.919
0.924
0.937
0.580
0.872
0.954
0.343
0.106
0.925
0.881
1.000
1.000
1.000
0.837
1.000
1.000
0.818
0.585
0.753
0.946
1.000
0.660
0.278
0.422
1.000
1.000

m R R O O R R R OO R R R R R R R R OO R R R R R B OO R R R R OO O R R R R R O O M

0.00
1.51
1.49
1.00
0.00
0.00
0.00
0.00
1.46
1.48
1.03
1.00
0.00
0.00
0.00
2.51
2.58
0.00
0.00
0.00
0.00
0.00
0.00
1.55
1.54
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.65
2.56
0.00
0.00
0.00
2.38
1.43
0.00
0.00
0.00

0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.01
0.05
0.00
0.00
0.00
0.00
0.02
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00

0.715
0.035
0.036
0.000
0.516
1.000
0.238
0.109
0.064
0.042
0.318
0.000
0.836
0.941
0.968
0.409
0.863
0.919
0.924
0.937
0.014
0.872
0.954
0.343
0.106
0.925
0.881
1.000
1.000
1.000
0.837
1.000
1.000
0.818
0.585
0.753
0.150
1.000
0.660
0.278
0.422
1.000
1.000

R R O O R R R R O R R RO R R R R RBR OO R R R R R RB RB R B RPB B B R OO0 0 OO0 R Rk R O o O

2.56
1.32
1.60
1.00
0.00
0.00
1.38
1.50
1.41
1.39
0.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.53
1.56
0.00
0.00
0.00
0.00
0.00
2.42
0.00
0.00
0.00
2.37
0.00
0.00
0.00
0.00
1.64
2.53
0.00
0.00

0.03
0.06
0.03
0.00
0.00
0.00
0.02
0.04
0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.04
0.00
0.00
0.00
0.00
0.00
-0.05
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.02
0.02
0.00
0.00

0.715
0.035
0.036
0.000
0.516
1.000
0.238
0.109
0.064
0.042
0.318
0.000
0.836
0.941
0.968
0.409
0.863
0.919
0.924
0.937
0.014
0.872
0.954
0.343
0.106
0.925
0.881
1.000
1.000
1.000
0.837
1.000
1.000
0.818
0.585
0.753
0.150
1.000
0.660
0.278
0.422
1.000
1.000

BR O O R R R R R R R R R R R R R RO O R RO R R R OO R R R R OO0 0 OO0 R O R O RO

2.38
0.00
1.54
1.00
1.16
0.00
1.51
1.51
1.51
1.70
1.04
1.00
0.00
0.00
0.00
2.53
2.40
0.00
0.00
0.00
8.01
0.00
0.00
1.46
1.47
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.60
2.44
0.00
0.00

0.01
0.00
0.00
0.00
0.00
0.00
0.03
0.08
0.04
0.04
0.01
0.00
0.00
0.00
0.00
0.10
0.00
0.00
0.00
0.00
0.06
0.00
0.00
0.00
0.09
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00

0.715
0.035
0.036
0.000
0.516
1.000
0.238
0.109
0.064
0.042
0.318
0.000
0.836
0.941
0.968
0.409
0.863
0.919
0.924
0.937
0.014
0.872
0.954
0.343
0.106
0.925
0.881
1.000
1.000
1.000
0.837
1.000
1.000
0.818
0.585
0.753
0.150
1.000
0.660
0.278
0.422
1.000
1.000
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Hng. Fire
Hng. Non-WT
Hng. Fire

Slid. Lift

Slid. Lift

Slid. Lift

Slid. Lift

Hole

Hng. Fire
Hng. Fire
Hole

Hng. Fire

Slid. Semi-WT
Hng. Fire

Slid. Semi-WT
Hole

Hng. Non-WT

B-Class Struct.

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Non-WT
Hng. Non-WT
Hng. Non-WT
Slid. Lift

Slid. Lift

Hng. Fire
Hng. Fire
Hng. Fire
Hole

Hng. Non-WT
Hole

Hole

Hng. Non-WT
Hng. Non-WT
Hole

Hng. Non-WT
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Hng. Fire

0.220
0.952
0.596
0.031
0.128
0.127
0.327
1.000
0.559
0.710
1.000
0.900
0.479
0.295
0.541
1.000
0.891
1.000
0.444
0.145
0.462
0.931
0.575
0.678
0.560
0.087
0.187
0.400
0.947
0.609
1.000
0.157
1.000
1.000
0.792
0.573
1.000
0.375
0.935
0.957
0.383
0.963
0.752

m R O R R O R RO R RO R R R O RO OO R R OO R RO R R R R R R RBR O R OO O O O R O

2.52
0.00
2.51
1.38
1.43
1.37
1.42
0.00
2.52
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.56
0.00
0.00
2.62
2.71
0.00
0.00
1.59
1.53
1.39
0.00
2.64
0.00
0.00
0.00
1.54
0.00
0.00
1.46
0.00
0.00
1.44
0.00
0.00
2.69
0.00
0.00

0.01
0.00
0.10
0.10
0.01
0.01
0.01
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.00
0.00
0.02
0.02
0.00
0.00
0.00
0.01
0.01
0.00
0.06
0.00
0.00
0.00
0.02
0.00
0.00
0.02
0.00
0.00
0.02
0.00
0.00
0.01
0.00
0.00

0.220
0.952
0.596
0.031
0.128
0.127
0.327
1.000
0.559
0.710
1.000
0.900
0.009
0.295
0.012
1.000
0.891
1.000
0.444
0.145
0.462
0.931
0.575
0.678
0.560
0.087
0.187
0.400
0.947
0.609
1.000
0.157
1.000
1.000
0.792
0.573
1.000
0.375
0.935
0.957
0.383
0.963
0.752

R R O R R O R R R R R O R R R O O O R O R RP OO O R R R R OO R R R R R O R OO O R R

0.00
0.00
2.42
1.49
1.41
0.00
1.56
0.00
0.00
0.00
0.00
0.00
8.06
2.58
0.00
0.00
0.00
0.00
2.42
2.43
2.51
0.00
0.00
1.37
0.00
1.60
1.46
2.49
0.00
0.00
0.00
1.53
0.00
0.00
0.00
0.00
0.00
1.43
0.00
0.00
241
0.00
0.00

0.00
0.00
0.02
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.11
0.05
0.00
0.00
0.00
0.00
0.04
0.03
0.03
0.00
0.00
0.02
0.00
0.03
0.01
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.00
0.00

0.220
0.952
0.596
0.031
0.128
0.127
0.327
1.000
0.559
0.710
1.000
0.900
0.009
0.295
0.012
1.000
0.891
1.000
0.444
0.145
0.462
0.931
0.575
0.678
0.560
0.087
0.187
0.400
0.947
0.609
1.000
0.157
1.000
1.000
0.792
0.573
1.000
0.375
0.935
0.957
0.383
0.963
0.752

R R O R R O R R R R R O R O R R O O O O R R R O O R O R R O O R R P O R O O © © KR R O

2.45
0.00
0.00
1.44
1.50
1.55
1.48
0.00
2.58
0.00
0.00
0.00
7.99
2.44
0.00
0.00
1.59
0.00
2.42
2.51
0.00
0.00
0.00
1.50
1.49
1.42
1.23
0.00
0.00
2.59
0.00
1.42
0.00
0.00
0.00
0.00
0.00
1.49
0.00
0.00
2.54
0.00
0.00

0.01
0.00
0.00
0.02
0.04
0.08
0.02
0.00
-0.03
0.00
0.00
0.00
0.11
0.05
0.00
0.00
0.06
0.00
0.04
0.04
0.00
0.00
0.00
0.03
0.01
0.01
0.06
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.01
0.00
0.00

0.220
0.952
0.596
0.031
0.128
0.127
0.327
1.000
0.559
0.710
1.000
0.900
0.009
0.295
0.012
1.000
0.891
1.000
0.444
0.145
0.462
0.931
0.575
0.678
0.560
0.087
0.187
0.400
0.947
0.609
1.000
0.157
1.000
1.000
0.792
0.573
1.000
0.375
0.935
0.957
0.383
0.963
0.752
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Hng. Fire
Hng. Fire
Hng. Fire
Slid. Lift
Hole

Slid. Semi-WT
Slid. Semi-WT
Hng. Fire
Hng. Non-WT
Hole

Hole

Hng. Fire
Hng. Esc.
Hng. Fire
Hng. Esc.
Hng. Non-WT
Hng. Fire
Hng. Non-WT
Hng. Dbl. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hole

Hng. Fire
Hng. Fire
Hole

Hng. Fire
Hng. Non-WT
Hng. Non-WT
Hng. Lift
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Cold Room
Hng. Non-WT
Hng. Non-WT
Hng. Non-WT
Hng. Cold Room

Hng. Prov. Room

0.588
0.781
0.448
0.057
1.000
0.460
0.506
0.580
0.328
1.000
1.000
0.566
0.694
0.798
0.785
0.987
0.749
0.936
0.745
0.387
0.952
0.349
0.697
0.980
0.431
1.000
0.861
0.660
1.000
0.733
0.900
0.674
0.095
0.357
0.182
0.821
0.894
0.020
0.881
0.271
0.546
0.025
0.009

O O R Rk O O R O O O O R O O R R R RO R R O R R R R R R R R RO R R R R RO R O O Rk o

0.00
0.00
2.39
1.45
0.00
7.86
0.00
0.00
0.00
0.00
0.00
2.55
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.39
0.00
0.00
2.35
0.00
0.00
0.00
0.00
2.37
1.47
0.00
1.55
1.36
2.66
2.58
0.00
3.40
1.56
0.00
0.00
3.50
3.53

0.00
0.00
0.01
0.11
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.01
0.03
0.00
0.07
0.00
0.11
0.01
0.00
0.03
0.00
0.00
0.00
0.01
0.02

0.588
0.781
0.448
0.057
1.000
0.009
0.010
0.580
0.328
1.000
1.000
0.566
0.694
0.798
0.785
0.987
0.749
0.936
0.745
0.387
0.952
0.349
0.697
0.980
0.431
1.000
0.861
0.660
1.000
0.733
0.900
0.674
0.095
0.357
0.182
0.821
0.894
0.020
0.881
0.271
0.546
0.025
0.009

© O R R B O R O O O O O R O R R R R R R R O R R R R O R R R R R R R O R O O R O O R R

0.00
0.00
2.51
1.85
0.00
8.22
8.04
0.00
1.54
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.59
0.00
0.00
0.00
0.00
2.70
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.35
0.00
1.53
1.55
1.50
2.59
2.47
0.00
3.71
0.00
0.00
0.00
3.50
3.47

0.00
0.00
0.00
0.05
0.00
0.05
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.06
0.03
0.00
0.03
0.00
0.02
0.00
0.00
0.00
0.03
0.00

0.588
0.781
0.448
0.057
1.000
0.009
0.010
0.580
0.328
1.000
1.000
0.566
0.694
0.798
0.785
0.987
0.749
0.936
0.745
0.387
0.952
0.349
0.697
0.980
0.431
1.000
0.861
0.660
1.000
0.733
0.900
0.674
0.095
0.357
0.182
0.821
0.894
0.020
0.881
0.271
0.546
0.025
0.009

O O O O R O R R O O O O R R R R R B RB B OO0 R OO R R R R R RB O R R O R R R R O R O R

0.00
2.50
0.00
1.65
0.00
0.00
0.00
0.00
1.50
0.00
0.00
2.66
0.00
0.00
0.00
0.00
0.00
0.00
1.86
2.57
0.00
2.40
2.51
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.64
1.66
1.50
2.62
0.00
0.00
3.40
0.00
1.50
1.55
3.39
3.36

0.00
0.02
0.00
0.02
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.02
0.04
0.00
0.00
0.02
0.00
0.04
0.04
0.02
0.00

0.588
0.781
0.448
0.057
1.000
0.009
0.010
0.580
0.328
1.000
1.000
0.566
0.694
0.798
0.785
0.987
0.749
0.936
0.745
0.387
0.952
0.349
0.697
0.980
0.431
1.000
0.861
0.660
1.000
0.733
0.900
0.674
0.095
0.357
0.182
0.821
0.894
0.020
0.881
0.271
0.546
0.025
0.009
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Hng. Fire
Hng. Cold Room
Hole

Hng. Fire
Hng. Cold Room
Hng. Fire
Hng. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Slid. Lift
Slid. Fire
Slid. Fire
Hng. Prov. Room
Slid. Fire
Hole

Hole

Hng. Prov. Room
Slid. Fire
Hole

Hng. Dbl. Fire
Hng. Fire
Hole

Hng. Non-WT
Hng. Non-WT
Hng. Fire
Slid. Fire
Slid. Fire
Hng. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Hole

Hole

Hole

Hole

Hole

Hole

Hole

Hng. Fire
Slid. Fire
Slid. Fire
Hng. Dbl. Fire
Hng. Fire

0.851
0.069
1.000
0.509
0.141
0.663
0.986
0.979
0.036
0.181
0.241
0.438
0.430
0.029
0.553
1.000
1.000
0.080
0.751
1.000
0.676
0.629
1.000
0.694
0.707
0.754
0.849
0.419
0.943
0.925
0.833
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.979
0.724
0.873
0.569
0.356

I = T e N T - T S e N T = = T e e e e e e R = T T S e R e e < S = S = S = R = I = T T = T = S — S S N S SN

0.00
341
0.00
0.00
3.39
0.00
0.00
0.00
1.41
0.00
1.48
1.11
0.97
3.56
1.20
0.00
0.00
3.62
0.00
0.00
0.00
2.67
0.00
1.44
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.05
2.60

0.00
0.01
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.11
0.04
0.05
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00

0.851
0.069
1.000
0.509
0.141
0.663
0.986
0.979
0.036
0.181
0.241
0.438
0.430
0.029
0.553
1.000
1.000
0.080
0.751
1.000
0.676
0.629
1.000
0.694
0.707
0.754
0.849
0.419
0.943
0.925
0.833
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.979
0.724
0.873
0.569
0.356

O R O O R R R R R R R B B B B B O 0 0 0O R O O R R O R R R O R O R OO R PR OO O R O R

0.00
3.36
0.00
2.54
3.46
2.50
0.00
0.00
1.43
1.53
0.00
0.76
0.00
3.58
0.00
0.00
0.00
3.26
0.00
0.00
2.13
2.45
0.00
1.56
1.54
2.35
0.99
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.08
0.84
0.00
2.57

0.00
0.01
0.00
0.02
0.00
0.03
0.00
0.00
0.09
0.00
0.00
0.03
0.00
0.04
0.00
0.00
0.00
0.03
0.00
0.00
0.02
0.00
0.00
0.01
0.08
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.19
0.03
0.00
0.03

0.851
0.069
1.000
0.509
0.141
0.663
0.986
0.979
0.036
0.181
0.241
0.438
0.430
0.029
0.553
1.000
1.000
0.080
0.751
1.000
0.676
0.629
1.000
0.694
0.707
0.754
0.849
0.419
0.943
0.925
0.833
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.979
0.724
0.873
0.569
0.356

O O R R R R R R R R R R R R RO R RO R R R R R OO0 R R R OO R OO O R R R O R R O R

0.00
3.57
0.00
0.00
3.58
0.00
0.00
0.00
1.61
1.62
1.64
0.00
1.14
3.38
0.00
0.00
0.00
3.48
1.22
0.00
0.00
0.00
0.00
0.00
1.38
0.00
0.00
0.87
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.96
2.52

0.00
0.06
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.07
0.00
0.02
0.04
0.00
0.00
0.00
0.01
0.03
0.00
0.00
0.00
0.00
0.00
0.09
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.05

0.851
0.069
1.000
0.509
0.141
0.663
0.986
0.979
0.036
0.181
0.241
0.438
0.430
0.029
0.553
1.000
1.000
0.080
0.751
1.000
0.676
0.629
1.000
0.694
0.707
0.754
0.849
0.419
0.943
0.925
0.833
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.979
0.724
0.873
0.569
0.356
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Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Hole

Hole

Hng. Fire
Hng. Fire
Shell

Hng. Non-WT
Hng. Dbl. Fire
Slid. Fire
Slid. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Hng. Non-WT
Hng. Non-WT
Slid. Lift
Slid. Lift
Hng. Non-WT
Slid. Lift
Slid. Lift
Slid. Fire
Hole

Shell

Hng. Fire
Slid. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Hng. Fire
Hng. Fire
Slid. Fire
Hole

0.893
0.697
0.962
0.992
0.560
0.863
0.923
0.737
1.000
1.000
0.851
0.995
0.000
0.842
0.860
0.709
0.534
0.872
0.245
0.082
0.395
0.809
0.178
0.071
0.463
0.204
0.093
0.531
1.000
0.000
0.643
0.735
0.682
0.717
0.924
0.769
0.995
0.150
0.351
0.548
0.802
0.657
1.000

O R O R R RO O R RO R R R R OO0 OO R R R OO R RO R R R R O R R R RO R R R R

0.00
0.00
0.00
0.00
0.00
2.40
0.00
0.00
0.00
0.00
2.47
0.00
1.00
0.00
0.00
1.00
0.00
0.00
1.36
1.51
0.00
0.00
0.00
1.65
1.50
1.50
1.55
0.00
0.00
1.00
0.00
0.90
0.00
0.00
2.51
2.48
0.00
0.00
0.00
2.37
0.00
1.07
0.00

0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.02
0.00
0.00
0.00
0.01
0.03
0.06
0.04
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.06
0.15
0.00
0.00
0.00
0.07
0.00
0.00
0.00

0.893
0.697
0.962
0.992
0.560
0.863
0.923
0.737
1.000
1.000
0.851
0.995
0.000
0.842
0.860
0.709
0.534
0.872
0.245
0.082
0.395
0.809
0.178
0.071
0.463
0.204
0.093
0.531
1.000
0.000
0.643
0.735
0.682
0.717
0.924
0.769
0.995
0.150
0.351
0.548
0.802
0.657
1.000

N O O O © O R R R R R R O R R O O O R O O R O O O R O R R R P R R B B R B B B B B o R

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.00
0.00
0.00
0.00
1.14
0.00
1.32
1.42
1.57
0.00
1.48
1.43
0.00
1.61
1.60
0.88
0.00
1.00
2.58
0.00
0.00
0.00
0.00
0.00
0.00
1.40
1.34
2.55
2.47
0.96
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.01
0.00
0.00
0.01
0.02
0.00
0.01
0.02
0.02
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.01
0.01
0.00
0.00

0.893
0.697
0.962
0.992
0.560
0.863
0.923
0.737
1.000
1.000
0.851
0.995
0.000
0.842
0.860
0.709
0.534
0.872
0.245
0.082
0.395
0.809
0.178
0.071
0.463
0.204
0.093
0.531
1.000
0.000
0.643
0.735
0.682
0.717
0.924
0.769
0.995
0.150
0.351
0.548
0.802
0.657
1.000

m O R OO0 O R R O R O R R R R OO0 O R OO R R O R R OO R R R R R RB B RB B B B B 3 B @43

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.00
0.00
0.00
0.99
1.11
0.00
0.00
1.65
0.00
0.00
1.66
1.24
0.00
1.59
1.50
0.86
0.00
1.00
0.00
0.00
2.45
0.00
2.74
0.00
0.00
1.53
1.43
2.61
0.00
1.06
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.00
0.08
0.00
0.02
0.00
0.00
0.00
0.00
0.08
0.00
0.00
0.00
0.00
0.05
0.02
0.05
0.00
0.06
0.00

0.893
0.697
0.962
0.992
0.560
0.863
0.923
0.737
1.000
1.000
0.851
0.995
0.000
0.842
0.860
0.709
0.534
0.872
0.245
0.082
0.395
0.809
0.178
0.071
0.463
0.204
0.093
0.531
1.000
0.000
0.643
0.735
0.682
0.717
0.924
0.769
0.995
0.150
0.351
0.548
0.802
0.657
1.000
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Hole

Hng. Fire
Hng. Non-WT
Hng. Non-WT
Hng. Dbl. Fire
Hng. Fire
Hng. Non-WT
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Fire
Hng. Fire
Hole

Hng. Non-WT
Hole

Hng. Fire
Hole

Hng. Non-WT
Hng. Non-WT
Hole

Hole

Hng. Non-WT
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Slid. Fire
Hng. Fire
Hole

Hole

Hole

Hng. Fire
Hng. Non-WT
Hole

Hole

Hole

Slid. Lift
Slid. Lift
Hng. Dbl. Fire
Slid. Lift
Slid. Lift
Hng. Fire

1.000
0.709
0.323
0.860
0.703
0.714
0.836
0.524
0.691
0.668
0.425
0.697
1.000
0.834
1.000
0.406
1.000
0.230
0.923
1.000
1.000
0.260
0.509
0.617
0.879
0.865
0.815
0.962
0.643
1.000
1.000
1.000
0.461
0.439
1.000
1.000
1.000
0.025
0.027
0.471
0.050
0.044
0.590

O O O O O R R RO R R R RO R R R R R R O R R R O RO R R R R OO O R RO R R O Rk o

0.00
0.00
1.53
0.00
0.00
2.66
0.00
0.00
1.96
2.08
2.28
0.00
0.00
0.00
0.00
2.37
0.00
1.42
0.00
0.00
0.00
1.60
0.00
0.00
0.00
0.00
0.00
0.00
2.36
0.00
0.00
0.00
0.00
1.47
0.00
0.00
0.00
1.50
1.41
2.01
1.52
1.72
0.00

0.00
0.00
0.06
0.00
0.00
0.02
0.00
0.00
0.01
0.03
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.03
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.00
0.00
0.00
0.00
0.12
0.00
0.00
0.00
0.02
0.01
0.03
0.03
0.01
0.00

1.000
0.709
0.323
0.860
0.703
0.714
0.836
0.524
0.691
0.668
0.425
0.697
1.000
0.834
1.000
0.406
1.000
0.230
0.923
1.000
1.000
0.260
0.509
0.617
0.879
0.865
0.815
0.962
0.643
1.000
1.000
1.000
0.461
0.439
1.000
1.000
1.000
0.025
0.027
0.471
0.050
0.044
0.590

R O O R OO R R R O R R R R R O R R R OO0 O R R R O R R R R R RBR O R R O OO R R R R R

0.00
0.00
0.00
0.00
0.00
2.60
1.60
2.18
0.00
0.00
2.56
0.00
0.00
0.00
0.00
0.00
0.00
1.47
0.00
0.00
0.00
1.53
1.54
2.47
0.00
0.00
0.00
1.06
0.00
0.00
0.00
0.00
0.00
1.55
0.00
0.00
0.00
1.54
1.45
0.00
1.39
1.57
0.00

0.00
0.00
0.00
0.00
0.00
0.07
0.02
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.02
0.06
0.02
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.11
0.00
0.00
0.00
0.01
0.00
0.00
0.04
0.03
0.00

1.000
0.709
0.323
0.860
0.703
0.714
0.836
0.524
0.691
0.668
0.425
0.697
1.000
0.834
1.000
0.406
1.000
0.230
0.923
1.000
1.000
0.260
0.509
0.617
0.879
0.865
0.815
0.962
0.643
1.000
1.000
1.000
0.461
0.439
1.000
1.000
1.000
0.025
0.027
0.471
0.050
0.044
0.590

O O O 0 O O R R R R R R R R R R R O R R R O R R R R RBR O R R R R OO0 R OO R R R O R R

0.00
0.00
1.49
0.00
0.00
0.00
1.49
2.09
0.00
1.99
2.64
0.00
0.00
0.00
0.00
2.52
0.00
0.00
0.00
0.00
0.00
1.59
0.00
0.00
0.00
2.46
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.58
1.49
2.10
1.56
1.70
2.40

0.00
0.00
0.03
0.00
0.00
0.00
0.01
0.05
0.00
0.06
0.04
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.05
0.01
0.06
0.02
0.02

1.000
0.709
0.323
0.860
0.703
0.714
0.836
0.524
0.691
0.668
0.425
0.697
1.000
0.834
1.000
0.406
1.000
0.230
0.923
1.000
1.000
0.260
0.509
0.617
0.879
0.865
0.815
0.962
0.643
1.000
1.000
1.000
0.461
0.439
1.000
1.000
1.000
0.025
0.027
0.471
0.050
0.044
0.590
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Hng. Fire
Slid. Fire
Hole

Hole

Hng. Non-WT
Hng. Non-WT
Hole

Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Slid. Fire
Slid. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Fire
Hole

Hole

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hole

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire

0.462
0.922
1.000
1.000
0.802
0.910
1.000
0.400
0.924
0.784
0.679
0.925
0.329
0.969
0.676
0.166
0.953
0.875
0.929
0.636
0.707
0.255
0.017
0.356
0.918
0.682
0.805
0.595
0.430
0.659
0.718
1.000
1.000
0.847
0.816
0.721
0.541
0.590
1.000
0.619
0.625
0.205
0.294

O O O R R R O R R R R R RO R R R R R R OO R O R R RO R R R R R RBR OO R R O R R R O

2.56
0.00
0.00
0.00
1.41
0.00
0.00
1.45
2.64
0.00
0.00
0.00
0.00
0.00
0.00
2.55
0.00
0.00
0.00
2.48
0.00
2.59
1.53
0.00
0.00
0.00
0.00
0.00
0.00
2.63
0.00
0.00
0.00
0.00
0.00
0.00
2.51
0.00
0.00
0.00
2.40
2.51
2.36

0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.04
0.09
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01

0.462
0.922
1.000
1.000
0.802
0.910
1.000
0.400
0.924
0.784
0.679
0.925
0.329
0.969
0.676
0.166
0.953
0.875
0.929
0.636
0.707
0.255
0.017
0.356
0.918
0.682
0.805
0.595
0.430
0.659
0.718
1.000
1.000
0.847
0.816
0.721
0.541
0.590
1.000
0.619
0.625
0.205
0.294

R O R R R O O R O R R P O O O R R R R OO0 OO O R R RO R R O R RO R R R R R B RB RB @R

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.49
0.00
0.00
1.16
0.00
0.00
2.50
0.00
0.00
0.00
2.47
2.47
2.57
1.31
1.58
0.00
0.00
0.00
0.00
1.44
2.47
2.43
0.00
0.00
0.00
2.16
0.00
2.68
2.68
0.00
0.00
0.00
2.42
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.00
0.00
0.02
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.02
0.01
0.04
0.00
0.00
0.00
0.00
0.00
0.07
0.01
0.00
0.00
0.00
0.01
0.00

0.462
0.922
1.000
1.000
0.802
0.910
1.000
0.400
0.924
0.784
0.679
0.925
0.329
0.969
0.676
0.166
0.953
0.875
0.929
0.636
0.707
0.255
0.017
0.356
0.918
0.682
0.805
0.595
0.430
0.659
0.718
1.000
1.000
0.847
0.816
0.721
0.541
0.590
1.000
0.619
0.625
0.205
0.294
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2.37
0.00
0.00
0.00
0.00
0.00
0.00
1.51
0.00
0.00
2.69
0.00
0.89
0.00
0.00
2.51
0.00
0.00
0.00
0.00
0.00
2.45
1.50
1.64
0.00
0.00
2.53
0.00
1.55
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.51
0.00
0.00
0.00
0.00
2.68
2.71

0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.01
0.00
0.02
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.04
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.08
0.04

0.462
0.922
1.000
1.000
0.802
0.910
1.000
0.400
0.924
0.784
0.679
0.925
0.329
0.969
0.676
0.166
0.953
0.875
0.929
0.636
0.707
0.255
0.017
0.356
0.918
0.682
0.805
0.595
0.430
0.659
0.718
1.000
1.000
0.847
0.816
0.721
0.541
0.590
1.000
0.619
0.625
0.205
0.294
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Hng. Fire
Slid. Lift
Hng. Weat.
Hng. Weat.
Hng. Weat.
Hng. Weat.
Hng. Weat.
WT Hatch
Hole

Hole

Hole

Hole

Hole

Hole

Hole

Hole

Hole
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Hole
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection

Connection

0.597
0.103
0.013
0.006
0.013
0.000
0.027
0.169
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
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0.00
1.39
3.35
3.63
3.58
3.61
3.44
15.14
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.02
0.02
0.04
0.06
0.08
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.597
0.103
0.013
0.006
0.013
0.000
0.027
0.169
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
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0.00
1.54
3.52
3.56
3.51
3.54
3.48
15.12
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.02
0.03
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.597
0.103
0.013
0.006
0.013
0.000
0.027
0.169
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
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0.00
1.45
3.64
3.45
3.57
3.35
3.49
15.22
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.03
0.04
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.597
0.103
0.013
0.006
0.013
0.000
0.027
0.169
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
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Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Connection
Hole

Connection

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

= e = T = T = T S e e e e S e N = T = T e e e N e T e T = T = T N e e e e e S S N e

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
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0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

e e e e e e e = =Y

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
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Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Connection 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000 |1 0.00 0.00 1.000
Table 1V-2: A priori and posterior opening data.
Test-case 4 Test-case 5
Type Priort Stat. Col Leak Post. Stat. Col Leak Post.
Slid. WT 0.000 0 20.04 0.00 0.000 0 19.99 0.00 0.000
Hng. Esc. 0.438 0 2.55 0.02 0.438 0 2.40 0.03 0.438
Slid. WT 0.019 0 20.13 0.00 0.000 0 19.92 0.00 0.000
Slid. WT 0.006 0 19.98 0.00 0.000 0 19.93 0.00 0.000
Slid. WT 0.000 0 20.17 0.00 0.000 0 19.87 0.00 0.000
Hng. Fire 0.398 1 0.00 0.00 0.398 1 0.00 0.00 0.398
Hng. Fire 0.601 1 0.00 0.00 0.601 1 0.00 0.00 0.601
Hng. Esc. 0.649 0 2.49 0.03 0.649 1 0.00 0.00 0.649
Hng. Esc. 0.997 1 0.00 0.00 0.997 1 0.00 0.00 0.997
Hng. Esc. 0.613 1 0.00 0.00 0.613 1 0.00 0.00 0.613
Hng. Esc. 0.365 1 0.00 0.00 0.365 0 2.45 0.10 0.365
Slid. WT 0.021 0 19.99 0.00 0.000 0 19.91 0.00 0.000
Hng. Esc. 0.492 0 2.48 0.00 0.492 0 2.50 0.01 0.492
Slid. WT 0.006 0 20.13 0.00 0.000 0 20.06 0.00 0.000
Hng. Esc. 0.662 0 2.37 0.01 0.662 0 2.28 0.01 0.662
Hng. Fire 0.893 1 0.00 0.00 0.893 1 0.00 0.00 0.893
Hng. Esc. 0.910 1 0.00 0.00 0.910 1 0.00 0.00 0.910
Slid. WT 0.021 0 19.93 0.00 0.000 0 19.93 0.00 0.000
Hng. Esc. 0.819 1 0.00 0.00 0.819 1 0.00 0.00 0.819
Slid. WT 0.003 0 19.97 0.00 0.000 0 20.10 0.00 0.000
Hng. Fire 0.566 1 0.00 0.00 0.566 0 2.43 0.01 0.566
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Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Esc.
Slid. WT
Hng. Esc.
Hng. Fire
Slid. WT
Hng. Esc.
Hng. Esc.
Hng. Esc.
Hole
Hng. Esc.
Hole
Hole
Hng. Non-WT
Slid. Lift
Slid. Lift
Hng. Fire
Hng. Fire
Hng. Fire
Hole
Hng. Dbl. Fire
Hng. Esc.
Hng. Non-WT
Hng. Esc.
Hng. Esc.
Hng. Dbl. Fire
Hng. Esc.
Hng. Esc.
Slid. Lift
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire

0.963
0.185
0.610
0.559
0.546
0.833
0.921
0.912
0.181
0.000
0.792
0.884
0.000
0.435
0.436
0.817
1.000
0.935
1.000
1.000
0.902
0.091
0.007
0.694
0.714
0.508
1.000
0.888
0.996
0.335
0.430
0.251
0.821
0.917
0.980
0.028
0.725
0.017
0.448
0.659
0.630
0.208
0.545
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0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.51
20.22
0.00
0.00
20.06
2.51
2.42
0.00
0.00
0.00
0.00
0.00
0.00
1.50
1.58
0.00
0.00
2.41
0.00
0.00
0.00
1.59
2.47
0.00
0.00
0.00
0.00
1.63
0.00
2.46
2.41
0.00
2.47
2.64
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.04
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.00
0.00
0.02
0.00
0.00
0.00
0.02
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.05
0.03
0.00
0.02
0.03
0.00

0.963
0.185
0.610
0.559
0.546
0.833
0.921
0.912
0.181
0.000
0.792
0.884
0.000
0.435
0.436
0.817
1.000
0.935
1.000
1.000
0.902
0.091
0.007
0.694
0.714
0.508
1.000
0.888
0.996
0.335
0.430
0.251
0.821
0.917
0.980
0.028
0.725
0.017
0.448
0.659
0.630
0.208
0.545
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0.00
2.51
0.00
2.52
0.00
0.00
0.00
0.00
2.53
20.27
0.00
0.00
19.94
2.76
2.51
0.00
0.00
0.00
0.00
0.00
0.00
1.68
1.37
2.45
0.00
0.00
0.00
0.00
0.00
1.44
0.00
2.50
0.00
0.00
0.00
1.64
0.00
2.51
2.64
0.00
2.51
231
2.41

0.00
0.07
0.00
0.02
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.03
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.08
0.00
0.00
0.00
0.01
0.00
0.01
0.03
0.00
0.00
0.02
0.02

0.963
0.185
0.610
0.559
0.546
0.833
0.921
0.912
0.181
0.000
0.792
0.884
0.000
0.435
0.436
0.817
1.000
0.935
1.000
1.000
0.902
0.091
0.007
0.694
0.714
0.508
1.000
0.888
0.996
0.335
0.430
0.251
0.821
0.917
0.980
0.028
0.725
0.017
0.448
0.659
0.630
0.208
0.545
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Slid. Lift
Slid. Lift
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Esc.
Hng. Esc.
Hole

Hng. Esc.
Hng. Fire
Slid. Prov. Room
Hole

Hng. Dbl. Fire
Hole

Hng. Fire
Hng. Dbl. Fire
Hng. Fire
Hng. Dbl. Fire
Hng. Esc.
Hng. Fire
Hole

Hng. Dbl. Fire
Hng. Cold Room
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Non-WT
Slid. Lift
Slid. Lift
Slid. Lift
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Non-WT
Hng. Esc.
Hng. Fire
Hng. Esc.
Hng. Fire
Hng. Fire
Hole

Hole

0.325
0.274
0.162
0.986
0.388
0.259
0.876
0.843
0.961
1.000
0.550
0.418
0.040
1.000
0.459
1.000
0.796
0.752
0.649
0.841
0.955
0.471
1.000
0.800
0.166
0.706
0.987
0.803
0.168
0.082
0.221
0.006
0.888
0.323
0.586
0.638
0.913
0.985
0.459
0.389
0.795
1.000
1.000

I I N T = T = T = T S e e S S S — S S S S S R I A N = e = = T T T T = T = T T e O S S S S S N S S )

1.48
1.54
2.32
0.00
241
0.00
0.00
2.63
0.00
0.00
2.55
2.50
2.39
0.00
0.00
0.00
2.52
2.02
0.00
0.00
0.00
2.40
0.00
0.00
3.49
0.00
0.00
0.00
1.58
1.60
1.53
1.48
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.38
0.00
0.00

0.07
0.04
0.00
0.00
0.01
0.00
0.00
0.02
0.00
0.00
0.02
0.01
0.14
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.18
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.02
0.04
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.325
0.274
0.162
0.986
0.388
0.259
0.876
0.843
0.961
1.000
0.550
0.418
0.040
1.000
0.459
1.000
0.796
0.752
0.649
0.841
0.955
0.471
1.000
0.800
0.166
0.706
0.987
0.803
0.168
0.082
0.221
0.006
0.888
0.323
0.586
0.638
0.913
0.985
0.459
0.389
0.795
1.000
1.000

BR O R R R R O R O RO R OO R R RO R R R B O R R R R O RO R R R O R R O R R O O O

1.46
1.43
2.50
0.00
0.00
2.39
0.00
0.00
2.72
0.00
0.00
0.00
2.50
0.00
2.02
0.00
0.00
0.00
0.00
1.77
0.00
0.00
0.00
0.00
3.43
0.00
0.00
0.00
1.52
1.43
0.00
1.55
0.00
1.61
0.00
1.48
0.00
0.00
0.00
0.00
2.53
0.00
0.00

0.06
0.00
0.06
0.00
0.00
0.01
0.00
0.00
0.08
0.00
0.00
0.00
0.02
0.00
0.08
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.06
0.03
0.00
0.05
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.00

0.325
0.274
0.162
0.986
0.388
0.259
0.876
0.843
0.961
1.000
0.550
0.418
0.040
1.000
0.459
1.000
0.796
0.752
0.649
0.841
0.955
0.471
1.000
0.800
0.166
0.706
0.987
0.803
0.168
0.082
0.221
0.006
0.888
0.323
0.586
0.638
0.913
0.985
0.459
0.389
0.795
1.000
1.000
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Hole
Hole

Hng. Fire
Hng. Esc.
Hng. Esc.
Hng. Esc.
Hng. Esc.
Hng. Fire
Hng. Fire
Hng. Esc.
Hole
Hole
Hng. Esc.
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Hole
Hng. Fire
Hng. Fire
Hng. Fire
Hole
Hng. Esc.
Hng. Esc.
Hng. Dbl. Fire
Hng. Fire
Hng. Fire
Esc. Hatch
Hng. Fire
Hng. Non-WT
Slid. WT
Esc. Hatch
Hng. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Hng. Fire
Hng. Fire
Hole

Esc. Hatch
Esc. Hatch
Esc. Hatch

1.000
1.000
0.827
0.727
0.838
0.621
0.860
0.661
0.758
0.179
1.000
1.000
0.382
0.967
0.675
0.672
0.871
0.889
1.000
0.487
0.527
0.642
1.000
0.879
0.624
0.856
0.954
0.506
0.722
0.471
0.762
0.133
0.542
0.683
0.602
0.133
0.112
0.882
0.747
1.000
0.573
0.213
0.547

O O O R R R O O R O RO R O O O R OO R R R R R R B B O R R O R R R R O RO R R R R

0.00
0.00
0.00
0.00
0.00
2.50
0.00
2.54
0.00
0.00
0.00
0.00
2.41
0.00
0.00
2.56
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.50
1.97
0.00
2.59
2.29
241
0.00
19.92
0.00
2.37
0.00
1.44
1.47
0.00
0.00
0.00
2.42
241
2.42

0.00
0.00
0.00
0.00
0.00
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.16
0.01
0.00
0.11
0.00
0.02
0.00
0.00
0.00
0.05
0.00
0.09
0.01
0.00
0.00
0.00
0.03
0.05
0.02

1.000
1.000
0.827
0.727
0.838
0.621
0.860
0.661
0.758
0.179
1.000
1.000
0.382
0.967
0.675
0.672
0.871
0.889
1.000
0.487
0.527
0.642
1.000
0.879
0.624
0.856
0.954
0.506
0.722
0.471
0.762
0.002
0.542
0.683
0.602
0.133
0.112
0.882
0.747
1.000
0.573
0.213
0.547

RO O R R R RO R R RO R O R R R R O R R R R O R R R O R R R R R RB B O R R R R RB B &9

0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.40
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.67
0.00
0.00
0.00
2.39
0.00
0.00
0.00
0.00
2.48
0.00
0.00
0.00
0.00
2.36
0.00
20.12
0.00
0.00
0.00
1.51
0.00
0.00
0.00
0.00
2.63
2.48
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.07
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.04
0.04
0.00

1.000
1.000
0.827
0.727
0.838
0.621
0.860
0.661
0.758
0.179
1.000
1.000
0.382
0.967
0.675
0.672
0.871
0.889
1.000
0.487
0.527
0.642
1.000
0.879
0.624
0.856
0.954
0.506
0.722
0.471
0.762
0.002
0.542
0.683
0.602
0.133
0.112
0.882
0.747
1.000
0.573
0.213
0.547
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Slid. WT

Esc. Hatch
Hng. Fire
Hng. Fire
Hng. Fire

Esc. Hatch
Hng. Non-WT
Slid. WT
Hng. Fire
Hng. Fire
Slid. WT
Hng. Non-WT
Hng. Non-WT
Hng. Non-WT
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Non-WT
Slid. Lift
Hole

Hng. Non-WT
Hng. Non-WT
Hng. Fire
Hng. Fire
Slid. Fire
Slid. Lift
Slid. Lift
Hng. Dbl. Fire
Hng. Fire
Hole

Hole

Hng. Esc.
Hng. Esc.
Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Esc.
Hole

Hng. Fire
Hng. Fire
Slid. WT

0.121
0.389
0.637
0.953
0.517
0.661
0.439
0.054
0.988
0.967
0.387
0.277
0.495
0.663
0.999
0.558
0.499
0.785
0.220
1.000
0.967
0.500
0.844
0.947
0.390
0.001
0.088
0.634
0.601
1.000
1.000
0.746
0.392
0.909
0.533
0.252
0.809
0.593
0.867
1.000
0.698
0.893
0.000

O R O R R O R O R RO R R R R O RO R R R R R RBR O RO R R R OO R R R O OO0 O R R O O

20.12
2.54
0.00
0.00
2.53
2.47
1.28
20.11
0.00
0.00
0.00
1.39
1.63
0.00
0.00
0.00
2.44
0.00
1.55
0.00
0.00
0.00
0.00
0.00
0.00
1.38
0.00
1.91
0.00
0.00
0.00
0.00
2.45
0.00
0.00
1.51
0.00
2.44
0.00
0.00
2.55
0.00
20.07

0.00
0.01
0.00
0.00
0.02
0.06
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.04
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.08
0.00
0.00
0.16
0.00
0.00

0.001
0.389
0.637
0.953
0.517
0.661
0.439
0.001
0.988
0.967
0.006
0.277
0.495
0.663
0.999
0.558
0.499
0.785
0.220
1.000
0.967
0.500
0.844
0.947
0.390
0.001
0.088
0.634
0.601
1.000
1.000
0.746
0.392
0.909
0.533
0.252
0.809
0.593
0.867
1.000
0.698
0.893
0.000

O R R R R O R O R R R R R R R R OO0 0 O R O R RO R R R B OO0 O O R R OO R R R R o o

19.99
2.40
0.00
0.00
0.00
0.00
1.56
20.05
0.00
0.00
20.04
1.68
1.53
1.33
0.00
0.00
0.00
0.00
1.70
0.00
0.00
1.66
0.00
2.46
1.04
1.65
1.58
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.38
0.00
2.55
0.00
0.00
0.00
0.00
19.99

0.00
0.02
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.04
0.03
0.01
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.05
0.04
0.04
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.24
0.00
0.01
0.00
0.00
0.00
0.00
0.00

0.001
0.389
0.637
0.953
0.517
0.661
0.439
0.001
0.988
0.967
0.006
0.277
0.495
0.663
0.999
0.558
0.499
0.785
0.220
1.000
0.967
0.500
0.844
0.947
0.390
0.001
0.088
0.634
0.601
1.000
1.000
0.746
0.392
0.909
0.533
0.252
0.809
0.593
0.867
1.000
0.698
0.893
0.000
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Hng. Esc.

Hng. Esc.

Hng. Esc.

Hng. Fire

Hng. Fire

Hng. Esc.

Hng. Esc.

Hole

Hng. Prov. Room
Hng. Fire

Hng. Prov. Room
Hng. Esc.

Slid. Prov. Room
Slid. Prov. Room
Hng. Prov. Room
Hng. Prov. Room
Hng. Fire

Slid. Prov. Room
Slid. Prov. Room
Slid. Semi-WT
Hng. Esc.

Slid. Cold Room
Slid. Cold Room
Hng. Fire

Hole

Hole

Slid. Cold Room
Slid. Prov. Room
Slid. Prov. Room
Slid. Prov. Room
Slid. Prov. Room
Hng. Non-WT
Hole

Hole

Shell

Shell

Hng. Prov. Room
Hng. Prov. Room
Hng. Prov. Room
Hng. Non-WT
Hng. Prov. Room
Hng. Fire

Hng. Prov. Room

0.780
0.314
0.307
0.791
0.741
0.124
0.906
1.000
0.013
0.790
0.031
0.670
0.020
0.030
0.031
0.100
0.449
0.004
0.047
0.930
0.358
0.106
0.015
0.635
1.000
1.000
0.049
0.093
0.142
0.040
0.061
0.613
1.000
1.000
0.000
0.000
0.056
0.045
0.086
0.235
0.101
0.912
0.029

S B O O O O O B P B P PR O O B O O Rk P O O O Rk kP O O Rk P O O O O O kP O Rk Rk O Rk Rk P = o

2.57
0.00
0.00
0.00
0.00
2.55
0.00
0.00
3.45
0.00
3.37
2.57
2.45
2.44
3.49
0.00
0.00
2.54
2.42
0.00
0.00
3.50
3.45
2.40
0.00
0.00
3.41
2.40
0.00
2.57
2.57
0.00
0.00
0.00
1.00
1.00
3.34
3.53
3.51
1.47
3.48
0.00
3.55

0.05
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.01
0.00
0.04
0.02
0.03
0.04
0.02
0.00
0.00
0.02
0.00
0.00
0.00
0.01
0.04
0.04
0.00
0.00
0.08
0.19
0.00
0.04
0.05
0.00
0.00
0.00
0.00
0.00
0.09
0.06
0.01
0.08
0.03
0.00
0.02

0.780
0.314
0.307
0.791
0.741
0.124
0.906
1.000
0.013
0.790
0.031
0.670
0.020
0.030
0.031
0.100
0.449
0.004
0.047
0.118
0.358
0.106
0.015
0.635
1.000
1.000
0.049
0.093
0.142
0.040
0.061
0.613
1.000
1.000
0.000
0.000
0.056
0.045
0.086
0.235
0.101
0.912
0.029

S B O O O O O B B Rk B RPR O O O O O B REB B oOoO O O RrBr O O O O O O O RO O O R Rk Rk P R O Bk

0.00
0.00
2.37
0.00
0.00
0.00
0.00
0.00
3.44
2.38
3.53
0.00
2.42
2.42
3.64
3.66
2.47
2.45
2.47
0.00
2.41
3.40
3.48
0.00
0.00
0.00
3.53
2.56
2.40
2.62
2.44
0.00
0.00
0.00
1.00
1.00
3.41
3.54
3.40
1.38
3.36
0.00
3.39

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.04
0.01
0.00
0.08
0.07
0.01
0.11
0.01
0.05
0.09
0.00
0.01
0.02
0.05
0.00
0.00
0.00
0.00
0.01
0.11
0.04
0.06
0.00
0.00
0.00
0.00
0.00
0.02
0.01
0.06
0.00
0.04
0.00
0.06

0.780
0.314
0.307
0.791
0.741
0.124
0.906
1.000
0.013
0.790
0.031
0.670
0.020
0.030
0.031
0.100
0.449
0.004
0.047
0.118
0.358
0.106
0.015
0.635
1.000
1.000
0.049
0.093
0.142
0.040
0.061
0.613
1.000
1.000
0.000
0.000
0.056
0.045
0.086
0.235
0.101
0.912
0.029
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Hng. Prov. Room
Hng. Dbl. Fire
Hng. Fire

Hng. Fire

Hng. Prov. Room
Hng. Prov. Room
Slid. Lift

Slid. Lift

Slid. Lift

Hng. Prov. Room
Hng. Cold Room
Hng. Fire

Hng. Cold Room
Hng. Prov. Room
Hng. Fire

Hng. Fire

Hole

Slid. Light-WT
Slid. Semi-WT
Hole

Hng. Esc.

Hng. Fire

Hng. Fire

Hng. Fire

Esc. Hatch

Esc. Hatch

Hng. Fire

Hng. Fire

Hng. Fire

Hng. Fire

Esc. Hatch

Hng. Dbl. Fire
Hng. Fire

Hng. Fire

Hng. Fire

Hng. Fire

Hole

Shell

Hng. Dbl. Fire
Hng. Dbl. Fire
Hole

Hng. Esc.

Esc. Hatch

0.011
0.859
0.979
0.347
0.020
0.016
0.094
0.349
0.142
0.021
0.003
0.880
0.004
0.179
0.615
0.944
1.000
0.000
0.635
1.000
0.631
0.977
0.983
0.330
0.960
0.312
0.912
0.965
0.692
0.799
0.205
0.506
0.535
0.511
0.649
0.647
1.000
0.000
0.699
0.150
1.000
0.512
0.987

I N = T = e N N e T = T e T e = T = T T S S S e e e S S S o g = T =S = N Y N N N S S S < S S S S )

3.49
0.00
0.00
2.34
3.35
3.65
1.52
1.54
1.45
3.43
3.63
0.00
3.33
0.00
0.00
0.00
0.00
7.88
0.00
0.00
2.33
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.47
0.00
2.50
0.00
0.00
2.40
0.00
0.00
0.00
1.00
0.00
1.95
0.00
0.00
0.00

0.02
0.00
0.00
0.00
0.04
0.03
0.00
0.01
0.01
0.00
0.00
0.00
-0.07
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00

0.011
0.859
0.979
0.347
0.020
0.016
0.094
0.349
0.142
0.021
0.003
0.880
0.004
0.179
0.615
0.944
1.000
0.000
0.017
1.000
0.631
0.977
0.983
0.330
0.960
0.312
0.912
0.965
0.692
0.799
0.205
0.506
0.535
0.511
0.649
0.647
1.000
0.000
0.699
0.150
1.000
0.512
0.987

BR R O R R R R OO0 R O R R O R R O R R R R O R OO R R B OO0 R O O OO0 OO0 O R Rk Rk O

3.49
0.00
0.00
0.00
3.50
3.51
1.51
1.62
1.46
3.40
3.46
0.00
3.53
3.47
0.00
0.00
0.00
8.12
7.84
0.00
2.47
0.00
0.00
0.00
0.00
2.44
0.00
0.00
2.57
0.00
0.00
2.11
0.00
2.55
2.47
0.00
0.00
1.00
0.00
1.99
0.00
0.00
0.00

0.01
0.00
0.00
0.00
0.10
0.02
0.02
0.03
0.00
0.08
0.09
0.00
0.10
-0.08
0.00
0.00
0.00
0.01
0.05
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.02
0.00
0.03
0.05
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00

0.011
0.859
0.979
0.347
0.020
0.016
0.094
0.349
0.142
0.021
0.003
0.880
0.004
0.179
0.615
0.944
1.000
0.000
0.017
1.000
0.631
0.977
0.983
0.330
0.960
0.312
0.912
0.965
0.692
0.799
0.205
0.506
0.535
0.511
0.649
0.647
1.000
0.000
0.699
0.150
1.000
0.512
0.987
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Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Non-WT
Hng. Non-WT
Hng. Fire
Shell

Hng. Fire
Hng. Fire
Hole

Slid. Semi-WT
Hng. Fire
Slid. Light-WT
Hole

Hole

Shell

Hole

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Shell

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Esc.
Hng. Dbl. Fire
Shell

Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Shell

Slid. Lift
Slid. Lift
Hole

Hole

Slid. Lift
Slid. Lift
Hole

0.998
0.326
0.551
0.833
0.939
0.947
0.000
0.828
0.931
1.000
0.472
0.894
0.097
1.000
1.000
0.000
1.000
0.930
0.923
0.592
0.406
0.000
0.961
0.978
0.924
0.961
0.935
0.568
0.353
0.093
0.840
0.000
0.849
0.724
0.330
0.000
0.154
0.175
1.000
1.000
0.057
0.139
1.000

O O R R R O R OO R R R OO R R R R R R R RO R R R R R RO R R R R R R R R RO Rk ok

0.00
0.00
2.53
0.00
0.00
0.00
1.00
0.00
0.00
0.00
0.00
0.00
8.05
0.00
0.00
1.00
0.00
0.00
0.00
2.47
0.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
2.36
2.57
0.00
1.00
0.00
2.13
1.99
1.00
1.48
0.00
0.00
0.00
1.58
1.51
0.00

0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.05
0.00
0.00
0.00
0.00
0.04
0.00
0.02
0.00
0.00
0.00
0.05
0.01
0.00

0.998
0.326
0.551
0.833
0.939
0.947
0.000
0.828
0.931
1.000
0.009
0.894
0.001
1.000
1.000
0.000
1.000
0.930
0.923
0.592
0.406
0.000
0.961
0.978
0.924
0.961
0.935
0.568
0.353
0.093
0.840
0.000
0.849
0.724
0.330
0.000
0.154
0.175
1.000
1.000
0.057
0.139
1.000

RO O R R OO R O R R R R OO R R R R R RB B OO0 R R R R R R OO R R R R R R RB B o R

0.00
1.49
0.00
0.00
0.00
0.00
1.00
0.00
0.00
0.00
8.13
2.61
8.13
0.00
0.00
1.00
0.00
0.00
0.00
2.40
1.92
1.00
0.00
0.00
0.00
0.00
0.00
0.00
2.52
2.62
0.00
1.00
0.00
0.00
211
1.00
1.42
1.57
0.00
0.00
1.68
1.46
0.00

0.00
0.12
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.07
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.01
0.00
0.00
0.03
0.03
0.00

0.998
0.326
0.551
0.833
0.939
0.947
0.000
0.828
0.931
1.000
0.009
0.894
0.001
1.000
1.000
0.000
1.000
0.930
0.923
0.592
0.406
0.000
0.961
0.978
0.924
0.961
0.935
0.568
0.353
0.093
0.840
0.000
0.849
0.724
0.330
0.000
0.154
0.175
1.000
1.000
0.057
0.139
1.000
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Hole

Slid. Fire
Hole

Slid. Lift
Slid. Lift
Hole

Hole

Hng. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Shell

Hng. Fire
Slid. Semi-WT
Hng. Fire
Hole

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Hng. Fire
Hole

Hole

Hng. Fire
Slid. Semi-WT
Hng. Fire
Slid. Lift
Slid. Lift
Shell

Shell

Hng. Fire
Hng. Fire
Hole

Hng. Fire
Hng. Fire
Hole

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hole

Slid. Light-WT
Hng. Fire

1.000
0.496
1.000
0.029
0.116
1.000
1.000
0.504
0.991
0.867
0.563
0.000
0.804
0.696
0.658
1.000
0.274
0.727
0.251
0.502
0.885
1.000
1.000
0.680
0.517
0.738
0.017
0.187
0.000
0.000
0.798
0.922
1.000
0.840
0.921
1.000
0.821
0.969
0.943
0.881
1.000
0.080
0.946

mR R R R R O R R O R R R R R RO R OO R R R R R B O RO R R R O R R R R RO O R ko

0.00
0.00
0.00
1.32
1.22
0.00
0.00
0.00
0.00
0.00
2.17
1.00
0.00
0.00
2.33
0.00
2.53
0.00
0.00
0.00
0.00
0.00
0.00
2.42
7.93
0.00
1.50
0.00
1.00
1.00
0.00
0.00
0.00
2.47
0.00
0.00
2.37
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.02
0.08
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.04
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.01
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00

1.000
0.496
1.000
0.029
0.116
1.000
1.000
0.504
0.991
0.867
0.563
0.000
0.804
0.023
0.658
1.000
0.274
0.727
0.251
0.502
0.885
1.000
1.000
0.680
0.011
0.738
0.017
0.187
0.000
0.000
0.798
0.922
1.000
0.840
0.921
1.000
0.821
0.969
0.943
0.881
1.000
0.001
0.946

[ T = S S O O = T T T T e T S S S T S B S S S R S e S T T = T S = Y T = S S . S S U oY

0.00
0.00
0.00
1.53
0.00
0.00
0.00
2.54
0.00
0.00
1.95
1.00
0.00
0.00
0.00
0.00
0.00
0.00
2.54
1.96
0.00
0.00
0.00
0.00
8.14
2.34
1.41
1.53
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.01
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.000
0.496
1.000
0.029
0.116
1.000
1.000
0.504
0.991
0.867
0.563
0.000
0.804
0.023
0.658
1.000
0.274
0.727
0.251
0.502
0.885
1.000
1.000
0.680
0.011
0.738
0.017
0.187
0.000
0.000
0.798
0.922
1.000
0.840
0.921
1.000
0.821
0.969
0.943
0.881
1.000
0.001
0.946
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Hng. Fire
Hng. Fire
Hole

Hng. Fire
Hole

Hng. Fire
Slid. Semi-WT
Hole

Hng. Fire
Hole

Hng. Fire
Hng. Dbl. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hole

Hole

Hng. Fire
Hng. Fire
Hole

Slid. Semi-WT
Slid. Semi-WT
Hng. Fire
Hng. Fire
Slid. Lift

Slid. Lift

Hole

Hole

Hng. Non-WT
Hng. Non-WT
Hole

Hole

Slid. Lift

Slid. Lift

Hng. Non-WT
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Shell

Shell

Hng. Fire
Hole

0.997
0.418
1.000
0.892
1.000
0.741
0.492
1.000
0.489
1.000
0.566
0.945
0.580
0.403
0.774
1.000
1.000
0.825
0.924
1.000
0.477
0.514
0.337
0.670
0.109
0.095
1.000
1.000
0.798
0.746
1.000
1.000
0.371
0.017
0.410
0.397
0.288
0.757
0.789
0.000
0.000
0.656
1.000

mR R R R R R R O 0O R RO R R R OO R R R R R RB B B B2 00 R R O RO R R R R R R O &k

0.00
2.48
0.00
0.00
0.00
0.00
0.00
0.00
2.42
0.00
2.31
0.00
0.00
2.69
2.51
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.47
1.48
0.00
0.00
0.00
1.41
0.00
0.00
1.52
1.62
1.73
0.00
0.00
0.00
0.00
1.00
1.00
0.00
0.00

0.00
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.01
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.04
0.00
0.00
0.01
0.01
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.997
0.418
1.000
0.892
1.000
0.741
0.010
1.000
0.489
1.000
0.566
0.945
0.580
0.403
0.774
1.000
1.000
0.825
0.924
1.000
0.009
0.011
0.337
0.670
0.109
0.095
1.000
1.000
0.798
0.746
1.000
1.000
0.371
0.017
0.410
0.397
0.288
0.757
0.789
0.000
0.000
0.656
1.000

BR R R O R O R OO0 O R R R R R R OO0 OO RO R R R R R RB RB RB B O R R R O R R O R O R

0.00
2.44
0.00
2.75
0.00
0.00
7.87
0.00
0.00
0.00
2.40
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
7.99
0.00
2.67
2.53
1.48
1.43
0.00
0.00
0.00
0.00
0.00
0.00
1.57
1.53
1.48
0.00
2.03
0.00
1.95
1.00
1.00
0.00
0.00

0.00
0.10
0.00
0.02
0.00
0.00
0.02
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.04
0.01
0.06
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.02
0.00
0.00
0.00
0.13
0.00
0.00
0.00
0.00

0.997
0.418
1.000
0.892
1.000
0.741
0.010
1.000
0.489
1.000
0.566
0.945
0.580
0.403
0.774
1.000
1.000
0.825
0.924
1.000
0.009
0.011
0.337
0.670
0.109
0.095
1.000
1.000
0.798
0.746
1.000
1.000
0.371
0.017
0.410
0.397
0.288
0.757
0.789
0.000
0.000
0.656
1.000
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Slid. Semi-WT
Hole

Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Fire
Slid. Lift
Slid. Lift

Esc. Hatch
Esc. Hatch
Hng. Non-WT
Hng. Non-WT
Hng. Fire
Hole

Hng. Non-WT
Hng. Non-WT
Hng. Fire
Hng. Dbl. Fire
Hng. Non-WT
Hole

Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Esc.
Hng. Non-WT
Hole

Slid. Lift
Hole

Slid. Light-WT
Hng. Fire
Hng. Fire
Hng. Esc.

Esc. Hatch
Esc. Hatch
Hng. Esc.
Hng. Weat.
Hng. Weat.
Hng. Weat.
Hng. Weat.
Hng. Weat.
Hng. Weat.
Hng. Weat.

0.518
1.000
0.937
0.955
0.893
0.122
0.861
0.286
0.246
0.346
0.367
0.724
0.782
0.997
1.000
0.952
0.867
0.939
0.888
0.980
1.000
0.899
0.171
0.229
0.124
0.920
1.000
0.061
1.000
0.121
0.458
0.420
0.618
0.658
0.341
0.481
0.229
0.011
0.019
0.000
0.047
0.023
0.000

O O O O O O B O O O R O R O R O R R O O O R R R R R R R R R R R OO RO RO R R R Rk O

7.98
0.00
0.00
0.00
0.00
2.30
0.00
1.58
0.00
2.56
2.48
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.55
2.54
2.50
0.00
0.00
1.40
0.00
8.09
0.00
2.65
0.00
2.66
2.36
2.46
0.00
3.55
3.59
3.51
3.48
3.67
3.45

0.01
0.00
0.00
0.00
0.00
0.03
0.00
0.03
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.02
0.06
0.00
0.00
0.01
0.00
0.02
0.00
0.00
0.00
0.03
0.02
0.02
0.00
0.03
0.02
0.02
0.12
0.02
0.04

0.011
1.000
0.937
0.955
0.893
0.122
0.861
0.286
0.246
0.346
0.367
0.724
0.782
0.997
1.000
0.952
0.867
0.939
0.888
0.980
1.000
0.899
0.171
0.229
0.124
0.920
1.000
0.061
1.000
0.001
0.458
0.420
0.618
0.658
0.341
0.481
0.229
0.011
0.019
0.000
0.047
0.023
0.000

©C O O © O O O R KRB O R O R O R O R O O R R O R R R R O R R LB O O © © R © R O R R R R R

0.00
0.00
0.00
0.00
0.00
2.65
0.00
1.50
0.00
2.28
2.58
1.57
1.58
0.00
0.00
0.00
1.29
0.00
0.00
0.00
0.00
1.54
0.00
0.00
2.57
1.46
0.00
1.47
0.00
7.91
0.00
2.71
0.00
2.55
0.00
0.00
3.47
3.66
3.66
3.58
3.65
3.53
3.44

0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.02
0.01
0.07
0.06
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.05
0.00
0.00
0.07
0.00
0.02
0.00
0.01
0.00
0.00
0.00
0.00
0.10
0.01
0.01
0.02
0.04
0.06
0.02

0.011
1.000
0.937
0.955
0.893
0.122
0.861
0.286
0.246
0.346
0.367
0.724
0.782
0.997
1.000
0.952
0.867
0.939
0.888
0.980
1.000
0.899
0.171
0.229
0.124
0.920
1.000
0.061
1.000
0.001
0.458
0.420
0.618
0.658
0.341
0.481
0.229
0.011
0.019
0.000
0.047
0.023
0.000
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Hole

Hole

Hole

Hng. Cold Room
Hng. Fire
Hng. Non-WT
Hng. Non-WT
Hole

Hng. Prov. Room
Hng. Fire
Hng. Fire
Hng. Cold Room
Hng. Fire
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Esc.
Hng. Dbl. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Slid. Lift
Hng. Fire
Hng. Fire
Hole

Hole

Hole

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Hng. Non-WT
Hng. Non-WT
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Fire
Hng. Non-WT

1.000
1.000
1.000
0.026
0.922
0.668
0.686
1.000
0.164
0.761
0.570
0.063
0.935
0.863
0.554
0.088
0.631
0.641
0.990
0.722
0.871
0.874
0.362
0.796
0.151
0.167
0.114
0.989
0.503
1.000
1.000
1.000
0.936
0.045
0.507
0.713
0.393
0.766
0.598
0.427
0.462
0.172
0.671

O O R O O R R O O O R R R R R R OO R RO R R R R B B O R R R OO RO R R R R O R ko

0.00
0.00
0.00
3.38
0.00
0.00
0.00
0.00
3.79
0.00
2.44
3.58
0.00
0.00
0.00
2.70
0.00
0.00
0.00
0.00
0.00
0.00
1.91
0.00
0.00
1.63
1.55
0.00
0.00
0.00
0.00
0.00
0.00
2.46
2.64
2.35
0.00
0.00
1.53
2.03
0.00
2.25
1.46

0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.02
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.07
0.02
0.00
0.00
0.03
0.01
0.00
0.03
0.01

1.000
1.000
1.000
0.026
0.922
0.668
0.686
1.000
0.164
0.761
0.570
0.063
0.935
0.863
0.554
0.088
0.631
0.641
0.990
0.722
0.871
0.874
0.362
0.796
0.151
0.167
0.114
0.989
0.503
1.000
1.000
1.000
0.936
0.045
0.507
0.713
0.393
0.766
0.598
0.427
0.462
0.172
0.671

O O O R R R R R O O R R R RO R R O R R R R B B B O RO R O R O R R O R R OO O R Rk R

0.00
0.00
0.00
3.42
2.67
1.48
0.00
0.00
3.54
0.00
0.00
3.55
0.00
1.59
0.00
2.51
0.00
2.40
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.60
0.00
0.00
2.55
0.00
0.00
0.00
0.00
2.53
2.61
0.00
0.00
0.00
0.00
0.00
2.04
2.61
1.47

0.00
0.00
0.00
0.00
0.04
0.02
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.11
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.03
0.04
0.01

1.000
1.000
1.000
0.026
0.922
0.668
0.686
1.000
0.164
0.761
0.570
0.063
0.935
0.863
0.554
0.088
0.631
0.641
0.990
0.722
0.871
0.874
0.362
0.796
0.151
0.167
0.114
0.989
0.503
1.000
1.000
1.000
0.936
0.045
0.507
0.713
0.393
0.766
0.598
0.427
0.462
0.172
0.671
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Hng. Non-WT
Hng. Fire
Slid. Fire
Slid. Fire
Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Non-WT
Hole
Hole
Hng. Fire
Hole
Hng. Fire
Slid. Lift
Slid. Lift
Shell
Slid. Weat.
Hole
Slid. Lift
Slid. Lift
Slid. Lift
Slid. Lift
Slid. Weat.
Shell

Slid. Fire
Hng. Fire
Slid. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Slid. Semi-WT
Hng. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Hng. Fire
Hng. Fire
Hole
Hole
Hole
Hng. Esc.

0.660
0.113
0.399
0.479
0.527
0.808
0.618
0.883
1.000
1.000
0.310
1.000
0.715
0.035
0.036
0.000
0.516
1.000
0.238
0.109
0.064
0.042
0.318
0.000
0.836
0.941
0.968
0.409
0.863
0.919
0.924
0.937
0.580
0.872
0.954
0.343
0.106
0.925
0.881
1.000
1.000
1.000
0.837

I = T = T S — S T e e e e T = T = T = T = = S S S — S — S S S S — S S S S S S S N < R = I = N N e e

0.00
0.00
0.00
0.00
2.52
2.64
0.00
0.00
0.00
0.00
241
0.00
0.00
1.53
0.00
1.00
0.98
0.00
1.41
1.67
1.41
1.65
0.95
1.00
0.00
0.00
0.00
2.57
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.52
1.55
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.02
0.04
0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.01
0.00
0.00
0.00
0.00
0.00
0.00

0.660
0.113
0.399
0.479
0.527
0.808
0.618
0.883
1.000
1.000
0.310
1.000
0.715
0.035
0.036
0.000
0.516
1.000
0.238
0.109
0.064
0.042
0.318
0.000
0.836
0.941
0.968
0.409
0.863
0.919
0.924
0.937
0.014
0.872
0.954
0.343
0.106
0.925
0.881
1.000
1.000
1.000
0.837

BR R R R R O O R R R R R R RO R R R R OO0 OO0 O R R R OO R R O R R R R B OO R o O

1.53
2.47
0.00
1.11
2.61
0.00
0.00
0.00
0.00
0.00
2.52
0.00
0.00
1.37
1.34
1.00
0.00
0.00
1.64
1.43
1.58
1.53
0.91
1.00
0.00
0.00
0.00
2.66
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.32
1.45
0.00
0.00
0.00
0.00
0.00
0.00

0.01
0.03
0.00
0.01
0.06
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.03
0.02
0.01
0.07
0.01
0.00
0.00
0.00
0.00
-0.14
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.660
0.113
0.399
0.479
0.527
0.808
0.618
0.883
1.000
1.000
0.310
1.000
0.715
0.035
0.036
0.000
0.516
1.000
0.238
0.109
0.064
0.042
0.318
0.000
0.836
0.941
0.968
0.409
0.863
0.919
0.924
0.937
0.014
0.872
0.954
0.343
0.106
0.925
0.881
1.000
1.000
1.000
0.837
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B-Class Struct.

B-Class Struct.

Hng. Fire
Hng. Fire
Hng. Fire

Slid. Semi-WT
Hole

Hng. Fire
Hng. Non-WT
Hng. Fire

B-Class Struct.
B-Class Struct.

Hng. Fire
Hng. Non-WT
Hng. Fire

Slid. Lift

Slid. Lift

Slid. Lift

Slid. Lift

Hole

Hng. Fire
Hng. Fire
Hole

Hng. Fire

Slid. Semi-WT
Hng. Fire

Slid. Semi-WT
Hole

Hng. Non-WT

B-Class Struct.

Hng. Fire
Hng. Fire
Hng. Fire
Hng. Non-WT
Hng. Non-WT
Hng. Non-WT
Hng. Non-WT
Slid. Lift

Slid. Lift

Hng. Fire
Hng. Fire
Hng. Fire
Hole

1.000
1.000
0.818
0.585
0.753
0.946
1.000
0.660
0.278
0.422
1.000
1.000
0.220
0.952
0.596
0.031
0.128
0.127
0.327
1.000
0.559
0.710
1.000
0.900
0.479
0.295
0.541
1.000
0.891
1.000
0.444
0.145
0.462
0.931
0.575
0.678
0.560
0.087
0.187
0.400
0.947
0.609
1.000

_ O R R O O R R R R OO R R R R R OO R R O O R O O OO R R O R R O OO R R OO O R,k .

0.00
0.00
2.60
2.34
2.42
0.00
0.00
2.40
1.52
2.65
0.00
0.00
2.44
0.00
0.00
1.46
1.69
1.53
1.55
0.00
2.59
2.46
0.00
0.00
7.80
2.29
0.00
0.00
0.00
0.00
0.00
2.48
2.46
0.00
0.00
0.00
0.00
1.38
1.57
0.00
0.00
241
0.00

0.00
0.00
0.00
0.01
0.02
0.00
0.00
0.07
0.01
0.01
0.00
0.00
0.03
0.00
0.00
0.06
0.00
0.02
0.00
0.00
0.00
0.02
0.00
0.00
0.03
0.02
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.02
0.00

1.000
1.000
0.818
0.585
0.753
0.150
1.000
0.660
0.278
0.422
1.000
1.000
0.220
0.952
0.596
0.031
0.128
0.127
0.327
1.000
0.559
0.710
1.000
0.900
0.009
0.295
0.012
1.000
0.891
1.000
0.444
0.145
0.462
0.931
0.575
0.678
0.560
0.087
0.187
0.400
0.947
0.609
1.000

BR R O R O R R R R OO0 O R R R R RO R R O R R O R R O R R R R B OO0 O R R R O R R R

0.00
0.00
0.00
2.52
0.00
0.00
0.00
2.65
1.44
2.54
0.00
0.00
0.00
0.00
0.00
1.62
0.00
0.00
1.31
0.00
0.00
2.56
0.00
0.00
8.13
0.00
0.00
0.00
0.00
0.00
2.39
2.34
2.66
0.00
0.00
0.00
0.00
1.45
0.00
2.53
0.00
0.00
0.00

0.00
0.00
0.00
0.07
0.00
0.00
0.00
0.04
0.01
0.04
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.02
0.00
0.00
0.05
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.02
0.00
0.00
0.00

1.000
1.000
0.818
0.585
0.753
0.150
1.000
0.660
0.278
0.422
1.000
1.000
0.220
0.952
0.596
0.031
0.128
0.127
0.327
1.000
0.559
0.710
1.000
0.900
0.009
0.295
0.012
1.000
0.891
1.000
0.444
0.145
0.462
0.931
0.575
0.678
0.560
0.087
0.187
0.400
0.947
0.609
1.000
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Hng. Non-WT
Hole

Hole

Hng. Non-WT
Hng. Non-WT
Hole

Hng. Non-WT
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Slid. Lift
Hole

Slid. Semi-WT
Slid. Semi-WT
Hng. Fire
Hng. Non-WT
Hole

Hole

Hng. Fire
Hng. Esc.
Hng. Fire
Hng. Esc.
Hng. Non-WT
Hng. Fire
Hng. Non-WT
Hng. Dbl. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hole

Hng. Fire
Hng. Fire
Hole

Hng. Fire
Hng. Non-WT

0.157
1.000
1.000
0.792
0.573
1.000
0.375
0.935
0.957
0.383
0.963
0.752
0.588
0.781
0.448
0.057
1.000
0.460
0.506
0.580
0.328
1.000
1.000
0.566
0.694
0.798
0.785
0.987
0.749
0.936
0.745
0.387
0.952
0.349
0.697
0.980
0.431
1.000
0.861
0.660
1.000
0.733
0.900

m O R R R R R R RO R OO R R R R R OO R R R O RO R OO R R R R O R RO R O R R R O

1.54
0.00
0.00
0.00
1.45
0.00
1.65
0.00
0.00
2.45
0.00
0.00
0.00
0.00
2.45
1.62
0.00
7.95
0.00
2.61
0.00
0.00
0.00
2.48
2.54
0.00
0.00
0.00
0.00
0.00
1.82
2.53
0.00
2.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.54
0.00

0.01
0.00
0.00
0.00
0.05
0.00
0.02
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.06
0.00
0.01
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.00

0.157
1.000
1.000
0.792
0.573
1.000
0.375
0.935
0.957
0.383
0.963
0.752
0.588
0.781
0.448
0.057
1.000
0.009
0.010
0.580
0.328
1.000
1.000
0.566
0.694
0.798
0.785
0.987
0.749
0.936
0.745
0.387
0.952
0.349
0.697
0.980
0.431
1.000
0.861
0.660
1.000
0.733
0.900

B R R R R R R R OO RO R RO R R R OO R R R R RB RB B O R R O R R R RB RBR O R R R R R O

1.50
0.00
0.00
0.00
0.00
0.00
1.48
0.00
0.00
0.00
0.00
0.00
2.74
0.00
0.00
1.54
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.47
2.57
0.00
0.00
0.00
2.56
0.00
0.00
2.39
0.00
2.52
2.40
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.01
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.08
0.00
0.00
0.00
0.09
0.00
0.00
0.01
0.00
0.05
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.157
1.000
1.000
0.792
0.573
1.000
0.375
0.935
0.957
0.383
0.963
0.752
0.588
0.781
0.448
0.057
1.000
0.009
0.010
0.580
0.328
1.000
1.000
0.566
0.694
0.798
0.785
0.987
0.749
0.936
0.745
0.387
0.952
0.349
0.697
0.980
0.431
1.000
0.861
0.660
1.000
0.733
0.900
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Hng. Non-WT
Hng. Lift

Hng. Non-WT
Hng. Fire

Hng. Fire

Hng. Non-WT
Hng. Cold Room
Hng. Non-WT
Hng. Non-WT
Hng. Non-WT
Hng. Cold Room
Hng. Prov. Room
Hng. Fire

Hng. Cold Room
Hole

Hng. Fire

Hng. Cold Room
Hng. Fire

Hng. Fire

Hng. Fire

Slid. Lift

Slid. Lift

Slid. Lift

Slid. Fire

Slid. Fire

Hng. Prov. Room
Slid. Fire

Hole

Hole

Hng. Prov. Room
Slid. Fire

Hole

Hng. Dbl. Fire
Hng. Fire

Hole

Hng. Non-WT
Hng. Non-WT
Hng. Fire

Slid. Fire

Slid. Fire

Hng. Fire

Hng. Dbl. Fire
Hng. Dbl. Fire

0.674
0.095
0.357
0.182
0.821
0.894
0.020
0.881
0.271
0.546
0.025
0.009
0.851
0.069
1.000
0.509
0.141
0.663
0.986
0.979
0.036
0.181
0.241
0.438
0.430
0.029
0.553
1.000
1.000
0.080
0.751
1.000
0.676
0.629
1.000
0.694
0.707
0.754
0.849
0.419
0.943
0.925
0.833

S B P O R PRk, O R R P RPr O O R PO O O O O O O Rk P o O R kPR O RFPr O O O O B o Rk P o Rk ok

0.00
1.55
0.00
2.46
0.00
0.00
3.44
0.00
1.43
1.63
3.51
3.43
0.00
3.47
0.00
0.00
3.38
241
0.00
0.00
1.44
1.71
1.58
0.92
1.02
3.52
1.03
0.00
0.00
3.56
0.92
0.00
0.00
0.00
0.00
1.66
0.00
0.00
0.00
0.92
0.00
0.00
2.16

0.00
0.02
0.00
0.01
0.00
0.00
0.06
0.00
0.07
0.02
0.05
0.01
0.00
0.05
0.00
0.00
0.01
0.01
0.00
0.00
0.01
0.01
0.01
0.02
0.06
0.01
0.05
0.00
0.00
0.07
0.03
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.02

0.674
0.095
0.357
0.182
0.821
0.894
0.020
0.881
0.271
0.546
0.025
0.009
0.851
0.069
1.000
0.509
0.141
0.663
0.986
0.979
0.036
0.181
0.241
0.438
0.430
0.029
0.553
1.000
1.000
0.080
0.751
1.000
0.676
0.629
1.000
0.694
0.707
0.754
0.849
0.419
0.943
0.925
0.833

R R R O O R R R R OO R R O R R R PR OO0 O O O R R R OO R O R OO O R R O R R O OO R

0.00
1.53
1.42
2.50
0.00
0.00
3.62
0.00
0.00
1.46
3.48
3.63
0.00
3.46
0.00
2.57
3.35
0.00
0.00
0.00
1.54
1.48
1.39
0.96
1.08
0.00
0.00
0.00
0.00
3.45
0.00
0.00
1.99
241
0.00
0.00
0.00
0.00
1.05
0.99
0.00
0.00
0.00

0.00
0.03
0.06
0.02
0.00
0.00
0.03
0.00
0.00
0.01
0.04
0.01
0.00
0.12
0.00
0.02
0.06
0.00
0.00
0.00
0.03
0.00
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.02
0.06
0.00
0.00
0.00
0.00
0.01
0.13
0.00
0.00
0.00

0.674
0.095
0.357
0.182
0.821
0.894
0.020
0.881
0.271
0.546
0.025
0.009
0.851
0.069
1.000
0.509
0.141
0.663
0.986
0.979
0.036
0.181
0.241
0.438
0.430
0.029
0.553
1.000
1.000
0.080
0.751
1.000
0.676
0.629
1.000
0.694
0.707
0.754
0.849
0.419
0.943
0.925
0.833

307




Hole

Hole

Hole

Hole

Hole

Hole

Hole

Hng. Fire
Slid. Fire
Slid. Fire
Hng. Dbl. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Hole

Hole

Hng. Fire
Hng. Fire
Shell

Hng. Non-WT
Hng. Dbl. Fire
Slid. Fire
Slid. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Hng. Non-WT
Hng. Non-WT
Slid. Lift
Slid. Lift
Hng. Non-WT
Slid. Lift
Slid. Lift
Slid. Fire
Hole

Shell

Hng. Fire

1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.979
0.724
0.873
0.569
0.356
0.893
0.697
0.962
0.992
0.560
0.863
0.923
0.737
1.000
1.000
0.851
0.995
0.000
0.842
0.860
0.709
0.534
0.872
0.245
0.082
0.395
0.809
0.178
0.071
0.463
0.204
0.093
0.531
1.000
0.000
0.643

m R R R O O R OO O R OO R R R R R R RO R R R O RO R R R R O R R R R R R R R R R

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.48
0.00
0.00
0.00
0.00
2.64
0.00
1.93
0.00
0.00
0.00
2.52
0.00
1.00
0.00
0.00
0.00
0.00
0.00
1.66
1.57
0.00
1.58
1.45
1.50
0.00
1.42
1.61
0.00
0.00
1.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.01
0.00
0.12
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.02
0.00
0.06
0.00
0.00
0.00
0.02
0.01
0.00
0.00
0.00
0.00

1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.979
0.724
0.873
0.569
0.356
0.893
0.697
0.962
0.992
0.560
0.863
0.923
0.737
1.000
1.000
0.851
0.995
0.000
0.842
0.860
0.709
0.534
0.872
0.245
0.082
0.395
0.809
0.178
0.071
0.463
0.204
0.093
0.531
1.000
0.000
0.643

BR R R O O R OO R OO0 O R RO R R R R R R B O R R R R R R RB OO0 RO R R R R R R B @R

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.03
0.00
1.93
2.37
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.95
0.00
0.00
0.00
0.00
1.00
0.00
0.00
0.80
0.00
0.00
1.48
1.44
1.52
0.00
1.42
1.59
0.00
1.50
1.42
0.00
0.00
1.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.03
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.02
0.05
0.03
0.00
0.02
0.03
0.00
0.03
0.01
0.00
0.00
0.00
0.00

1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.979
0.724
0.873
0.569
0.356
0.893
0.697
0.962
0.992
0.560
0.863
0.923
0.737
1.000
1.000
0.851
0.995
0.000
0.842
0.860
0.709
0.534
0.872
0.245
0.082
0.395
0.809
0.178
0.071
0.463
0.204
0.093
0.531
1.000
0.000
0.643
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Slid. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Fire
Slid. Lift
Slid. Lift
Hng. Fire
Hng. Fire
Slid. Fire
Hole

Hole

Hng. Fire
Hng. Non-WT
Hng. Non-WT
Hng. Dbl. Fire
Hng. Fire
Hng. Non-WT
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Dbl. Fire
Hng. Fire
Hng. Fire
Hole

Hng. Non-WT
Hole

Hng. Fire
Hole

Hng. Non-WT
Hng. Non-WT
Hole

Hole

Hng. Non-WT
Hng. Non-WT
Hng. Fire
Hng. Fire
Hng. Fire
Hng. Dbl. Fire
Slid. Fire
Hng. Fire
Hole

Hole

0.735
0.682
0.717
0.924
0.769
0.995
0.150
0.351
0.548
0.802
0.657
1.000
1.000
0.709
0.323
0.860
0.703
0.714
0.836
0.524
0.691
0.668
0.425
0.697
1.000
0.834
1.000
0.406
1.000
0.230
0.923
1.000
1.000
0.260
0.509
0.617
0.879
0.865
0.815
0.962
0.643
1.000
1.000

I = T = T = S S S S e e N T = T T e e T o T — T S — S S S o S e R = T T S — T — R e S S S

0.00
0.00
0.00
0.00
2.51
0.00
1.58
1.39
0.00
0.00
1.23
0.00
0.00
2.53
0.00
0.00
0.00
0.00
0.00
0.00
2.15
0.00
2.55
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.30
2.54
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.04
0.00
0.01
0.00
0.00
0.00
0.09
0.00
0.00
0.05
0.00
0.00
0.00
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Appendix V - Posterior update
damage extent from sensors

of

V.1 A priori belief - No sensor evidence

Table V-1: A priori belief - Ten most likely cases based on no sensor evidence.

Predicted initial extent

Damage: Probability: Compartments:

DAM6 0.0842 R180001

DAM1 0.0305 R180001, R180002

DAM13 0.0247 R180001, R180401

DAM17 0.0234 R170101

DAM65 0.0139 R180001, R180002, R180401

DAM29 0.0137 R180001, R170101

DAM46 0.0105 R040112

DAM2 0.0090 R180001,R170001,R170101

DAM14 0.0085 R100108

DAM147 0.0084 R090113

100% CI 99% CI 95% CI 90% CI
19225 10915 3057 1499
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V.2 Test-case 1

V.2.1 Draft and AIS sensor evidence

Table V-2: Test-case 1 - Ten most likely cases inferred from draft and AlS sensor.

Predicted initial extent

Damage: Probability: Compartments:
DAM13 0.0424 R180001, R180401
DAM17 0.0194 R170101
DAM107 0.0187 R090113,R090305
DAM345 0.0185 R170101, R170307
DAM519 0.0173 R170101,R170302, R170308
DAM162 0.0165 R180002
DAM421 0.0155 R070101
DAM523 0.0148 R050019, R050301
DAM195 0.0139 R080116,R090113
DAM199 0.0128 R100009,R110201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
19225 1106 536 356 188
Actual initial extent:
Damage: Compartments:
DAM16 R100009

V.2.2 Flooding sensor evidence - H;= 0.00 m

Table V-3: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 5 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:

DAM199 0.2223 R100009,R110201 R110203,R110202
DAM199 0.1494 R100009,R110201 R110202
DAM16 0.1414 R100009 NA
DAM1062  0.0946 R100009,R110201, R110301 R110203,R110202
DAM199 0.0776 R100009,R110201 R110203
DAM199 0.0733 R100009,R110201 NA
DAM1062  0.0631 R100009,R110201, R110301 R110202
DAM1062  0.0330 R100009,R110201, R110301 R110203
DAM1062  0.0312 R100009,R110201, R110301 NA
DAM307 0.0233 R100009,R110201,R110301, R110401 R110203,R110202

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:

158889 23 14 10 3

Positive sensor reading in:  R100009

Actual (complete damage) extent:

Name:
DAM16

Initial:
R100009

Progressive:

None
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Table V-4: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 10 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:

DAM16 0.3218 R100009 None

DAM199 0.1777 R100009,R110201 R110203,R110202
DAM199 0.1402 R100009,R110201 R110202

DAM1062  0.0759 R100009,R110201,R110301 R110203,R110202
DAM1062  0.0594 R100009,R110201,R110301 R110202

DAM199 0.0542 R100009,R110201 R110203

DAM199 0.0400 R100009,R110201 None

DAM1062  0.0231 R100009,R110201, R110301 R110203

DAM307 0.0186 R100009,R110201,R110301, R110401 R110203,R110202
DAM1062  0.0171 R100009,R110201, R110301 None

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
43372 19 12 9 1

Positive sensor readingin:  R100009

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM16 R100009 None

Table V-5: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 15 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:

DAM16 0.5764 R100009 None

DAM199 0.1002 R100009,R110201 R110203,R110202
DAM199 0.0930 R100009,R110201 R110202

DAM1062  0.0424 R100009,R110201, R110301 R110203,R110202
DAM1062  0.0399 R100009,R110201, R110301 R110202

DAM199 0.0359 R100009,R110201 R110203

DAM199 0.0273 R100009,R110201 None

DAM1062  0.0152 R100009,R110201, R110301 R110203

DAM1062  0.0117 R100009,R110201,R110301 None

DAM307 0.0104 R100009,R110201,R110301, R110401 R110203,R110202

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
47924 18 10 7 1

Positive sensor readingin:  R100009

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM16 R100009 None
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Table V-6: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 20 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:

DAM16 0.7884 R100009 None

DAM199 0.0600 R100009,R110201 R110203,R110202
DAM199 0.0399 R100009,R110201 R110202

DAM1062  0.0257 R100009,R110201,R110301 R110203,R110202
DAM1062  0.0171 R100009,R110201,R110301 R110202

DAM199 0.0153 R100009,R110201 None

DAM199 0.0145 R100009,R110201 R110203

DAM1062  0.0064 R100009,R110201, R110301 None

DAM307 0.0063 R100009,R110201,R110301, R110401 R110203,R110202
DAM1062  0.0061 R100009,R110201, R110301 R110203

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
48121 14 7 4 1

Positive sensor readingin:  R100009

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM16 R100009 None

Table V-7: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 25 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:

DAM16 09133 R100009 None

DAM199 0.0214 R100009,R110201 R110203,R110202
DAM199 0.0181 R100009,R110201 R110202

DAM1062  0.0091 R100009,R110201, R110301 R110203,R110202
DAM1062  0.0078 R100009,R110201, R110301 R110202

DAM199 0.0076 R100009,R110201 R110203

DAM199 0.0055 R100009,R110201 None

DAM1062  0.0033 R100009,R110201, R110301 R110203

DAM1062  0.0024 R100009,R110201,R110301 None

DAM307 0.0022 R100009,R110201,R110301, R110401 R110203,R110202

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
47256 10 3 1 1

Positive sensor readingin:  R100009

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM16 R100009 None
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Table V-8: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 30 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM16 0.9697 R100009 None
DAM199 0.0081 R100009,R110201 R110203,R110202
DAM199 0.0061 R100009,R110201 R110202
DAM1062  0.0035 R100009,R110201, R110301 R110203,R110202
DAM1062  0.0026 R100009,R110201, R110301 R110202
DAM199 0.0024 R100009,R110201 R110203
DAM199 0.0015 R100009, R110201 None
DAM1062  0.0010 R100009,R110201, R110301 R110203
DAM1062  0.0008 R100009,R110201, R110301 None
DAM307 0.0006 R100009,R110201,R110301, R110401 R110203,R110202
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
49241 6 1 1 1
Positive sensor readingin:  R100009
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM16 R100009 None

V.2.3 Flooding sensor evidence - H;= 5.00 m

Table V-9: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 5 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:

DAM16 0.4123 R100009 None
DAM199 0.2220 R100009,R110201 R110203,R110202
DAM1062 0.0448 R100009,R110201,R110301 R110203,R110202
DAM199 0.0415 R100009,R110201 R110203,R110202,R110303
DAM199 0.0260 R100009,R110201 R110202
DAM199 0.0126  R100009,R110201 R110101,R110203,R110202, EX110101
DAM199 0.0119 R100009,R110201 R110303,R110203,R110202,R110302
DAM199 0.0107 R100009,R110201 R110203
DAM307 0.0102 R100009,R110201,R110301,R110401 R110203,R110202
DAM199 0.0087 R100009,R110201 R110202,R110303

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:

382749 276 110 40 1

Positive sensor reading in:

R100009

Actual (complete damage) extent:

Name:
DAM16

Initial:
R100009

None

Progressive:
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Table V-10: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 10 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:

DAM16 0.8815 R100009 None
DAM199 0.0407 R100009,R110201 R110203,R110202
DAM199 0.0092 R100009,R110201 R110202
DAM199 0.0082 R100009,R110201 R110203,R110202,R110303
DAM1062  0.0067 R100009,R110201,R110301 R110203,R110202
DAM199 0.0029 R100009,R110201 R110203
DAM199 0.0025 R100009,R110201 R110202,R110303
DAM199 0.0022 R100009,R110201 R110101,R110203,R110202, EX110101
DAM199 0.0018 R100009,R110201 R110203,R110202, EX110101
DAM199 0.0017 R100009,R110201 None

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:

68492 144 7 2 1

Positive sensor readingin:  R100009

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM16 R100009 None

Table V-11: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 15 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:

DAM16 0.9882 R100009 None
DAM199 0.0038 R100009,R110201 R110203,R110202
DAM199 0.0012 R100009,R110201 R110202
DAM199 7.9E-04 R100009,R110201 R110203,R110202,R110303
DAM1062  6.1E-04 R100009,R110201, R110301 R110203,R110202
DAM199 3.3E-04 R100009,R110201 R110203
DAM199 3.3E-04 R100009,R110201 R110203,R110202, EX110101
DAM199 2.5E-04 R100009,R110201 R110101,R110203,R110202, EX110101
DAM1062  2.4E-04 R100009,R110201,R110301 R110202
DAM199 1.8E-04 R100009,R110201 None

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:

72008 2 1 1 1

Positive sensor readingin:  R100009

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM16 R100009 None
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Table V-12: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 20 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:

DAM16 0.9991 R100009 None
DAM199 3.3E-04 R100009,R110201 R110203,R110202
DAM199 6.5E-05 R100009,R110201 R110203,R110202, R110303
DAM1062  5.0E-05 R100009,R110201,R110301 R110203,R110202
DAM199 4.9E-05 R100009,R110201 R110202
DAM199 4.1E-05 R100009,R110201 R110202,R110303
DAM199 3.2E-05 R100009,R110201 R110203
DAM199 2.3E-05 R100009,R110201 R110101,R110203,R110202, EX110101
DAM1062 1.5E-05 R100009,R110201, R110301 R110202
DAM199 1.3E-05 R100009,R110201 R110203,R110202, EX110101

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:

71665 1 1 1 1

Positive sensor readingin:  R100009

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM16 R100009 None

Table V-13: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time =25 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:

DAM16 0.9999 R100009 None
DAM199 3.2E-05 R100009,R110201 R110203,R110202
DAM199 7.7E-06 R100009,R110201 R110202
DAM199 5.6E-06 R100009,R110201 R110203,R110202,R110303
DAM1062  5.3E-06 R100009,R110201, R110301 R110203,R110202
DAM199 2.9E-06 R100009,R110201 R110203
DAM199 2.1E-06 R100009,R110201 R110203,R110202, EX110101
DAM199 1.9E-06 R100009,R110201 R110202, EX110101
DAM199 1.8E-06 R100009,R110201 R110101,R110203,R110202, EX110101
DAM1062  1.3E-06 R100009,R110201,R110301 R110202

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:

69364 1 1 1 1

Positive sensor readingin:  R100009

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM16 R100009 None
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Table V-14: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 30 min.

Predicted (complete damage) extent

Dam: Prob.: — Compartments: :
Initial: Progressive:

DAM16 0.9999 R100009 None
DAM199 3.0E-06 R100009,R110201 R110203,R110202
DAM199 1.1E-06 R100009,R110201 R110202
DAM199 4.9E-07 R100009,R110201 R110203,R110202,R110303
DAM1062  3.5E-07 R100009,R110201, R110301 R110203,R110202
DAM199 3.5E-07 R100009,R110201 R110203
DAM199 3.1E-07 R100009,R110201 R110202,R110303
DAM199 1.8E-07 R100009,R110201 R110203,R110202, EX110101
DAM199 1.7E-07 R100009,R110201 R110101,R110203,R110202, EX110101
DAM1062 1.5E-07 R100009,R110201, R110301 R110202

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:

69804 1 1 1 1

Positive sensor reading in: R100009

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM16 R100009 None

V.2.4 Flooding sensor evidence - H;= 10.00 m
Table V-15: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 10.0 m, time = 5 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: ,_ .
Initial: Progressive:

DAM16 0.9097 R100009 None

DAM199 0.0371 R100009, R110203, R110202

DAM199 0.0093 R100009, R110203, R110202, R110303

DAM199 0.0069 R100009, R110303, R110203, R110202, R110302, R110305
DAM199 0.0065 R100009, R110101, R110203, R110202, EX110101
DAM199 0.0035 R100009, R110303, R110203, R110202, R110302

DAM199 0.0035 R100009, R110203, R110202, EX110101

DAM199 0.0012 R100009, R110203

R130503, R110203, R130309, PL0O2, PLO3, PL0O4, R130310, R130312,
R100009, R110301, R130311, R120301, R130301, R110304, R130203,
R110201  R130308, R110202, R110306, R130302, R130303, R110302,
R110303, R130306, R130307, R130304, R130305

DAM199 0.0012

R120304, R130401, R130303, R130203, R110203, R130309, PL0Z,
PL0O3, R130311, R130310, R130313, R130312, R120303, R110301,

DAM199 0.0012 gigggg? R110302, R130301, R110304, R130307, R130202, R130308,
R110202, R110306, R130302, R120302, R120301, R110303,
R130306, R110305, R130304, R130305
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
620278 24 3 1 1
Positive sensor reading in: R100009
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM16 R100009 None
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Table V-16: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 10 min.

Predicted (complete damage) extent

Dam: Prob.: — Compartments_:
Initial: Progressive:

DAM16 0.9992 R100009 None

DAM199 3.3E-04 R100009,R110201 R110203,R110202

DAM199 9.3E-05 R100009,R110201 R110203,R110202,R110303

DAM199 8.8E-05 R100009,R110201 R110202,R110303

DAM199 5.3E-05 R100009, R110201 R110101, R110203,R110202, EX110101

DAM199 4.1E-05 R100009,R110201 R110203,R110202, EX110101

DAM199 3.1E-05 R100009,R110201 R110303,R110203,R110202,R110302, R110305

DAM199 1.0E-05 R100009,R110201 R110203,R110202,R110303, EX110101, R110306
R130401, R130309, PLO1, PL02, PLO3, PL04, R130412,
R130411,R130303,R110301, R130203, R110203,

DAM199  1.0E-05 R100009, R110201 R110202,R110306, R130204, R120303, R120302,
R110302,R110303,R110304,R110305, R130304, R120304
R130401, R110203, R130309, PL01, PL0O2, PL04, R130312,
R120303,R110301, R130311, R110302, R130301,

DAM199 1.0E-05 R100009,R110201 R110304,R130307, R130203, R130308, R110202,
R110306, R130204, R130302, R120302, R120301,
R110303, R130306, R110305, R130304

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
93533 1 1 1 1
Positive sensor reading in: R100009
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM16 R100009 None

Table V-17: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs= 10.0 m, time = 15 min.

Predicted (complete damage) extent

Dam: Prob.: _ Compartment_s:
Initial: Progressive:

DAM16 0.9990 R100009 None

DAM199 2.6E-06 R100009,R110201 R110203,R110202

DAM199 7.7E-07 R100009,R110201 R110202,EX110101

DAM199 7.3E-07 R100009,R110201 R110203,R110202,R110303

DAM199 5.1E-07 R100009,R110201 R110101,R110203,R110202,EX110101

DAM199 1.8E-07 R100009,R110201 R110203,R110202,EX110101

DAM199 1.1E-07 R100009,R110201 R110101,R110203,R110202,R110303, EX110101
R110303,R120301, R130301, R110203, R110202, R130313,

DAM199 9.1E-08 R100009,R110201 R130303,R110301,R110302,R110304,R110305,R110306,
R130309

DAM199 9.1E-08 R100009,R110201 R110303,R110203,R110202,R110302,R110305

DAM199 9.1E-08 R100009,R110201 R110305,R110203,R110202,R110302,R110303, EX110101

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
99728 1 1 1 1

Positive sensor reading in:

R100009

Actual (complete damage) extent:

Name:
DAM16

Initial:
R100009

Progressive:
None
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Table V-18: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 20 min.

Predicted (complete damage) extent

Dam: Prob.: — Compartment§:
Initial: Progressive:

DAM16 0.9990 R100009 None

DAM199 3.0E-08 R100009,R110201 R110203, R110202

DAM199 8.7E-09 R100009,R110201 R110203,R110202,R110303

DAM199 4.0E-09 R100009,R110201 R110101,R110203,R110202, EX110101

DAM199 2.2E-09 R100009,R110201 R110303,R110203,R110202, R110302, R110305

DAM199 1.4E-09 R100009,R110201 R110203

DAM199 9.4E-10 R100009,R110201 R110101,R110203,R110202,R110303, EX110101
R130405, R090306, R090305, R130401, R090302, R130404,
R130503, R100301, R100303, R100302, R100304, R130203,

DAM199 7.2E-10 R100009,R110201 PL03, PL04, R090310, R110302, R110203, R110202,
R110306,R110301, R120301, R110303, R110304, R110305,
R130304

DAM199 7.2E-10 R100009,R110201 R110203,R110202,R110303, EX110101
R130405, R130404, R130401, R130402, R110402, R130203,
R110203,R130210, R140403, R130309, R140407, PLO1,
PL02, PLO3, PL04, R130412, R130209, R140408, R140402,

DAMI199  7.2E-10  R100009, R110201 R110302,R130301, R130202, R130201, R110202, R110306,
R130205, R130204, R120303, R110301, R120301, R110303,
R110304,R110305, R130304

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
97841 1 1 1 1

Positive sensor reading in: R100009

Actual (complete damage) extent:

Initial:
R100009

Name:
DAM16

Progressive:
None

Table V-19: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 25 min.

Predicted (complete damage) extent

Dam: Prob.: — Compartments_:
Initial: Progressive:
DAM16 0.9990 R100009 None
DAM199 2.4E-10 R100009,R110201 R110203,R110202
DAM199 5.7E-11 R100009,R110201 R110202
DAM199 4.7E-11 R100009,R110201 R110303,R110203,R110202,R110302,R110305
DAM199 3.8E-11 R100009, R110201 R110101,R110203,R110202, EX110101
DAM199 3.3E-11 R100009,R110201 R110203,R110202, R110303
DAM199 3.3E-11 R100009,R110201 R110203,R110202, EX110101
DAM199 1.3E-11 R100009, R110201 R110203
DAM199 9.3E-12 R100009,R110201 R110101,R110203,R110202,R110303, EX110101
DAM199 6.7E-12 R100009,R110201 R110203,R110202,R110303, EX110101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
96134 1 1 1 1

Positive sensor reading in:

R100009

Actual (complete damage) extent:

Name:
DAM16

Initial:

R100009

Progressive:
None
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Table V-20: Test-case 1 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 30 min.

Predicted (complete damage) extent

Dam: Prob.: — Compartments_:
Initial: Progressive:

DAM16 0.9990 R100009 None

DAM199 2.5E-12 R100009,R110201 R110203,R110202

DAM199 6.3E-13 R100009,R110201 R110203,R110202,R110303

DAM199 3.2E-13 R100009,R110201 R110101,R110203,R110202, EX110101

DAM199 2.5E-13 R100009, R110201 R110203,R110202, EX110101

DAM199 6.3E-14 R100009,R110201 R110303,R110203,R110202,R110302, R110306

DAM199 6.3E-14 R100009,R110201 R110303,R110203,R110202, R110306

DAM199 6.3E-14 R100009,R110201 R110303,R110203,R110202,R110302

DAM199 6.3E-14 R100009,R110201 R110303,R110203,R110202,R110302, R110305
R090307, R090306, R090305, R090303, R090302,
R090309, R090308, R100301, R100302, R130309, PL03,

DAM199 6.3E-14 R100009,R110201 R090310,R110301, R120301, R130301, R110203,
R110202,R110306, R120303, R120302, R110302,
R110303,R110304, R110305, R130304, R120304

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
97208 1 1 1 1
Positive sensor reading in: R100009
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM16 R100009 None

V.3 Test-case 2

V.3.1 Draft and AIS sensor evidence
Table V-21: Test-case 2- Ten most likely cases inferred from draft and AlS sensor.

Predicted initial extent

Damage: Probability: Compartments:

DAM13 0.0328 R180001, R180401

DAM6 0.0232 R180001

DAM1 0.0220 R180001, R180002

DAM17 0.0217 R170101

DAMG65 0.0129 R180001, R180002, R180401

DAM345 0.0121 R170101,R170307

DAM107 0.0097 R090113, R090305

DAM421 0.0094 R070101

DAM24 0.0088 R090113, R090305, R090401

DAM519 0.0081 R170101, R170302, R170308

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
19225 3062 1223 763 8
Actual initial extent:

Damage: Compartments:
DAM421 R070101
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V.3.2 Flooding sensor evidence - H;= 0.00 m

Table V-22: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time =5 min.

Predicted (complete damage) extent

Dam: Prob.: — Compartment_s:
Initial: Progressive:
DAM421  0.4041 R070101 EX070101, R070102
DAM1506 0.0670 R070101,R070204 EX070101,R070102
DAM421  0.0588 R070101 EX070101, R070102, R070203, R070201
DAM421 0.0540 R070101 EX070101,R070102, R070201
DAM421  0.0309 R070101 R070201, R070202, R070203, R070205, R070102, EX070101
DAM421  0.0270 R070101 R070201, R070202, R070205, R070102, EX070101
DAM421  0.0266 R070101 EX070101, R070102, R070205, R070201
DAM421  0.0266 R070101 R070201, R070203, R070205, R070102, EX070101

DAMA40 0.0193 R070101,R070201 EX070101, R070203,R070102
DAM40 0.0172 R070101,R070201 EX070101,R070102

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
421153 81 49 33 4
Positive sensor reading in: R070101 Sensor, but no reading: R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, EX070101, R070102

Table V-23: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 10 min.

Predicted (complete damage) extent

Dam: Prob.: _ Compartments: :
Initial: Progressive:
DAM421 0.4932 R070101 EX070101,R070102
DAM1506 0.0766  R070101, R070204 EX070101, R070102
DAM421 0.0667 R070101 EX070101,R070102, R070203, R070201
DAM421 0.0517 R070101 EX070101, R070102, R070201
R070201, R070203, R070205, R070102,
DAM421 0.0357  R070101 EX070101
R070201, R070202, R070203, R070205, R070102,
DAM421 0.0351 R070101 EX070101
DAM421 0.0351 R070101 EX070101, R070102,R070205, R070201
R070201, R070202, R070205, R070102,
DAM421 0.0346  R070101 EX070101
DAM2394 0.0137 R070101,R070204, R080402 EX070101, R070102
DAM1506 0.0107 R070101,R070204 R070201, R070203,R070102, EX070101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
19381 66 33 18 4
Positive sensor reading in: R070101 Sensor in, but no reading: R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, EX070101, R070102
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Table V-24: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 15 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:

DAM421  0.5599 R070101 EX070101, R070102
DAM1506 0.0811 R070101, R070204 EX070101, R070102
DAM421  0.0606 R070101 EX070101, R070102, R070203, R070201
DAM421 0.0573 R070101 EX070101, R070102, R070201

R070201, R070202, R070203, R070205, R070102,
DAM421  0.0399 R070101 EX070101
DAM421  0.0328 R070101 EX070101, R070102, R070205, R070201
DAM421  0.0317 R070101 R070201, R070203, R070205, R070102, EX070101
DAM421  0.0306 R070101 R070201, R070202, R070205,R070102, EX070101
DAM2394 0.0155 R070101, R070204,R080402 EX070101, R070102
DAM1506 0.0091 R070101, R070204 R070201, R070203, R070102, EX070101

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
19357 50 16 9 4
Positive sensor reading in: R070101 Sensor, but no reading: R070201
Actual (complete damage) extent:

Name: Initial: Progressive:
DAM421 R070101 R070201, EX070101, R070102

Table V-25: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 20 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM421  0.5416 R070101 EX070101, R070102
DAM1506 0.0733 R070101, R070204 EX070101, R070102
DAM421 0.0670 R070101 EX070101, R070102, R070201
DAM421  0.0670 R070101 EX070101, R070102, R070203, R070201
R070201, R070202, R070203, R070205, R070102,
DAM421  0.0489 R070101 EX070101
DAM421  0.0390 R070101 EX070101, R070102, R070205, R070201
R070201, R070202, R070205, R070102,
DAM421  0.0385 R070101 EX070101
R070201, R070203, R070205, R070102,
DAM421  0.0373 R070101 EX070101
DAM2394 0.0150 R070101, R070204, R080402 EX070101, R070102
DAM1506 0.0094 R070101, R070204 EX070101,R070102, R070201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
22662 37 12 8 3
Positive sensor reading in: R070101 Sensor in, but no reading: R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, EX070101, R070102
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Table V-26: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time =25 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM421  0.5438 R070101 EX070101, R070102
DAM421 0.0715 R070101 EX070101,R070102, R070201
DAM1506 0.0688 R070101, R070204 EX070101, R070102
DAM421  0.0674 R070101 EX070101, R070102,R070203, R070201
DAM421  0.0483 R070101 R070201, R070202, R070205, R070102, EX070101
R070201, R070202, R070203, R070205, R070102,
DAM421  0.0435 R070101 EX070101
DAM421  0.0423 R070101 R070201, R070203,R070205,R070102, EX070101
DAM421  0.0381 R070101 EX070101, R070102, R070205, R070201
DAM2394 0.0151 R070101,R070204,R080402 EX070101,R070102
DAM1506 0.0094 R070101, R070204 EX070101, R070102, R070201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
22551 22 11 8 2
Positive sensor reading in: R070101 Sensor, but no reading;: R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, EX070101, R070102

Table V-27: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 30 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM421  0.5609 R070101 EX070101, R070102
DAM421  0.0711 R070101 EX070101, R070102, R070203, R070201
DAM1506 0.0662 R070101, R070204 EX070101, R070102
DAM421 0.0657 R070101 EX070101, R070102, R070201
DAM421  0.0442 R070101 R070201, R070203, R070205, R070102, EX070101
DAM421  0.0424 R070101 R070201, R070202, R070205, R070102, EX070101
R070201, R070202,R070203, R070205, R070102,
DAM421  0.0400 R070101 EX070101
DAM421  0.0394 R070101 EX070101, R070102, R070205, R070201
DAM2394 0.0155 R070101, R070204, R080402 EX070101,R070102
DAM1506 0.0087 R070101, R070204 R070201, R070203,R070102, EX070101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
224525 19 10 8 4
Positive sensor reading in: R070101 Sensor in, but no reading: R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, EX070101, R070102
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Flooding sensor evidence - H;= 5.00 m

Table V-28: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 5 min.

Predicted (complete damage) extent

Dam: Prob.: — Compartment_s:
Initial: Progressive:

DAM421  0.4108 R070101 EX070101, R070102

DAM421  0.0641 R070101 R070201, R070202, R070203, R070205, R070102, EX070101

DAM1506 0.0537 R070101,R070204 EX070101,R070102

DAM421  0.0315 R070101 EX070101, R070102, R070203, R070201

DAM421  0.0272 R070101 R070201, R070202, R070205, R070102, EX070101

DAM421  0.0210 R070101 R070201, R070203, R070205, R070102, EX070101

DAM421  0.0194 R070101 R070201, R070202, R070203, R070205, R070102, AC070302,
EX070101

DAM421  0.0179 R070101 R070201, R070202, R070203, R070205, R070102, EX070101,
R070303
R070201, R070202, R070205, R070102, AC070302,

DAM421  0.0155 R070101 EX070101

DAM421 0.0101 R070101 EX070101, R070102, R070201

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
842418 6643 1856 330 10
Positive sensor readingin:  R070101 Sensor, but no reading: R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, EX070101, R070102

Table V-29: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 10 min.

Predicted (complete damage) extent

Dam: Prob.: - Compartment.s:
Initial: Progressive:
DAM421 0.4618 R070101 EX070101,R070102
DAM421 0.0700 R070101 R070201, R070202, R070203, R070205, R070102, EX070101
DAM1506 0.0561 R070101,R070204 EX070101,R070102
DAM421 0.0369 R070101 EX070101,R070102, R070203, R070201
DAM421 0.0327 R070101 R070201, R070202, R070205,R070102, EX070101
DAM421 00323 R070101 R070201, R070202, R070203, R070205, R070102, AC070302,
EX070101
DAM421 00263 R070101 R070201, R070202, R070203, R070205, R070102, EX070101,
R070303
DAM421 0.0235 R070101 R070201, R070203, R070205,R070102, EX070101
DAM421 0.0161 R070101 EX070101,R070102, R070201
DAM421 0.0157 R070101 R070201, R070203,R070102, AC070302, EX070101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
29479 1545 132 34 4
Positive sensor readingin:  R070101 Sensor, but no reading: R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, R070203, EX070101, R070102
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Table V-30: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 15 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

DAM421 0.1935 R070101 R070201,R070202,R070203,R070205,R070102, EX070101

DAM421 0.0890 R070101 EX070101,R070102,R070203,R070201

DAM421 0.0712 R070101 R070201,R070202,R070203,R070102, EX070101

DAM421 0.0623 R070101 R070201,R070203,R070205, R070102, EX070101

DAM421 0.0500 R070101 R070201,R070202,R070203,R070205,R070102, AC070302, EX070101
DAM421 0.0467 R070101 R070201,R070202,R070203, R070205,R070102, EX070101, R070303
DAM421 0.0445 R070101 EX070101,R070102,R070201

DAM421 0.0378 R070101 EX070101,R070102,R070205, R070201

DAM421 0.0278 R070101 R070201,R070203,R070102,AC070302, EX070101

DAM421 0.0278 R070101 R070201,R070203,R070205,R070102, AC070302, EX070101

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
23971 583 117 53 3
Positive sensor reading in: R070101,R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, R070203, EX070101, R070102, R070202

Table V-31: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 20 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — .
Initial: Progressive:

DAM421 0.1658 R070101 R070201,R070202,R070203,R070205,R070102, EX070101
DAM421  0.0829 R070101 EX070101,R070102, R070203, R070201

R070201, R070202, R070203, R070205, R070102, AC070302,

DAM421  0.0730 R070101 .o 0"

DAM421  0.0685 R070101 R070201, R070202, R070205, R070102, EX070101

DAM421 0.0652 R070101 R070201, R070203, R070205, R070102, EX070101

DAM421  0.0508 R070101 R070201, R070202, R070203, R070205, R070102, EX070101, R070303
DAM421  0.0431 R070101 R070201, R070203,R070102, AC070302, EX070101

DAM421  0.0298 R070101 EX070101, R070102, R070205, R070201

DAM421  0.0298 R070101 R070201, R070202, R070205, R070102, AC070302, EX070101
DAM421  0.0287 R070101 EX070101,R070102, R070201

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
79902 984 146 57 1

Positive sensor readingin:  R070101, R070201

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM421 R070101 R070201, R070205, R070203, EX070101, R070102, R070202
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Table V-32: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 25 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

DAM421 0.1794 R070101 R070201,R070202,R070203,R070205,R070102, EX070101
DAM421 0.0880 R070101 R070201,R070202,R070205,R070102, EX070101

DAM421 0.0812 R070101 R070201,R070202,R070203,R070205,R070102, AC070302, EX070101
DAM421 0.0711 R070101 EX070101,R070102,R070203,R070201

DAM421 0.0508 R070101 R070201,R070202,R070203,R070205, R070102, EX070101, R070303
DAM421 0.0485 R070101 R070201,R070203,R070205, R070102, EX070101

DAM421 0.0327 R070101 R070201,R070203, R070205,R070102, AC070302, EX070101

DAM421 0.0316 R070101 EX070101,R070102,R070201

DAM421 0.0305 R070101 R070201,R070202,R070205,R070102, AC070302, EX070101

DAM421 0.0260 R070101 R070201,R070203,R070102,AC070302, EX070101

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
83522 1081 135 49 1

Positive sensor reading in: R070101, R070201

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM421 R070101 R070201, R070205, R070203, EX070101, R070102, R070202

Table V-33: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 30 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

DAM421 0.1663 R070101 R070201,R070202,R070203,R070205,R070102, EX070101
DAM421 0.0963 R070101 EX070101,R070102,R070203,R070201

DAM421 0.0941 R070101 R070201,R070202,R070205,R070102, EX070101

DAM421 0.0755 R070101 R070201,R070203,R070205,R070102, EX070101

DAM421 0.0613 R070101 R070201,R070202,R070203,R070205, R070102, EX070101, R070303
DAM421 0.0460 R070101 R070201,R070202,R070203,R070205, R070102, AC070302, EX070101
DAM421 0.0416 R070101 EX070101,R070102,R070201

DAM421 0.0350 R070101 R070201,R070202,R070205,R070102, AC070302, EX070101

DAM421 0.0339 R070101 EX070101,R070102,R070205,R070201

DAM421 0.0252 R070101 R070201,R070203,R070102, EX070101, R070303

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
77450 733 117 45 1
Positive sensor reading in: R070101, R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, R070205, R070203, EX070101, R070102, R070202
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V.3.3 Flooding sensor evidence - H;= 10.00 m

Table V-34: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 10.0 m, time = 5 min.

Predicted (complete damage) extent

Dam: Prob.: — Compartment_s:
Initial: Progressive:
DAM421  0.4142 R070101 EX070101, R070102
DAM421  0.0791 R070101 2233(2)%,11%070202, R070203, R070205,R070102, AC070302,

R070201, R070202, R070203, R070205, R070102, AC070302,
DAM421 0.0581 R070101 EX070101, R070303

DAM1506 0.0434 R070101,R070204 EX070101,R070102

DAM421 0.0343 R070101 R070201, R070202, R070203, R070205, R070102, EX070101
DAM421 00271 RO70101 R070201, R070202, R070203, R070205, R070102, EX070101,
R070303
R070201, R070202, R070205, R070102, AC070302,
DAM421 0.0227 R070101 EX070101
DAM421 0.0188 R070101 R070201, R070202, R070205, R070102, EX070101
R070201, R070203,R070205, R070102, AC070302,
DAM421 0.0166 R070101 EX070101
DAM421 0.0133 R070101 R070201, R070203,R070102, AC070302, EX070101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
1348567 6144 1183 192 29
Positive sensor reading in: R070101 Sensor, but no reading: R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, EX070101, R070102

Table V-35: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 10.0 m, time = 10 min.

Predicted (complete damage) extent

Dam: Prob.: — Compartment_s:
Initial: Progressive:
DAM421  0.6208 R070101 EX070101, R070102
DAM421  0.0783 R070101 g}%%(l)é,lRWOZOZ, R070203, R070205, R070102, AC070302,

R070201, R070202, R070203, R070205, R070102, AC070302,

DAM421 0.0545 R070101 EX070101, R070303

DAM421 0.0336 R070101 R070201, R070202, R070203, R070205, R070102, EX070101
R070201, R070202, R070205, R070102, AC070302,

DAM421 0.0278 R070101 EX070101

DAM421 00215 R070101 R070201, R070202, R070203, R070205, R070102, EX070101,
R070303

DAM1506 0.0194 R070101,R070204 EX070101,R070102

DAM421 0.0122 R070101 R070201, R070203,R070102, AC070302, EX070101

DAM421 0.0110 R070101 R070201, R070202, R070205, R070102, EX070101

DAM421 00104 RO70101 R070201, R070203,R070102, AC070302, EX070101,
R070303

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
73399 203 54 12 4
Positive sensor reading in: R070101 Sensor, but no reading: R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, R070205, R070203, EX070101, R070102, R070202
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Table V-36: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 10.0 m, time = 15 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

DAM421 0.1801 R070101 R070201,R070202,R070203,R070205,R070102, AC070302, EX070101

R070201, R070202, R070203, R070205, R070102, AC070302,

DAM421 0.1315 R070101 EX070101, R070303

DAM421 0.1287 R070101 R070201,R070202,R070203,R070205,R070102, EX070101
DAM421 0.0901 R070101 R070201,R070202,R070205,R070102, AC070302, EX070101
DAM421 0.0600 R070101 R070201,R070202,R070203, R070205,R070102, EX070101, R070303
DAM421 0.0486 R070101 R070201,R070202,R070205, R070102, EX070101

DAM421 0.0372 R070101 R070201,R070203,R070102, AC070302, EX070101

DAM421 0.0272 R070101 R070201,R070203,R070205,R070102, AC070302, EX070101
DAM421 0.0214 R070101 R070201,R070203,R070102,EX070101, R070303

DAM421 0.0200 R070101 R070201,R070203,R070102, AC070302, EX070101, R070303

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
100954 275 99 64 3
Positive sensor reading in: R070101,R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, R070205, R070203, EX070101, R070102, R070202

Table V-37: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 20 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — .
Initial: Progressive:

DAM421 0.1547 R070101 R070201,R070202, R070203,R070205, R070102, AC070302, EX070101
DAM421 0.1044 R070101 R070201,R070202,R070203,R070205,R070102, EX070101

R070201, R070202, R070203, R070205, R070102, AC070302,

DAM421 0.0792 R070101 EX070101, R070303

DAM421 0.0692 R070101 R070201,R070202,R070203, R070205, R070102, EX070101, R070303
DAM421 0.0629 R070101 R070201,R070202,R070205,R070102, AC070302, EX070101
DAM421 0.0553 R070101 R070201,R070202,R070205,R070102, EX070101

DAM421 0.0428 R070101 R070201,R070203,R070102,AC070302, EX070101

DAM421 0.0340 R070101 R070201,R070203, R070205,R070102, AC070302, EX070101
DAM421 0.0327 R070101 R070201,R070203,R070102, EX070101, R070303

DAM421 0.0314 R070101 EX070101,R070102,R070203,R070201

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
89442 345 139 99 2

Positive sensor reading in: R070101,R070201

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM421 R070101 R070201, R070205,R070203, EX070101, R070102, R070202
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Table V-38: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 10.0 m, time = 25 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

DAM421 0.1462 R070101 R070201,R070202,R070203,R070205,R070102, EX070101
DAM421 0.1111 R070101 R070201,R070202,R070205,R070102, EX070101

DAM421 0.0892 R070101 EX070101,R070102,R070203,R070201

DAM421 0.0746 R070101 R070201,R070202, R070203,R070205, R070102, AC070302, EX070101
DAM421 0.0687 R070101 EX070101,R070102,R070201

DAM421 0.0526 R070101 R070201,R070203,R070102, AC070302, EX070101

DAM421 0.0512 R070101 R070201,R070202,R070203, R070205,R070102, EX070101, R070303
DAM421 0.0512 R070101 R070201,R070202,R070205,R070102, AC070302, EX070101

DAM421 0.0483 R070101 R070201,R070203,R070205,R070102, EX070101

DAM421 0.0336 R070101 R070201,R070203,R070205,R070102, AC070302, EX070101

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
76759 204 55 21 1

Positive sensor reading in: R070101,R070201

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM421 R070101 R070201, R070205, R070203, EX070101, R070102, R070202

Table V-39: Test-case 2- Ten most likely cases inferred from flooding sensors, Hs= 10.0 m, time = 30 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

DAM421 0.3836 R070101 R070201,R070202,R070203,R070205, R070102, AC070302, EX070101

R070201, R070202, R070203, R070205, R070102, AC070302,

DAM421 0.2757 R070101 EX070101, R070303

DAM421 0.1049 R070101 R070201,R070202,R070205,R070102, AC070302, EX070101

DAM421 0.0540 R070101 R070201,R070202,R070203,R070205,R070102, EX070101
DAM421 0.0420 R070101 R070201,R070202,R070203,R070205, R070102, EX070101, R070303
DAM421 0.0210 R070101 R070201,R070203,R070102,AC070302, EX070101

DAM421 0.0210 R070101 R070201,R070203,R070102, AC070302, EX070101, R070303

DAM421 0.0150 R070101 R070201,R070202,R070205,R070102, EX070101

DAM421 0.0120 R070101 R070201,R070203, R070205,R070102, AC070302, EX070101, R070303
DAM421 0.0090 R070101 R070201,R070203, R070205,R070102, AC070302, EX070101

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
113458 25 12 7 4
Positive sensor reading in: R070101, R070201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM421 R070101 R070201, R070205, R070203, EX070101, R070102, R070202
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V.4 Test-case 3

V.4.1 Draft and AIS sensor evidence

Table V-40: Test-case 3- Ten most likely cases inferred from draft and AlS sensor.

Predicted initial extent

Damage: Probability: Compartments:
DAM13 0.0357 R180001, R180401
DAM6 0.0260 R180001
DAM1 0.0212 R180001, R180002
DAM17 0.0196 R170101
DAM65 0.0150 R180001, R180002, R180401
DAM345 0.0109 R170101,R170307
DAM107 0.0078 R090113,R090305
DAM24 0.0077 R090113, R090305, R090401
DAM421 0.0076 R070101
DAM11 0.0074 R090009, R090113
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
19225 3416 1346 850 280
Actual initial extent:
Damage: Compartments:
DAM49 R160111, R160201, R160204

V.4.2 Flooding sensor evidence - H;= 0.00 m

Table V-41: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time =5 min.

Predicted (complete damage) extent

Dam: Prob.: _ Compartments: :
Initial: Progressive:
R160206,R160207, R160205, R160202, R160201,
DAM359 0.0649 R160111,R160204 R160103, EX160101
DAM359  0.0421 R160111, R160204 R160206, R160205, R160202, R160201, R160103,
EX160101
R160111,R160204, R160301, R160206, R160207, R160205, R160202, R160201,
DAM120 - 0.0341  p1¢0306 R160103, EX160101
R160111, R160204, R160301, R160206, R160205, R160202, R160201, R160103,
DAM120 - 0.0221 R160306 EX160101
DAM395  0.0216 R160111,R160204, R160301, R160206,R160207, R160205, R160202, R160201,
) R160306, R160404 R160103, EX160101
R160206, R160207, R160204, R160205, R160202,
DAM18 0.0193  R160111 R160201,R160103, EX160101
R160206,R160207, R160204, R160205, R160202,
DAM575 0.0143 R160111,R160201, R160301 R160103, EX160101
R160111, R160204, R160301, R160206, R160205, R160202, R160201, R160103,
DAM395  0.0140 R160306, R160404 EX160101
R160206, R160204, R160205, R160202, R160201,
DAM18 0.0132 R160111 R160103, EX160101
R160206,R160207, R160204, R160205, R160202,
DAM134 0.0132 R160111,R160201 R160103, EX160101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
309602 2741 1116 618 46

Positive sensor reading in:

R160103,R160201

Actual (complete damage) extent:

Name:
DAM49

Initial:
R160111,R160201, R160204

Progressive:
R160202, R160205, EX160101, R160103, R160206
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Table V-42: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 10 min.

Predicted (complete damage) extent

Dam: Prob.: _ Compartments: :
Initial: Progressive:
DAM359 0.0772 R160111, R160204 R160206, R160207, R160205, R160202, R160201, R160103,
EX160101
DAM359 0.0519 R160111,R160204 R160206, R160205, R160202, R160201, R160103, EX160101
R160111, R160204, R160206, R160207, R160205, R160202, R160201, R160103,
DAM120 0.0409 R160301, R160306 EX160101
R160111, R160204,
DAM120 0.0275 R160301. R160306 R160206, R160205, R160202, R160201, R160103, EX160101
R160111, R160204, R160206, R160207, R160205, R160202, R160201, R160103,
DAM395 0.0259 R160301, R160306, EX160101
R160206,R160207, R160204, R160205, R160202, R160201,
DAM18 0.0196 R160111 R160103, EX160101
R160111, R160204,
DAM395 0.0174 R160301 R160306, R160206, R160205, R160202, R160201, R160103, EX160101
R160111, R160204, R160206,R160207, R160205, R160202, R160201, R160103,
DAM381 0.0158 R160301 EX160101
R160111,R160204, R160206,R160207, R160205, R160202, R160201, R160103,
DAM1992  0.0152 R160301, R160404 EX160101
DAM18 0.0121 R160111 R160206, R160204, R160205, R160202, R160201, R160103,
EX160101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
25584 2216 940 523 56

Positive sensor reading in:

R160103, R160201

Actual (complete damage) extent:

Name:
DAM49

Initial:
R160111,R160201, R160204

Progressive:
R160202, R160205, EX160101, R160103, R160206

Table V-43: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 15 min.

Predicted (complete damage) extent

Dam: Prob.: _ Compartments: :
Initial: Progressive:
DAM359 00842 R160111, R160204 R160206, R160207, R160205, R160202, R160201, R160103,
EX160101
DAM359 0.0564 R160111,R160204 R160206, R160205, R160202, R160201, R160103, EX160101
R160111, R160204, R160206, R160207, R160205, R160202, R160201, R160103,
DAM120 0.0445 R160301, R160306 EX160101
R160111, R160204,
DAM120 0.0298 R160301. R160306 R160206, R160205, R160202, R160201, R160103, EX160101
R160111, R160204, R160206, R160207, R160205, R160202, R160201, R160103,
DAM395 0.0282 R160301, R160306, EX160101
R160111, R160204,
DAM395 0.0189 R160301. R160306, R160206, R160205, R160202, R160201, R160103, EX160101
R160111, R160204, R160206, R160207, R160205, R160202, R160201, R160103,
DAM381 0.0174 R160301 EX160101
R160111, R160204, R160206, R160207, R160205, R160202, R160201, R160103,
DAMI1992 ~ 0.0166 R160301, R160404 EX160101
R160206, R160207, R160204, R160205, R160202, R160201,
DAM18 0.0150 R160111 R160103, EX160101
DAM359 0.0142 R160111, R160204 R160207, R160202, R160201, R160103, EX160101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
23998 1939 840 472 72

Positive sensor reading in:

R160103, R160201

Actual (complete damage) extent:

Name:
DAM49

Initial:
R160111,R160201, R160204

Progressive:
R160202, R160205, EX160101, R160103, R160206
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Table V-44: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 20 min.

Predicted (complete damage) extent

Dam: Prob.: _ Compartments: :
Initial: Progressive:
R160206,R160207, R160205, R160202, R160201,
DAM359 0.0863 R160111,R160204 R160103, EX160101
DAM359 0.0690 R160111,R160204 R160206, R160205, R160202, R160201, R160103, EX160101
R160111, R160204, R160301, R160206,R160207, R160205, R160202, R160201,
DAM120 0.0455 R160306 R160103, EX160101
R160111, R160204, R160301, R160206, R160205, R160202, R160201, R160103,
DAM120 0.0364 R160306 EX160101
R160111, R160204, R160301, R160206, R160207, R160205, R160202, R160201,
DAM395 0.0289 R160306, R160404 R160103, EX160101
R160111, R160204, R160301, R160206, R160205, R160202, R160201, R160103,
DAM395 0.0230 R160306, R160404 EX160101
R160206,R160207, R160205, R160202, R160201,
DAM381 0.0181 R160111,R160204,R160301 R160103, EX160101
R160111, R160204, R160301, R160206,R160207, R160205, R160202, R160201,
DAM1992  0.0172 R160404 R160103, EX160101
DAM359 0.0146 R160111,R160204 R160207,R160202, R160201, R160103, EX160101
DAM381 0.0144 R160111, R160204, R160301 R160206,R160205, R160202, R160201, R160103,
EX160101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
23564 1813 761 420 81

Positive sensor reading in:

R160103, R160201

Actual (complete damage) extent:

Name:
DAM49

Initial:
R160111,R160201, R160204

Progressive:
R160202, R160205, EX160101, R160103, R160206

Table V-45: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time =25 min.

Predicted (complete damage) extent

Dam: Prob.: _ Compartments: :
Initial: Progressive:
R160206,R160207, R160205, R160202, R160201,
DAM359 0.0999 R160111,R160204 R160103, EX160101
DAM359 0.0707 R160111,R160204 R160206, R160205, R160202, R160201, R160103, EX160101
R160111, R160204, R160301, R160206,R160207, R160205, R160202, R160201,
DAM120 0.0525 R160306 R160103, EX160101
R160111, R160204, R160301, R160206,R160205, R160202, R160201, R160103,
DAM120 0.0374 R160306 EX160101
R160111,R160204, R160301, R160206,R160207, R160205, R160202, R160201,
DAM395 0.0332 R160306, R160404 R160103, EX160101
R160111, R160204, R160301, R160206, R160205, R160202, R160201, R160103,
DAM395 0.0237 R160306, R160404 EX160101
R160206,R160207, R160205, R160202, R160201,
DAM381 0.0208 R160111,R160204,R160301 R160103, EX160101
R160111, R160204, R160301, R160206, R160207, R160205, R160202, R160201,
DAM1992 00196 R160404 R160103, EX160101
DAM381 0.0148 R160111,R160204,R160301 gggéggimsozoa R160202, R160201, R160103,
R160111, R160204, R160301, R160206, R160205, R160202, R160201, R160103,
DAM1992 00140 R160404 EX160101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
23460 1700 672 361 109

Positive sensor reading in:

R160103, R160201

Actual (complete damage) extent:

Name:
DAM49

Initial:
R160111, R160201, R160204

Progressive:
R160202, R160205, EX160101, R160103, R160206
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Table V-46: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 30 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: Initial: Progressive:

R160206, R160207, R160205, R160202,

DAM359 0.1072 R160111, R160204 R160201, R160103, EX160101

R160206, R160205, R160202, R160201,

DAM359 0.0708  R160111,R160204 R160103, EX160101

R160206, R160207, R160205, R160202,

DAM120 0.0561 R160111, R160204, R160301, R160306 R160201, R160103, EX160101

R160206, R160205, R160202, R160201,

DAM120 0.0368 R160111, R160204, R160301, R160306 R160103, EX160101

R160111, R160204, R160301, R160306, R160206, R160207, R160205, R160202,
DAM395 0.0356 R160404 R160201,R160103, EX160101

R160111, R160204, R160301, R160306, R160206, R160205, R160202, R160201,
DAM395 0.0233 R160404 R160103, EX160101

R160206, R160207, R160205, R160202,

DAM381 0.0226 R160111, R160204, R160301 R160201, R160103, EX160101

R160206, R160207, R160205, R160202,

DAM1992 0.0212  R160111,R160204,R160301, R160404 R160201, R160103, EX160101

R160206, R160205, R160202, R160201,

DAM381 0.0149  R160111,R160204, R160301 R160103, EX160101

DAM1773 0.0148 R160111, R160204, R160301, R160306, R160206, R160207, R160205, R160202,
R140401, R160404, R160405, R160412 R160201, R160103, EX160101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
22951 1510 590 309 138
Positive sensor reading in: R160103, R160201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM49 R160111, R160201, R160204 R160202, R160205, EX160101, R160103, R160206

V.4.3 Flooding sensor evidence - H;= 5.00 m

Table V-47: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time =5 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: Initial: Progressive:

DAM359 0.0404 R160111, R160204 g}l{?gg?giRléonZ R160205, R160202, R160201, R160103,

R160206, R160207, R160204, R160205, R160202, R160201,

DAM18 0.0180 R160111 R160103, EX160101
DAM18 0.0121 R160111 EX160101, R160103
DAM359 0.0115 R160111, R160204 R160206,R160205, R160202, R160201, R160103, EX160101

R160206,R160207, R160205, R160202, R160201, R160111,

DAM151 0.0105  R160204 R160103, EX160101

R160111, R160204, R160206, R160207, R160205, R160202, R160201, R160103,
DAM120 0.0087 R160301, R160306 EX160101
DAM18 0.0084 R160111 R160205, EX160101, R160103
DAM18 0.0077  R160111 R160206, R160205, EX160101, R160103
R160206, R160207, R160205, R160202, R160201, R160103,
DAM359 0.0066  R160111, R160204 EX160101, R160303
DAM359 0.0062  R160111, R160204 EX160101, R160103
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
982264 114376 42664 23021 228
Positive sensor reading in: R160103 Sensor, but no reading: R160201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM49 R160111,R160201, R160204 R160202, R160205, EX160101, R160103, R160206
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Table V-48: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 10 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: Initial: Progressive:

R160206, R160207, R160205, R160202, R160201,
DAM359 0.0519  R160111, R160204 R160103, EX160101

R160206, R160207, R160204, R160205, R160202,

DAMI8 0.0274 R160111 R160201, R160103, EX160101

DAM359 00192  R160111, R160204 R160206, R160205, R160202, R160201, R160103,

EX160101
DAM18 0.0189 R160111 EX160101, R160103
DAM18 0.0170 R160111 R160206, R160205, EX160101, R160103
DAM18 0.0138 R160111 R160205, EX160101, R160103

R160206, R160207, R160205, R160202, R160201,

DAM120 0.0133  R160111,R160204, R160301, R160306 R160103, EX160101

R160206, R160204, R160205, R160202, R160201,

DAM18 0.0111 R160111 R160103, EX160101

R160206, R160207, R160205, R160202, R160201,
DAMI51 0.0080  R160204 R160111,R160103, EX160101

DAM395 0.0080 R160111, R160204, R160301, R160306, R160206, R160207, R160205, R160202, R160201,

R160404 R160103, EX160101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
278724 72570 20787 8979 1161
Positive sensor reading in: R160103 Sensor, but no reading: R160201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM49 R160111, R160201, R160204 R160202, R160205, EX160101, R160103, R160206

Table V-49: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 15 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: Initial: Progressive:

R160206, R160207, R160205, R160202, R160201,
DAM359 0.0703 R160111, R160204 R160103, EX160101

R160206, R160207, R160204, R160205, R160202,

DAMI8 0.0474 R160111 R160201, R160103, EX160101

R160206, R160205, R160202, R160201, R160103,

DAM359 0.0242 R160111, R160204 EX160101

R160206, R160204, R160205, R160202, R160201,

DAM18 0.0176 R160111 R160103, EX160101
R160206, R160207, R160205, R160202, R160201,

DAM18 0.0160 R160111 R160103, EX160101
R160111,R160204, R160301, R160206, R160207, R160205, R160202, R160201,

DAM120 0.0145 R160306 R160103, EX160101

R160206, R160207, R160205, R160202, R160201,

DAM359 0.0115 R160111, R160204 R160103, EX160101, R160303

R160206, R160207, R160204, R160205, R160202,

DAM18 0.0091 R160111 R160201, R160103, EX160101, R160303
R160111, R160204, R160301, R160206, R160207, R160205, R160202, R160201,
DAM395 0.0084 R160306, R160404 R160103, EX160101

R160206, R160207, R160205, R160202, R160201,

DAMI51 0.0067  R160204 R160111,R160103, EX160101

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
184114 35962 10616 5377 1162
Positive sensor reading in: R160103,R160201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM49 R160111, R160201, R160204 R160202, R160205, EX160101, R160103, R160206
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Table V-50: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hg= 5.0 m, time = 20 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: p

Initial: Progressive:

R160206, R160207, R160205, R160202, R160201,

DAM359 0.0764 R160111,R160204 R160103, EX160101

R160206, R160207, R160204, R160205, R160202,

DAM18 0.0473  R160111 R160201, R160103, EX160101

DAM359 00215 R160111, R160204 R160206, R160205, R160202, R160201, R160103,

EX160101
R160111, R160204, R160301, R160206, R160207, R160205, R160202, R160201,
DAM120  0.0160 R160306 R160103, EX160101

R160206, R160207, R160205, R160202, R160201,

DAM18 0.0158 R160111 R160103, EX160101

R160206, R160204, R160205, R160202, R160201,

DAM18 0.0148 R160111 R160103, EX160101

R160206, R160207, R160205, R160202, R160201,

DAM359 0.0128 R160111,R160204 R160103, EX160101, R160303

R160111, R160204, R160301, R160206, R160207, R160205, R160202, R160201,

DAM395 00094 R160306, R160404 R160103, EX160101

R160206, R160207, R160204, R160205, R160202,

DAM18 0.0073  R160111 R160201, R160103, EX160101, R160303

R160206, R160207, R160205, R160202, R160201,

R160111, R160204, R160301, R160103, R160302, EX160101, R160304,

DAM120 0.0061

R160306 R160303, R160305
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
113904 29742 9515 4893 1527
Positive sensor reading in: R160103,R160201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM49 R160111,R160201, R160204 R160202, R160205, EX160101, R160103, R160206

339



Table V-51: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 25 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
R160206, R160207, R160205, R160202, R160201,
DAM359 0.0815 R160111, R160204 R160103, EX160101
R160206, R160207, R160204, R160205, R160202,
DAM18 0.0506  R160111 R160201, R160103, EX160101
DAM359 0.0270 R160111, R160204 R160206, R160205, R160202, R160201, R160103,
EX160101
R160111, R160204, R160301, R160206, R160207, R160205, R160202, R160201,
DAM120 0.0160 R160306 R160103, EX160101
R160206, R160204, R160205, R160202, R160201,
DAM18 0.0156 R160111 R160103, EX160101
R160206, R160207, R160205, R160202, R160201,
DAM18 0.0128 R160111 R160103, EX160101
R160206, R160207, R160205, R160202, R160201,
DAM359 0.0125 R160111, R160204 R160103, EX160101, R160303
R160111, R160204, R160301, R160206, R160207, R160205, R160202, R160201,
DAM395 0.0093 R160306, R160404 R160103, EX160101
R160206, R160207, R160204, R160205, R160202,
DAM18 0.0073  R160111 R160201, R160103, EX160101, R160303
R160206, R160205, R160202, R160201, R160103,
DAM359 0.0062 R160111, R160204 EX160101, R160303
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
88739 23692 7846 4052 1470

Positive sensor reading in:

R160103, R160201

Actual (complete damage) extent:

Name:
DAM49

Initial:

R160111,R160201, R160204

Progressive:
R160202, R160205, EX160101, R160103, R160206
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Table V-52: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hg= 5.0 m, time = 30 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: p

Initial: Progressive:

R160206, R160207, R160205, R160202, R160201,

DAM359 0.0852 R160111,R160204 R160103, EX160101

R160206, R160207, R160204, R160205, R160202,

DAM18 0.0461  R160111 R160201, R160103, EX160101

DAM359 00240 R160111, R160204 R160206, R160205, R160202, R160201, R160103,

EX160101
R160111, R160204, R160301, R160206, R160207, R160205, R160202, R160201,
DAM120 ~ 0.0161 R160306 R160103, EX160101

R160206, R160207, R160205, R160202, R160201,

DAM359 0.0144 R160111,R160204 R160103, EX160101, R160303

R160206, R160207, R160205, R160202, R160201,

DAM18 0.0128 R160111 R160103, EX160101

R160206, R160204, R160205, R160202, R160201,

DAM18 0.0121 R160111 R160103, EX160101

R160111, R160204, R160301, R160206, R160207, R160205, R160202, R160201,

DAM395  0.0099 R160306, R160404 R160103, EX160101

R160206, R160207, R160204, R160205, R160202,

DAM18 0.0070  R160111 R160201, R160103, EX160101, R160303

R160206, R160207, R160205, R160202, R160201,

R160111, R160204, R160301, R160103, R160302, EX160101, R160304,

DAM120 0.0057

R160306 R160303, R160305
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
77399 19832 6907 3538 1886
Positive sensor reading in: R160103,R160201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM49 R160111,R160201, R160204 R160202, R160205, EX160101, R160103, R160206
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V.4.4 Flooding sensor evidence - H;= 10.00 m
Table V-53: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hg=10.0 m, time = 5 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

R160206, R160207, R160205, R160202, R160201,

DAM359  0.0223 R160111, R160204 R160103, EX160101

R160206, R160207, R160204, R160205, R160202,

DAM18 00113 R160111 R160201, R160103, EX160101

R160206, R160207, R160204, R160205, R160202,

DAM134  0.0087 R160111,R160201 R160103, EX160101

R160206, R160207, R160205, R160202, R160201,

DAM151 0.0064  R160204 R160111, R160103, EX160101

R160206, R160207, R160204, R160205, R160202,

DAM251 0.0050  R160201 R160111, R160103, EX160101

R160111, R160201, R160206, R160207, R160205, R160202, R160103,

DAMA9 —0.0029 " p160204 EX160101

R160206, R160207, R160205, R160202, R160201,
R160103, R160302, EX160101, R160304, R160303,
R160305

R160111, R160204,

DAMI120  0.0027 160301, R160306

R160206, R160207, R160205, R160202, R160111,

DAM602 0.0023 R160201,R160204 R160103, EX160101

DAM359 00022 R160111, R160204 R160206, R160205, R160202, R160201, R160103,

EX160101
R160206, R160207, R160205, R160202, R160201,
DAM359  0.0022 R160111, R160204 R160103, R160302, R160307, R160306, EX160101,
R160304, R160303, R160305, R160301
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
1749360 132784 53282 31212 211
Positive sensor reading in: R160103,R160201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM49 R160111, R160201, R160204 R160202, R160205, EX160101, R160103, R160206
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Table V-54: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 10 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
R160206,R160207, R160205, R160202, R160201,
DAM359 0.0314 R160111,R160204 R160103, EX160101
R160206, R160207, R160204, R160205, R160202,
DAM18 0.0158  R160111 R160201,R160103, EX160101
R160206,R160207, R160204, R160205, R160202,
DAM134  0.0115 R160111,R160201 R160103, EX160101
R160206, R160207, R160205, R160202, R160201,
DAMI51 0.0079  R160204 R160111,R160103, EX160101
R160206, R160207, R160204, R160205, R160202,
DAM251 0.0063  R160201 R160111,R160103, EX160101
DAM359 0.0038 R160111, R160204 R160206, R160205, R160202, R160201, R160103,
EX160101
R160206, R160207, R160205, R160202, R160203,
DAM359 0.0038 R160111, R160204 R160201,R160103, R160302, SL01, R160306, EX160101,
R160304, R160303, R160305, R160301
R160111, R160201, R160206, R160207, R160205, R160202, R160103,
DAM49 0.0037 R160204 EX160101
R160206, R160207, R160205, R160202, R160203,
DAM359 0.0034 R160111,R160204 R160201, R160103, R160302, R160307, R160308, SLO1,
R160306, EX160101, R160304, R160303, R160305,
R160206, R160207, R160205, R160202, R160203,
DAM359 0.0031  R160111,R160204 R160201, R160103, SL01, EX160101, R160303
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
657104 77584 32089 18666 155

Positive sensor reading in:

R160103, R160201

Actual (complete damage) extent:

Name:
DAM49

Initial:

R160111, R160201, R160204

Progressive:
R160202, R160205, EX160101, R160103, R160206
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Table V-55: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 15 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM359 0.0329 R160111, R160204 R160206, R160207, R160205, R160202, R160201, R160103,
EX160101
R160206, R160207, R160204, R160205, R160202, R160201,
DAM18 0.0158 R160111 R160103, EX160101
DAM134 00103 R160111, R160201 R160206, R160207, R160204, R160205, R160202, R160103,
EX160101
R160206, R160207, R160205, R160202, R160201, R160111,
DAM151 0.0073 R160204 R160103, EX160101
R160206, R160207, R160204, R160205, R160202, R160111,
DAM251 0.0056 R160201 R160103, EX160101
R160206, R160207, R160205, R160202, R160203, R160201,
DAM359 0.0043 R160111,R160204 R160103,R160302,R160307, R160308, SL01, R160306,
EX160101, R160304, R160303, R160305, R160301
R160206, R160207, R160205, R160202, R160201, R160103,
DAM359 0.0043 R160111,R160204 R160302,R160308,R160307, R160306, EX160101, R160304,
R160303, R160305, R160301
R160206, R160207, R160205, R160202, R160201, R160103,
DAM359 0.0038 R160111,R160204 R160302,R160306, EX160101, R160304, R160303, R160305,
R160301
DAM49 0.0034 2128;(1)41} R160201, R160206, R160207, R160205, R160202, R160103, EX160101
DAM359 0.0033 R160111,R160204 R160206,R160205,R160202, R160201, R160103, EX160101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
484196 72933 30051 17062 364

Positive sensor reading in:

R160103,R160201

Actual (complete damage) extent:

Name:
DAM49

Initial:
R160111,R160201,R160204 R160202, R160205, EX160101, R160103, R160206

Progressive:
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Table V-56: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 20 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: p

Initial: Progressive:

R160206, R160207, R160205, R160202, R160201, R160103,

DAM359 0.0405 R160111,R160204 EX160101

R160206, R160207, R160204, R160205, R160202, R160201,

DAM18 0.0195 R160111 R160103, EX160101

R160206, R160207, R160204, R160205, R160202, R160103,

DAM134 0.0114 R160111,R160201 EX160101

R160206, R160207, R160205, R160202, R160201, R160111,

DAM151 0.0080 R160204 R160103, EX160101

DAM359 0.0077 R160111,R160204 R160206, R160205, R160202, R160201, R160103, EX160101

R160206, R160207, R160204, R160205, R160202, R160111,

DAM251 0.0063 R160201 R160103, EX160101

R160206, R160207, R160205, R160202, R160201, R160103,
DAM359 0.0049 R160111,R160204 R160302,R160306, EX160101, R160304, R160303, R160305,
R160301

R160206, R160207, R160205, R160202, R160203, R160201,

DAM359 0.0049  R160111,R160204 R160103, R160403, SL01, EX160101, R160303

R160206, R160207, R160205, R160202, R160203, R160201,
DAM359 0.0049 R160111,R160204 R160103,R160302,R160403,SL01, R160306, EX160101,
R160304, R160303, R160305, R160301

DAM18 0.0042 R160111 R160206, R160204, R160205, R160202, R160201, R160103,
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
415303 51438 20602 11227 96
Positive sensor reading in: R160103, R160201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM49 R160111, R160201, R160204 R160202, R160205, EX160101, R160103, R160206
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Table V-57: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 25 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: Initial: Progressive:

DAM359 0.0412 R160111, R160204 g}l{?gé(l)g,lR160207, R160205, R160202, R160201, R160103,

R160206, R160207, R160204, R160205, R160202, R160201,

DAM18 0.0221 R160111 R160103, EX160101

R160206, R160207, R160204, R160205, R160202, R160103,

DAM134  0.0117 R160111,R160201 EX160101

R160206, R160207, R160205, R160202, R160201, R160103,
DAM359 0.0105 R160111,R160204 R160302,R160308,R160307, R160306, EX160101, R160304,
R160303, R160305, R160301

R160206, R160207, R160205, R160202, R160201, R160111,

DAM151 0.0081 R160204 R160103, EX160101

R160206, R160207, R160205, R160202, R160203, R160201,
DAM359  0.0075 R160111,R160204 R160103,R160302,SL01, R160306, EX160101, R160304,
R160303, R160305, R160301

R160206, R160207, R160204, R160205, R160202, R160111,

DAM251 0.0064 R160201 R160103, EX160101

R160206, R160207, R160205, R160202, R160201, R160103,
DAM359  0.0052 R160111,R160204 R160302,R160306, EX160101, R160304, R160303, R160305,
R160301

R160206, R160207, R160205, R160202, R160203, R160201,
DAM359  0.0052 R160111,R160204 R160103,R160302,R160307, R160308, SL01, R160306,
EX160101, R160304, R160303, R160305, R160301

R160206, R160207, R160204, R160205, R160202, R160201,

DAM18 0.0045 R160111 R160103, R160302, R160308, R160307, R160306, EX160101,
R160304, R160303, R160305, R160301
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
361710 53007 20513 10536 578
Positive sensor reading in: R160103, R160201
Actual (complete damage) extent:

Name: Initial: Progressive:
DAM49 R160111, R160201, R160204 R160202, R160205, EX160101, R160103, R160206

346



Table V-58: Test-case 3 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 30 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

R160206, R160207, R160205, R160202, R160201, R160103,

DAM359 0.0603 R160111, R160204 EX160101

R160206, R160207, R160204, R160205, R160202, R160201,

DAM18 0.0295 R160111 R160103, EX160101

R160206, R160207, R160204, R160205, R160202, R160103,

DAM134 0.0145 R160111,R160201 EX160101

R160206, R160207, R160205, R160202, R160201, R160111,

DAM151 0.0098 R160204 R160103, EX160101

R160206, R160207, R160205, R160202, R160201, R160103,
DAM359  0.0091 R160111,R160204 R160302,R160308,R160307, R160306, EX160101, R160304,
R160303, R160305, R160301

DAM359 0.0080 R160111,R160204 R160206,R160205,R160202, R160201, R160103, EX160101

R160206, R160207, R160204, R160205, R160202, R160111,

DAM251 0.0078 R160201 R160103, EX160101

R160206, R160207, R160205, R160202, R160203, R160201,
DAM359  0.0070 R160111,R160204 R160103,R160302,SL01, R160306, EX160101, R160304,
R160303, R160305, R160301

R160206, R160207, R160205, R160202, R160203, R160201,
DAM359  0.0070 R160111,R160204 R160103,R160302,R160307, R160308, SL01, R160306,
EX160101, R160304, R160303, R160305, R160301

R160206, R160207, R160205, R160202, R160201, R160103,
DAM359 0.0050 R160111,R160204 R160302,R160306, EX160101, R160304, R160303, R160305,

R160301
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
339270 40941 13908 6555 233
Positive sensor reading in: R160103,R160201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM49 R160111, R160201, R160204 R160202, R160205, EX160101, R160103, R160206
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V.5 Test-case 4

V.5.1 Draft and AIS sensor evidence

Table V-59: Test-case 4 - Ten most likely cases inferred from draft and AlIS sensor.

Predicted initial extent

Damage: Probability: Compartments:
DAM13 0.0364 R180001, R180401
DAM6 0.0265 R180001
DAM1 0.0202 R180001, R180002
DAM17 0.0187 R170101
DAMG65 0.0148 R180001, R180002, R180401
DAM345 0.0103 R170101,R170307
DAM11 0.0075 R090009, R090113
DAM107 0.0072 R090113, R090305
DAM24 0.0071 R090113, R090305, R090401
DAM136 0.0071 R040112, R040301
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
19225 3459 1370 871 267
Actual initial extent:
Damage: Compartments:
DAM342 R180001,R170101, R180002

V.5.2 Flooding sensor evidence - H;= 0.00 m

Table V-60: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time =5 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM29 0.2932  R180001,R170101 EX170201
DAM29 0.1890 R180001,R170101 None
DAM9 0.0932  R180001,R170101,R170307 EX170201
DAMS8S8 0.0628 R180001,R170101,R170307,R170406, R170407,R180401  EX170201
DAM9 0.0597 R180001,R170101,R170307 None
DAMS8S8 0.0402 R180001,R170101,R170307,R170406, R170407, R180401  None
DAM70 0.0216  R180001,R170101, R180002, R170307 EX170201
DAM342 0.0214 R180001,R170101,R180002 EX170201
DAM352 0.0202  R180001,R170101,R170302,R170308, R170307 EX170201
DAM70 0.0139 R180001,R170101, R180002, R170307 None
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
316107 120 31 19 8

Positive sensor reading in: R180001,R170101

Actual (complete damage) extent:

Initial:
R180001, R170101, R180002

Name:
DAM342

Progressive:
EX170201
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Table V-61: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 10 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:

DAM29 0.3795 R180001,R170101 EX170201
DAM29 0.2586 R180001,R170101 None
DAM9 0.0482 R180001,R170101, R170307 EX170201
DAMO 0.0325 R180001,R170101, R170307 None
DAMS88 0.0290 R180001,R170101, R170307, R170406, R170407,R180401  EX170201
DAM352 0.0262 R180001,R170101, R170302, R170308, R170307 EX170201
DAMS8S8 0.0196 R180001,R170101, R170307, R170406, R170407, R180401 None
DAM352 0.0177 R180001,R170101, R170302, R170308,R170307 None
DAM70 0.0153 R180001,R170101, R180002, R170307 EX170201
DAM342 0.0152 R180001,R170101, R180002 EX170201

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:

22864 87 23 16 10
Positive sensor reading in: R180001,R170101
Actual (complete damage) extent:

Name: Initial: Progressive:
DAM342 R180001,R170101, R180002 EX170201

Table V-62: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 15 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM29 0.4142 R180001,R170101 EX170201
DAM29 0.3143 R180001,R170101 None
DAM352 0.0285 R180001,R170101,R170302,R170308, R170307 EX170201
DAM352 0.0214 R180001,R170101,R170302,R170308, R170307 None
DAMO 0.0210 R180001,R170101,R170307 EX170201
DAMO 0.0158 R180001,R170101, R170307 None

R180001,R170101, R170302, R170308, R170307, R170406,

DAM1197 0.0158 R170407 R180401 EX170201
R180001, R170101, R170302, R170308, R170307, R170406,
DAM699 — 0.0139 R170407,R170408, R180401 EX170201
R180001, R170101, R170302, R170308, R170307, R170406,
DAM1197 0.0118 R170407. R180401 None
DAMS88 0.0113 R180001,R170101,R170307, R170406, R170407, R180401 EX170201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
20678 65 21 14 13
Positive sensor reading in: R180001,R170101
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM342 R180001, R170101, R180002 EX170201
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Table V-63: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 20 min.

Predicted (complete damage) extent

Dam: Prob.: - Compartments: p
Initial: Progressive:
DAM29 0.4292 R180001,R170101 EX170201
DAM29 0.3158 R180001,R170101 None
DAM352 0.0296 R180001,R170101,R170302,R170308, R170307 EX170201
DAM352 0.0216 R180001,R170101,R170302,R170308, R170307 None
DAM7528 0.0211 R180001,R170101, R170302,R170308, R170307, R170407 EX170201

R180001,R170101,R170302, R170308, R170307, R170406,

DAML197 00164 1170407, R180401

EX170201

DAM7528 0.0154 R180001,R170101,R170302,R170308,R170307, R170407, None

R180001,R170101,R170302, R170308, R170307, R170406,

DAM699 0.0144 R170407,R170408, R180401 EX170201
R180001, R170101, R170302, R170308, R170307, R170406,
DAM1197 0.0120 R170407, R180401 None
R180001,R170101,R170302, R170308, R170307, R170406,
DAME99  0.0105  p170407, R170408, R180401 None
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
20123 52 20 12 17
Positive sensor reading in: R180001,R170101
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM342 R180001, R170101, R180002 EX170201

Table V-64: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time =25 min.

Predicted (complete damage) extent

Dam: Prob.: _ Compartments: :
Initial: Progressive:
DAM29 0.3909 R180001,R170101 EX170201
DAM29 0.2782 R180001,R170101 None
DAM7528 0.0656 R180001,R170101,R170302,R170308,R170307, R170407 EX170201
DAM7528 0.0462 R180001,R170101,R170302,R170308,R170307, R170407 None
DAM352  0.0270 R180001,R170101,R170302,R170308, R170307 EX170201
DAM352  0.0190 R180001,R170101,R170302,R170308, R170307 None
R180001,R170101, R180002, EX170201, R170302, R170306,
DAM8809 0.0172 R170308,R170307, R170404, R170406, R170407, R170408, None

R170409,R180401

R180001,R170101, R170302, R170308, R170307, R170406,

DAM1197 0.0150 R170407, R180401 EX170201
R180001, R170101, R180002, EX170201, R170302, R170306,
DAM6771 0.0143 R170308,R170307, R170404, R170406, R170407, R170409, None
R180401
R180001,R170101, R170302, R170308, R170307, R170406,
DAM699 0.0130 R170407, R170408, R180401 EX170201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
20794 47 21 12 25
Positive sensor reading in: R180001,R170101
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM342 R180001,R170101, R180002 EX170201
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Table V-65: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 30 min.

Predicted (complete damage) extent

Dam: Prob.: _ Compartments: :
Initial: Progressive:
DAM29 0.2794 R180001,R170101, EX170201
DAM29 0.1905 R180001,R170101, None
DAM7528 0.1600 R180001,R170101,R170302,R170308,R170307, R170407 EX170201
DAM7528 0.1077 R180001,R170101,R170302,R170308, R170307,R170407 None
R180001,R170101, R180002, EX170201, R170302, R170306,
DAMS8809 0.0412 R170308,R170307,R170404, R170406,R170407,R170408, None
R170409, R180401
R180001,R170101, R180002, EX170201, R170302, R170306,
DAM6771 0.0341 R170308,R170307,R170404, R170406,R170407,R170409, None
R180401
DAM352 0.0193 R180001,R170101,R170302,R170308, R170307 EX170201
R180001,R170101, R180002, EX170201, R170302, R170303,
DAM16495 0.0130 R170306,R170308,R170307,R170401,R170403,R170404, None
R170405, R170406, R170407, R170409, R180401
DAM352 0.0130 R180001,R170101,R170302,R170308, R170307 None
R180001,R170101,R170302,R170304, R170305, R170306, SLO1,
DAM12803 0.0125 R170308,R170307, EC170401, R160403, R170402, R170404, EX170201
R170406, R170407, R170408, R170409, R180401
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
20590 44 20 13 27

Positive sensor reading in: R180001,R170101

Actual (complete damage) extent:

Initial:
R180001, R170101, R180002

Name:
DAM342

Progressive:
EX170201

V.5.3 Flooding sensor evidence - H;= 5.00 m

Table V-66: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 5 min.

Predicted (complete damage) extent

Dam: Prob.: — Compartments: :
Initial: Progressive:
DAM29 0.1633  R180001,R170101 EX170201
DAM9 0.1386  R180001,R170101,R170307 EX170201
DAMSS 00924 R180001,R170101, R170307, R170406, R170407, EX170201
R180401
DAM29 0.0696  R180001,R170101 None
DAM29 0.0504 R180001,R170101 EX170201, R170307
DAMO 0.0295 R180001,R170101,R170307 R170306, EX170201
DAMSS 0.0286 R180001, R170101, R170307, R170406, R170407, EX170201, R170306
R180401
DAM9 0.0263  R180001,R170101,R170307 None
DAM70 0.0238 R180001,R170101, R180002, R170307 EX170201
DAM342 0.0219 R180001,R170101,R180002 EX170201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
967952 586 148 67 10

Positive sensor reading in:

R180001,R170101

Actual (complete damage) extent:

Name:
DAM342

Initial:
R180001, R170101, R180002

Progressive:
EX170201
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Table V-67: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 10 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM29 0.1714  R180001,R170101 EX170201
DAMO 0.1375  R180001,R170101,R170307 EX170201
DAMSS 00914 R180001,R170101, R170307, R170406, R170407, EX170201
R180401
DAM29 0.0695 R180001,R170101
DAM29 0.0406 R180001,R170101 EX170201,R170307
DAMSS 0.0299 R180001,R170101, R170307, R170406, R170407, EX170201, R170306
R180401
DAM9 0.0278 R180001,R170101, R170307 R170306, EX170201
DAM9 0.0254 R180001,R170101, R170307 None
DAM70 0.0238  R180001,R170101, R180002, R170307 EX170201
DAM342 0.0231 R180001,R170101,R180002 EX170201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
42155 563 145 67 10

Positive sensor reading in:

R180001,R170101

Actual (complete damage) extent:

Name:
DAM342

Initial:
R180001,R170101, R180002

Progressive:
EX170201

Table V-68: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 15 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM29 0.1567 R180001,R170101 EX170201
DAM9 0.1355  R180001,R170101,R170307 EX170201
DAMSS 0.0899 R180001,R170101, R170307, R170406, R170407, EX170201
R180401
DAM29 0.0766  R180001,R170101 None
DAM29 0.0510 R180001,R170101 EX170201, R170307
DAMSS 0.0304 R180001,R170101, R170307, R170406, R170407, EX170201, R170306
R180401
DAM9 0.0280 R180001,R170101,R170307 None
DAM9 0.0266  R180001,R170101,R170307 R170306, EX170201
DAM70 0.0237  R180001,R170101, R180002, R170307 EX170201
DAM342 0.0212 R180001,R170101,R180002 EX170201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
22304 479 129 61 10

Positive sensor reading in:

R180001, R170101

Actual (complete damage) extent:

Name:
DAM342

Initial:
R180001,R170101, R180002

Progressive:
EX170201
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Table V-69: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hg= 5.0 m, time = 20 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM29 0.1611 R180001,R170101 EX170201
DAMO 0.1357 R180001,R170101,R170307 EX170201
DAMSS 0.0890 R180001,R170101, R170307, R170406, R170407, EX170201
R180401
DAM29 0.0784  R180001,R170101 None

DAM29 0.0483  R180001,R170101

EX170201, R170307

DAM9 0.0291  R180001,R170101, R170307

None

DAM9 0.0248 R180001,R170101, R170307

R170306, EX170201

R180001,R170101, R170307, R170406, R170407,

DAMSS8 0.0241 R180401,

EX170201,R170306

DAM70 0.0240  R180001,R170101, R180002, R170307 EX170201
DAM342 0.0220  R180001,R170101, R180002 EX170201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
22674 545 146 69 10

Positive sensor reading in: R180001,R170101

Actual (complete damage) extent:

Name: Initial:
DAM342 R180001,R170101, R180002

Progressive:
EX170201

Table V-70: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 25 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM29 0.1551 R180001,R170101 EX170201
DAM9 0.1407 R180001,R170101,R170307 EX170201
DAMSS 0.0964 R180001,R170101, R170307, R170406, R170407, EX170201
R180401
DAM29 0.0749  R180001,R170101 None

DAM29 0.0507 R180001,R170101

EX170201,R170307

DAM9 0.0271  R180001,R170101,R170307

None

R180001, R170101, R170307, R170406, R170407,

DAMS8S8 0.0255 R180401

EX170201, R170306

DAM70 0.0251  R180001,R170101, R180002, R170307, EX170201
DAM342  0.0213 R180001,R170101, R180002 EX170201
DAM9 0.0206  R180001,R170101,R170307 R170306, EX170201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
23518 547 143 66 9

Positive sensor reading in: R180001, R170101

Actual (complete damage) extent:

Name: Initial:
DAM342 R180001,R170101, R180002

Progressive:
EX170201
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Table V-71: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 30 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -

Initial: Progressive:
DAM29 0.1779  R180001,R170101 EX170201
DAMO 0.1419  R180001,R170101,R170307 EX170201
DAMSS 00971 R180001,R170101, R170307, R170406, R170407, EX170201

R180401
DAM29 0.0742  R180001,R170101 None
DAM29 0.0424  R180001,R170101 EX170201, R170307
DAMO 0.0315 R180001,R170101,R170307 None
DAM9 0.0294  R180001,R170101,R170307 R170306, EX170201

DAMSS 00281 R180001,R170101, R170307, R170406, R170407,

R180401
DAM70 0.0256  R180001,R170101, R180002, R170307 EX170201
DAM342 0.0245 R180001,R170101, R180002 EX170201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
22150 472 119 55 10
Positive sensor reading in: R180001,R170101

Actual (complete damage) extent:
Name: Initial: Progressive:
DAM342 R180001,R170101, R180002 EX170201

V.5.4 Flooding sensor evidence - H;= 10.00 m

Table V-72: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 5 min.

Predicted (complete damage) extent

EX170201,R170306

Compartments:

Dam: Prob.: — -

Initial: Progressive:
DAM29  0.0491 R180001, R170101 EX170201
DAMO 0.0405 R180001,R170101,R170307 EX170201
DAM29  0.0332 R180001, R170101 EX170201, R170307
DAM29  0.0273 R180001, R170101 None
DAM29  0.0273 R180001,R170101 EX170201,R170307,R170306

DAM9 0.0224  R180001,R170101,R170307 EX170201,R170305,R170306, R170304
DAM9 0.0224  R180001,R170101,R170307  EX170201, R170306

DAM29 0.0188  R180001,R170101 EX170201, R170305, R170306, R170307, R170304
DAM9 0.0145  R180001,R170101,R170307 EX170201,R170305,R170306
DAM29 0.0123  R180001,R170101 EX170201, R170305, R170306, R170307
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
1717438 9928 3411 1665 14
Positive sensor reading in: R180001,R170101
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM342 R180001, R170101, R180002 EX170201
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Table V-73: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 10 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -

Initial: Progressive:
DAM2  0.0693 R180001, R170101 EX170201
DAM9 0.0558  R180001,R170101,R170307 EX170201
DAM2  0.0498 R180001,R170101 EX170201, R170307
DAM2 0.0354 R180001, R170101 None
DAM2  0.0300 R180001,R170101 EX170201,R170307,R170306
DAM9 0.0296  R180001,R170101,R170307 EX170201, R170305, R170306, R170304
DAM2  0.0256  R180001,R170101 EX170201, R170305, R170306, R170307, R170304

DAM9  0.0244 R180001,R170101,R170307 EX170201,R170306
DAM9 0.0187  R180001,R170101,R170307 EX170201,R170305,R170306

DAM2  0.0170 R180001,R170101 EX170201, R170305,R170306, R170307
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
90940 9603 3421 1789 13
Positive sensor reading in: R180001, R170101
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM342 R180001,R170101, R180002 EX170201

Table V-74: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 15 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM29 0.1251  R180001,R170101 EX170201
DAM9 0.0939 R180001,R170101,R170307 EX170201
DAM29 0.0737  R180001,R170101 None
DAM29 0.0551  R180001,R170101 EX170201,R170307
DAM29 0.0296  R180001,R170101 EX170201,R170307,R170306
DAMSS 0.0292 R180001,R170101, R170307,R170406, R170407 EX170201
DAM9 0.0254  R180001, R170101, R170307 EX170201, R170306
DAM9 0.0215 R180001,R170101,R170307 R170306, EX170201
DAM9 0.0173  R180001,R170101,R170307 EX170201, R170305,R170306
DAM342 0.0167 R180001,R170101, R180002 EX170201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
62294 3270 904 400 10
Positive sensor reading in: R180001,R170101

Actual (complete damage) extent:
Name: Initial: Progressive:
DAM342 R180001,R170101, R180002 EX170201

355



Table V-75: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 20 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
DAM29  0.0828 R180001,R170101 EX170201
DAM29  0.0535 R180001,R170101 EX170201, R170307
DAMO 0.0531 R180001,R170101,R170307 EX170201

DAM29  0.0375
DAM29  0.0352
DAM29  0.0307
DAM9 0.0287
DAMO 0.0284
DAM29  0.0156

R180001,R170101 EX170201, R170307,R170306

R180001,R170101 None

R180001, R170101 EX170201, R170305, R170306, R170307, R170304
R180001,R170101,R170307 EX170201, R170305, R170306, R170304
R180001,R170101,R170307  EX170201,R170306

R180001,R170101 EX170201, R170305, R170306, R170307

DAM9 0.0148 R180001,R170101,R170307 EX170201,R170305, R170306

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
95121 9380 3171 1527 12

Positive sensor reading in: R180001,R170101

Actual (complete damage) extent:

Name: Initial:
DAM342 R180001,R170101, R180002

Progressive:
EX170201

Table V-76: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 25 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -

Initial: Progressive:
DAM29  0.1130 R180001,R170101 EX170201
DAM9 0.0747 R180001,R170101,R170307 EX170201
DAM29 0.0661 R180001, R170101 EX170201, R170307
DAM29  0.0649 R180001,R170101 None
DAM29  0.0419 R180001,R170101 EX170201,R170307,R170306

DAMO 0.0295
DAM9 0.0215
DAM29  0.0197
DAM9 0.0193

R180001,R170101, R170307
R180001,R170101, R170307
R180001,R170101

R180001,R170101, R170307

EX170201, R170306
EX170201,R170305,R170306, R170304
EX170201, R170305,R170306, R170307, R170304
EX170201,R170305, R170306

DAM29  0.0160 R180001, R170101 EX170201, R170305, R170306, R170307

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
79130 4777 1379 644 12

Positive sensor reading in: R180001,R170101

Actual (complete damage) extent:

Name: Initial:
DAM342 R180001, R170101, R180002

Progressive:
EX170201
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Table V-77: Test-case 4 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 30 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -

Initial: Progressive:
DAM29  0.0983 R180001,R170101 EX170201
DAM29  0.0708 R180001,R170101 EX170201, R170307
DAMO 0.0629 R180001,R170101,R170307 EX170201
DAM29  0.0475 R180001,R170101 None
DAM29  0.0457 R180001,R170101 EX170201,R170307, R170306
DAM29  0.0298 R180001,R170101 EX170201, R170305, R170306, R170307, R170304

DAM9 0.0283 R180001,R170101,R170307 EX170201,R170306
DAMO 0.0270 R180001,R170101,R170307 EX170201, R170305, R170306, R170304

DAM29  0.0233 R180001,R170101 EX170201, R170305,R170306, R170307
DAM9 0.0187 R180001,R170101,R170307 EX170201,R170305, R170306
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
75569 6039 1915 884 11
Positive sensor reading in: R180001,R170101
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM342 R180001,R170101, R180002 EX170201

V.6 Test-case 5

V.6.1 Draft and AIS sensor evidence
Table V-78: Test-case 5 - Ten most likely cases inferred from draft and AlS sensor.

Predicted initial extent

Damage: Probability: Compartments:
DAM13 0.0366 R180001, R180401
DAM6 0.0266 R180001
DAM1 0.0198 R180001, R180002
DAM17 0.0183 R170101
DAM65 0.0146 R180001, R180002, R180401
DAM345 0.0101 R170101,R170307
DAM11 0.0078 R090009, R090113
DAM136 0.0070 R040112, R040301
DAM10 0.0070 R040112, R040301, R040401
DAM421 0.0070 R070101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
19225 3461 1374 876 4064

Actual initial extent:

Damage: Compartments:
DAM7043 R100009, R090009, R080116, R100108, R090113
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V.6.2 Flooding sensor evidence - H;= 0.00 m
Table V-79: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time =5 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

R100009, R090009, R080116,

DAM7043 08178 R100108, R090113

EX080101, R100107, EX100101

DAM7043 0.0912 R100009, R090009, R080116, EX080101,R100107, EX100101, R080202,

R100108, R090113 R080201
R100009, R090009, ROS0116, R100201, R100202, EX080101, R100107,
DAM7043 — 0.0483  p100108 R090113 EX100101

R100009, R090009, R0O80116,

DAM7043 —0.0122 160108, R090113

R100201, EX080101, R100107, EX100101

R100009,R090009, R0O80116, R100201,R100202, EX080101, R100107,

DAM7043 0.0062 R100108,R090113 EX100101, R080202, R080201

R100009, R0O90009, R080116,

DAM7043 0.0053 R100108, R090113

EX080101, R100107

R100009, R0O90009, R080116,

DAM7043 0.0053 R100108, R090113

R100107, EX100101

R100009, R090009,

DAM7043 0.0050 R080116,R100108, R090113

EX080101, R100107, EX100101, R080201

DAM7043 0.0026 R100009,R090009, R0O80116, R100201,R100202, EX080101, R100107,

R100108,R090113 AC100302, EX100101
R100009, R090009, R0O80116, R100201, EX080101, R100107, EX100101,
DAM7043 0.0015 R100108,R090113 R080202, R080201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
357757 8 3 2 8
Positive sensor reading in: R090009, R100009, R080116, R0O80116, R090113, R100107,
R100108
Sensor, but no reading: R080201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107
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Table V-80: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 10 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

R100009, R0O90009, R080116,

DAM7043 0.8089 R100108, R090113

EX080101, R100107, EX100101

DAM7043 0.0966 R100009,R090009, R0O80116, EX080101, R100107, EX100101, R080202,

R100108,R090113 R080201
R100009, R090009, R080116, R100201,R100202, EX080101, R100107,
DAM7043 0.0510 R100108, R090113 EX100101

R100009, R0O90009, R080116,

DAM7043 0.0155 R100108, R090113

R100201, EX080101, R100107, EX100101

R100009, R090009,

DAM7043 0.0087 R080116,R100108, R090113

EX080101, R100107, EX100101, R080201

R100009,R090009, R0O80116, R100201,R100202, EX080101, R100107,

DAM7043 0.0059 R100108,R090113 EX100101, R080202, R080201

R100009, R0O90009, R080116,

DAM7043 0.0056 R100108, R090113

R100107, EX100101

DAM7043 0.0021 R100009, R090009, R080116, R100201,R100202, EX080101, R100107,

R100108, R090113 AC100302, EX100101
R100009, R090009, R080116, R100201, EX080101, R100107, EX100101,
DAM7043 0.0019 R100108, R090113 R080202, R080201
R100009, R090009, R080116, R080304, EX080101, R100107, EX100101,
DAM7043 0.0013 R100108,R090113 R080202, R080201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
26672 7 3 2 5
Positive sensor reading in: R090009, R100009, R080116, R080116, R090113,R100107,
R100108
Sensor, but no reading: R080201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107
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Table V-81: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 15 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
R100009,R090009, R080116,
DAM7043 0.8141 R100108, R090113 EX080101,R100107, EX100101
R100009,R090009, R0O80116, EX080101, R100107, EX100101, R080202,
DAM7043 0.088 R100108, R090113 R080201
R100009,R090009, R080116, R100201, R100202, EX080101, R100107,
DAM7043 0.0512 R100108,R090113 EX100101
R100009,R090009, R080116,
DAM7043 0.0148 R100108, R090113 R100201, EX080101, R100107, EX100101
R100009,R090009, R080116,
DAM7043 0.0091 R100108, R090113 EX080101, R100107, EX100101, R080201
R100009,R090009, R0O80116, R100201, R100202, EX080101, R100107,
DAM7043 0.0062 R100108, R090113 EX100101, R080202, R080201
R100009,R090009, R080116,
DAM7043 0.0055 R100108, R090113 R100107, EX100101
R100009,R090009, R080116,
DAM7043 0.0055 R100108, R090113 EX080101, R100107
R100009,R090009, R080116, R100201, EX080101, R100107, EX100101,
DAM7043 0.0018 R100108, R090113 R080202, R080201
R100009,R090009, R0O80116, R100201, R100202, EX080101, R100107,
DAM7043 0.0015 R100108, R090113 AC100302, EX100101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
26977 8 3 2 5
o, R R090009, R100009, R080116, R080116, R090113,R100107,
Positive sensor reading in:
R100108
Sensor, but no reading: R080201

Actual (complete damage) extent:

Name:

DAM7043

Initial:

R100009, R090009, R080116, R100108,

R090113

Progressive:

R080201, EX080101, EX100101,
R100107
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Table V-82: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 20 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
R100009,R090009, R080116,
DAM7043 0.8407 R100108, R090113 EX080101, R100107, EX100101
R100009,R090009, R080116, EX080101,R100107, EX100101, R080202,
DAM7043 0.0810 R100108,R090113 R080201
R100009,R090009, R080116, R100201,R100202, EX080101, R100107,
DAM7043 0.0478 R100108,R090113 EX100101
R100009,R090009, R080116,
DAM7043 0.0140 R100108, R090113 R100201, EX080101, R100107, EX100101
R100009,R090009, R080116,
DAM7043 0.0061 R100108, R090113 EX080101,R100107, EX100101, R080201
R100009,R090009, R080116, R100201,R100202, EX080101, R100107,
DAM7043 0.0052 R100108,R090113 EX100101, R080202, R080201
R100009,R090009, R080116, R080304, EX080101, R100107, EX100101,
DAM7043 0.0015 R100108,R090113 R080202, R080201
R100009,R090009, R080116, R100201, EX080101, R100107, EX100101,
DAM7043 0.0013 R100108, R090113 R080202, R080201
R100009,R090009, R080116,
DAM7043 0.0008 R100108, R090113 EX080101, R100107, R080202, R080201
R100009,R090009, R080116, R100201,R100202, EX080101, R100107,
DAM7043 0.0005 R100108,R090113 AC100302, EX100101
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
27029 6 3 2 5

Positive sensor reading in:

R100108

R090009, R100009, R080116, R080116, R090113, R100107,

Sensor, but no reading:

R080201

Actual (complete damage) extent:

Name:

DAM7043

Initial:

R100009, R090009, R080116, R100108,

R090113

Progressive:

R080201, EX080101, EX100101,
R100107
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Table V-83: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time =25 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

R100009, R0O90009, R080116,

DAM7043 08139 R100108, R090113

EX080101, R100107, EX100101

DAM7043 0.0935 R100009,R090009, R0O80116, EX080101, R100107, EX100101, R080202,

R100108,R090113 R080201
R100009, R090009, R080116, R100201,R100202, EX080101, R100107,
DAM7043 0.0514 R100108, R090113 EX100101

R100009, R0O90009, R080116,

DAM7043 0.0131 R100108, R090113

R100201, EX080101, R100107, EX100101

R100009, R090009,

DAM7043 0.0075 R080116,R100108, R090113

EX080101, R100107, EX100101, R080201

R100009,R090009, R0O80116, R100201,R100202, EX080101, R100107,

DAM7043 0.0055 R100108,R090113 EX100101, R080202, R080201

R100009, R0O90009, R080116,

DAM7043 0.0053 R100108, R090113

R100107, EX100101

R100009, R0O90009, R080116,

DAM7043 0.0053 R100108, R090113

EX080101, R100107

R100009,R090009, R080116, R100201, EX080101, R100107, EX100101,

DAM7043 0.0016 R100108,R090113 R080202, R080201

R100009, R090009, R0O80116,

DAM7043 —0.0012 p160108 R090113

EX080101,R100107, R080202, R080201

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
27331 7 3 2 5
. Lo R090009, R100009, R080116, R080116, R090113,R100107,
Positive sensor reading in:
R100108
Sensor, but no reading: R080201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107
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Table V-84: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hs= 0.0 m, time = 30 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
R100009, R090009, R080116, EX080101,R100107, EX100101, R080202,
DAM7043 0.8502 R100108,R090113 R080201
R100009, R090009, R080116, R100201,R100202, EX080101, R100107,
DAM7043 0.0596 R100108,R090113 EX100101, R080202, R080201

R100009, R090009,

DAM7043 0.0516 R080116,R100108, R090113

EX080101, R100107, EX100101, R080201

DAM7043 0.0159 R100009, R090009, R080116, R080304, EX080101, R100107, EX100101,

R100108, R090113 R080202, R080201

R100009,R090009, R0O80116, R100201, EX080101, R100107, EX100101,
DAM7043 0.0140 R100108,R090113 R080202, R080201

R100009,R090009, R0O80116, R100201,R100202, EX080101, R100107,
DAM7043 0.0042 R100108,R090113 EX100101, R080201
DAM7043 0.0013 R100009, R090009, R080116, R100201,R100202, EX080101, R100107,

' R100108, R090113 R100304, EX100101, R080202, R080201

R100009, R090009, R080116, R100201, EX080101, R100107, EX100101,
DAM7043 0.0011 R100108, R090113 R080201

R100009, R090009, R080116, R100201,R100202, EX080101, R100107,
DAM7043 0.0011 R100108,R090113 AC100302, EX100101, R080202, R080201

R100009,R090009, R0O80116, R100201, EX080101, R100107, AC100302,
DAM7043 0.0004 R100108,R090113 EX100101, R080202, R080201

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
27790 5 3 2 3

R090009, R100009, R080116, R080116, R090113, R100107,

Positive sensor reading in: R100108, RO80201

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107
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V.6.3 Flooding sensor evidence - H;= 5.00 m
Table V-85: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hg= 5.0 m, time = 5 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

R100009, R090009, R080116,

DAM7043 0.7330 R100108, R090113

EX080101, R100107, EX100101

R100009, R0O90009, R080116,

DAM7043 0.0666 R100108, R090113

EX080101, R100107

DAM7043 0.0548 R100009, R090009, R080116, EX080101,R100107, EX100101, R080202,

R100108, R090113 R080201

R100009,R090009, R080116, R100201,R100202, EX080101, R100107,
DAM7043 0.0238 R100108,R090113 EX100101

R100009,R090009, R0O80116, R100201,R100202, EX080101, R100107,
DAM7043 0.0151 R100108,R090113 AC100302, EX100101

R100009, R0O90009, R080116,

DAM7043 0.0133 R100108, R090113

R100107, EX100101

DAM7043 0.0132 R100009, R090009, R080116, R080304, EX080101, R100107, EX100101,

R100108, R090113 R080202, R080201
R100009,R090009, R0O80116, R100201, EX080101, R100107, AC100302,
DAM7043 0.0082 R100108,R090113 EX100101

R100009, R090009, R0O80116,

DAM7043 —0.0078  p160108 R090113

R100201, EX080101, R100107, EX100101

DAM7043 0.0073 R100009, R090009, R080116, R100201,R100202, EX080101, R100107,

R100108,R090113 EX100101, R100304
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
1123010 64 12 6 14
Positive sensor reading in: R090009, R100009, R080116, R0O80116, R090113, R100107,
R100108
Sensor, but no reading: R080201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107
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Table V-86: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hs= 5.0 m, time = 10 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

R100009, R0O90009, R080116,

DAM7043 0.7167 R100108, R090113

EX080101, R100107, EX100101

R100009, R090009, R0O80116,

DAM7043 —0.0768  p160108 R090113

EX080101,R100107

R100009, R090009, R080116, EX080101,R100107, EX100101, R080202,

DAM7043 00489 p100108,R090113 R080201

R100009, R0O90009, R080116,

DAM7043 0.0256 R100108, R090113

R100107, EX100101

DAM7043 00171 R100009,R090009, R080116, R100201,R100202, EX080101, R100107,

R100108,R090113 EX100101

R100009,R090009, R0O80116, R100201,R100202, EX080101, R100107,
DAM7043 0.0163 R100108,R090113 AC100302, EX100101

R100009, R090009, R080116, R080304, EX080101, R100107, EX100101,
DAM7043 0.0100 R100108, R090113 R080202, R080201

R100009, R0O90009, R080116,

DAM7043 0.0097 R100108, R090113

R100201, EX080101, R100107, EX100101

R100009, R090009, R080116,

DAM7043 —0.0068  p160108 R090113

EX080101,R100107, R080202, R080201

DAM7043 0.0066 R100009,R090009, R0O80116, R100201,R100202, EX080101, R100107,

R100108,R090113 AC100302,EX100101, R100304
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
80079 64 14 6 12
. Lo R090009, R100009, R080116, R080116, R090113, R100107,
Positive sensor reading in:
R100108
Sensor, but no reading: R080201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107
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Table V-87: Test-case 5 - Ten most likely cases inferred from flooding sensors, HS = 5.0 m, time = 15 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

R100009, R0O90009, R080116,

DAM7043 0.6587 R100108, R090113

EX080101, R100107, EX100101

R100009, R090009, R0O80116,

DAM7043 —0.1208  p160108 R090113

EX080101,R100107

R100009, R090009, R080116, EX080101,R100107, EX100101, R080202,

DAM7043 00553 p100108, R090113 R080201

R100009, R0O90009, R080116,

DAM7043 0.0549 R100108, R090113

R100107, EX100101

DAM7043 0.0174 R100009,R090009, R080116, R100201,R100202, EX080101, R100107,

R100108,R090113 EX100101

R100009,R090009, R0O80116, R100201,R100202, EX080101, R100107,
DAM7043 0.0132 R100108,R090113 AC100302, EX100101

R100009, R090009, R080116, R080304, EX080101, R100107, EX100101,
DAM7043 0.0129 R100108, R090113 R080202, R080201

R100009, R0O90009, R080116,

DAM7043 0.0062 R100108, R090113

R100201, EX080101, R100107, EX100101

DAM7043 0.0050 R100009,R090009, R080116, R100201, EX080101, R100107, AC100302,

R100108, R090113 EX100101
R100009, R090009, R080116, R080304, R080302, AC080401, EX080101,
DAM7043 0.0046 R100108,R090113 R100107, EX100101, R080202, R080201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
87716 62 11 5 11
. Lo R090009, R100009, R080116, R080116, R090113, R100107,
Positive sensor reading in:
R100108
Sensor, but no reading: R080201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107

366



Table V-88: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hg= 5.0 m, time = 20 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

R100009, R0O90009, R080116,

DAM7043 0.6882 R100108, R090113

EX080101, R100107, EX100101

R100009, R090009, R0O80116,

DAM7043 —0.0732 100108, R090113

EX080101,R100107

DAM7043 0.0651 R100009, R090009, R080116, EX080101,R100107, EX100101, R080202,

R100108,R090113 R080201
DAM7043 0.0209 Eiggggz: Eggg(j(l)g, R080116, g}l{ggég(l),lR100202, EX080101, R100107,
o ogzos 400009 KOS RUROLG,Has208 ORI RO, X000
bavrorsogioo 400009 K030 RO, Rito201 kiota2 100101, aab 17

R100009, R0O90009, R080116,

DAM7043 0.0146 R100108, R090113

R100107, EX100101

R100009, R0O90009, R080116,

R100108, R090113 R100107

DAM7043 0.0146

R100009, R090009, R080116,

DAM7043 — 0.0085  ¢100108 R090113

R100201, EX080101, R100107, EX100101

DAM7043 0.0065 R100009,R090009, R0O80116, R100201,R100202, EX080101, R100107,

R100108,R090113 EX100101, R100304
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
86052 61 14 7 13
. Lo R090009, R100009, R080116, R080116, R090113,R100107,
Positive sensor reading in:
R100108
Sensor, but no reading: R080201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107
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Table V-89: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hg= 5.0 m, time = 25 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
R100009, R090009, R080116, EX080101,R100107, EX100101, R080202,
DAM7043 04531 R100108,R090113 R080201
R100009, R090009, R080116, R080304, EX080101, R100107, EX100101,
DAM7043 0.1757 R100108,R090113 R080202, R080201

R100009, R090009,

DAM7043 0.0647 R080116,R100108, R090113

EX080101, R100107, EX100101, R080201

R100009, R090009, R080116, R080304, EX080101, R100107, R080305,

DAM7043 0.0416 R100108, R090113 EX100101, R080202, R080201

R100009, R090009, R0O80116,

DAM7043 —0.0370  p160108, R090113

EX080101,R100107, R080202, R080201

DAM7043 00231 R100009,R090009, R0O80116, R080304, R080302, EX080101, R100107,

R100108,R090113 EX100101, R080202, R080201
DAM7043 0.0185 R100009, R090009, R080116, R080306, R080304, R080302, EX080101,
' R100108, R090113 R100107, EX100101, R080202, R080201
R100009, R090009, R080116, R100201,R100202, EX080101, R100107,
DAM7043 0.0138 R100108, R090113 EX100101, R080202, R080201
R100009, R090009, R080116, R080304, EX080101, R100107, R080202,
DAM7043 0.0092 R100108, R090113 R080201

R080307, R080304, R080301, EX080101,
R100107,R080305, EX100101, R080202,
R080201

R100009, R090009, R080116,

DAM7043 0.0092 R100108, R090113

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
89462 134 32 21 3

R090009, R100009, R080116, R080116, R090113, R100107,

Positive sensor readlng n: R100108, R080201, R080201

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107
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Table V-90: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hg= 5.0 m, time = 30 min.

Predicted (complete damage) extent

Compartments:
Dam: Prob.: — -
Initial: Progressive:
R100009, R090009, R080116, EX080101,R100107, EX100101, R080202,
DAM7043 04746 R100108,R090113 R080201
R100009, R090009, R080116, R080304, EX080101, R100107, EX100101,
DAM7043 0.1477 R100108,R090113 R080202, R080201

R100009, R090009,

DAM7043 0.0527 R080116,R100108, R090113

EX080101, R100107, EX100101, R080201

R100009, R0O90009, R080116,

DAM7043 0.0369 R100108, R090113

EX080101, R100107, R080202, R080201

DAM7043 0.0264 R100009, R090009, R080116, R080304, EX080101, R100107, R080305,

R100108,R090113 EX100101, R080202, R080201
R100009, R090009, R0O80116, R080307, R080304, EX080101, R100107,
DAM7043 0.0158 R100108,R090113 R080305, EX100101, R080202, R080201
R100009, R090009, R080116, R100201,R100202, EX080101, R100107,
DAM7043 0.0153 R100108, R090113 EX100101, R080202, R080201
DAM7043 0.0108 R100009, R090009, R080116, R100201,R100202, EX080101, R100107,
' R100108, R090113 AC100302, EX100101, R080202, R080201
R100009, R090009, R080116, R080304, R080302, EX080101, R100107,
DAM7043 0.0105 R100108,R090113 EX100101, R080202, R080201

R100009, R090009, R0O80116,

DAM7043 — 0.0105 1100108 R090113

EX080101,R100107, R080201

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
88372 148 35 25 3

R090009, R100009, R080116, R080116, R090113, R100107,

Positive sensor reading in: R100108, RO80201

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107
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V.6.4 Flooding sensor evidence - H;= 10.00 m
Table V-91: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hg=10.0 m, time = 5 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

R100009, R090009, R080116,

DAM7043 0.8055 R100108, R090113

EX080101, R100107, EX100101

R100009, R0O90009, R080116,

DAM7043 0.0671 R100108, R090113

R100107, EX100101

R100009, R0O90009, R080116,

DAM7043 0.0671 R100108, R090113

EX080101, R100107

DAM7043 0.0165 R100009,R090009, R0O80116, EX080101, R100107, EX100101, R080202,

R100108, R090113 R080201
bavrossoaios R0 S0003 KOOI RIOODL aak202 X010, Ria0 17
DAM7043 0.0039 giggggg: Egggg(l)g, R080116, g}l{ggégéiR100202, EX080101, R100107,
DAM7043 0.0033 Eiggggg: 5338(1)(1)3, R080116, g}l{ggég(l),lEXO80101, R100107,AC100302,
pavrossoamso P00 R%000L OGS, KO0 RGOS, 110107, X010
pavrossoamyy R R0s0003 RO00LIS,  Rioon, Ranz0z xotie, aant”

R100009, R0O90009, R080116,

DAM7043 0.0017 R100108, R090113

R100201, EX080101, R100107, EX100101

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
1573709 23 4 3 11
Positive sensor reading in: R090009, R100009, R080116, R0O80116, R090113, R100107,
R100108
Sensor, but no reading: R080201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107
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Table V-92: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 10 min.

Predicted (complete damage) extent

Compartments:

Dam: Prob.: — -
Initial: Progressive:

R100009, R0O90009, R080116,

DAM7043 0.7522 R100108, R090113

EX080101, R100107, EX100101

R100009, R090009, R0O80116,

DAM7043 — 0.1254  ¢100108 R090113

EX080101,R100107

R100009, R0O90009, R080116,

DAM7043 0.0627 R100108, R090113

R100107, EX100101

DAM7043 0.0182 R100009, R090009, R080116, EX080101,R100107, EX100101, R080202,

R100108,R090113 R080201
bavrossoaios R R%0003 KOOI RIOGDL aak202 X000, Raao 7
a0t oawao P00 IS000L ROODIS KOO RO, 110107, ERI0LD
DAM7043 0.0027 gigggggjggggggg,R0801l6, E}l{?gégéiR100202,EX080101,R100107,
pavross oamzy RSO Rus000 RO%L1, Riocan, gk xotien, aantr

R100009, R090009, R080116,

DAM7043 —0.0021  p160108 R090113

R100201, EX080101, R100107, EX100101

R100009, R090009, R0O80116,

DAM7043 —0.0018  p160108 R090113

EX080101,R100107, R080202, R080201

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
111121 17 4 3 11
. Lo R090009, R100009, R080116, R080116, R090113, R100107,
Positive sensor reading in:
R100108
Sensor, but no reading: R080201
Actual (complete damage) extent:
Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107
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Table V-93: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 15 min.

Predicted (complete damage) extent

Dam: Prob.: - Compartments: :
Initial: Progressive:
R100009, R090009, R080116, EX080101,R100107, EX100101, R080202,
DAM7043 0.5316 R100108, R090113 R080201
R100009, R090009, R080116, R080304, EX080101, R100107, EX100101,
DAM7043 0.0857 R100108, R090113 R080202, R080201
R100009, R090009,
DAM7043 0.0686 R080116, R100108, R090113 EX080101,R100107, EX100101, R080201
R100009, R090009, R080116, R080304, R080302, AC080401, EX080101,
DAM7043 0.0343 R100108,R090113 R100107, EX100101, R080202, R080201
R080306, R080307, R080304, R080302,
R100009, R090009, R080116, AC080401, EX080101, R100107, R080305,
DAM7043 0.0343 R100108,R090113 R080301, EX100101, R080202, R080201,
R080303
R060403, R070503, R080402, R060503,
R060409, R060408, R070403, R070204,
AC080401, PL09,R070207, R100107, R070304,
PL08, R090502, R060205, AC070301, R060302,
DAM7043 0.0171 giggggg’ Eggg(l)(l)g’ R080116, R060303, R060305, PL06, PL07, R080306,
’ R080307, R080304, R080305, R080302,
R080303, R070206, R080301, R060410,
R070302, EX100101, R080202, R080201,
EX080101, PLO5, R060317
R100009, R090009, R080116, R080304, EX080101, R100107, R080202,
DAM7043 0.0171 R100108, R090113 R080201
R060403, R070406, R070407, R070402,
R070403, R070401, R070204, R070408,
AC080401, R060309,R070207, R100107, PLOS,
R060203, R060205, AC070301, R060207,
DAM7043 0.0171 R100009, R090009, R080116, R060301, R060302, R060303, R060305, PLO6,
' R100108, R090113 PLO7, R080306, R080307, R080304, R080305,
R080302, R080303, R070206, R080301,
R060410,R070301, R070303, EX100101,
R080202, R080201, EX080101, PL09, PLO5,
R060311, PL10
R060403, R060401, R060307, R060503,
R070406, R070403, R070401, R070204,
R060308, AC080401, R060309, R070207,
R100107,R070304, PL08, R060318, R060205,
AC070301, R060301, R060302, R060303,
DAM7043 0.0171 R100009, R090009, R080116, R060304, R060305, PL06, PL07, R080306,

R100108, R090113

R080307, R080304, R080305, R080302,
R080303, R070206, R080301, R060410,
R070301, R070302, EX100101, R080202,
R080201, R050313, EX080101, PL0O5, R060306,
R060311, R060310, R060317, R060316,
R060314
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R060407, R060406, R060405, PL10, R060403,
R060402, R060401, R060503, R060408,
R070406, R070405, R070401, R040401,
R040403, AC080401, PL09, R070207, R100107,
EC030401, R040402, PL08, R060203, R050308,

R100009, R090009, R080116, R060205, R060207, R060309, R060302,

R100108,R090113 R060303, R060304, PL0O5, PL06, PL07, R080306,
R080307, R080304, R080305, R080302,
R080303, R070206, R080301, R060301,
EX100101, R080202, R080201, R050313,
EX080101, R060305, R060306, R060310,
R060316, R060315, R060314

DAM7043 0.0171

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
112191 32 17 14 3

R090009, R100009, R080116, R080116, R090113, R100107,

Positive sensor reading in: R100108, RO80201

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, R080201, EX080101, EX100101,
R090113 R100107

Table V-94: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hg=10.0 m, time = 20 min.

Predicted (complete damage) extent

Dam: Prob.: _ Compartments: :
Initial: Progressive:
R100009, R090009, EX080101,R100107, EX100101, R080202,

DAM7043 0.5291 R080116,R100108,R090113 R080201

R100009, R090009, R080116, R080304, EX080101, R100107, EX100101,

DAM7043 0.1150 R100108, R090113 R080202, R080201

R070204, AC080401, R060309, R100107,
R060308, R060203, AC070301, R060301,
R060302, R060305, R060306, R060307,
R080306, R080307, R080304, R0O80305,
R080302, R080303, R080301, EX100101,
R080202, R080201, EX080101, R060310,
R060317,R060315, R060314

R100009, R0O90009, R080116,

DAM7043 0.0230 R100108, R090113

R080306, R080307, R080304, R080301,
EX080101, R100107, R080305, R080302,
EX100101, R080202, R080201

R100009, R090009, R0O80116,

DAM7043 —0.0230 160108 R090113

R060407, R060405, R060403, R070503,
R080402, R070406, R070407, R070403,
R070401, R070204, AC080401, R060309,
R070207,R100107, PL08, R060203, R060205,
R060207,R060301, R060302, R060303,
R060304, R060305, PL06, PL07, R080306,
R080307, R080304, R080305, R080302,
R080303, R070206, R080301, R060410,
R080202, R080201, EX080101, EC080401, PLO9,
PLO5, R060306, R060311, PL10, R060316,
R060314

R100009, R090009, R0O80116,

DAM7043 —0.0230 160108 R090113
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R060406, R060403, R060402, R070406,
R070401, R070204, PL08, AC080401, R060309,
R070207,R100107, R070304, R060308,
R060205, R060209, R060301, R060302,

R100009, R090009, R080116, R060303, R060305, PL06, PL07, R080306,

R100108,R090113 R080307, R080304, R080305, R080302,
R080303, R070206, R080301, R060410,
R070301, R070302, R080202, R080201,
EX080101, PL09, PL05, R060318, R060311,
R060317

DAM7043 0.0230

R060407, R060405, R060403, R060402,
R060401, R060307, R060503, R070204,
R060308, AC080401, R060309, R070207,
R100107,R080202, PL08, R060318, R060205,

R100009, R090009, R0O80116, AC070301,R060207,R060301, R060302,

R100108, R090113 R060303, PLO5, PL06, PL0O7, R080306, R080307,
R080304, R080305, R080302, PL09, R070206,
R080301, R070301, R070302, EX100101,
R070304, R080201, EX080101, R060305,
R060306, PL10, R060317, R060314

DAM7043 0.0230

R060407, R060406, R060403, R060402,
R060401, R060307, R060503, R070406,
R070204, R060308, AC080401, PL09, R070207,
R100107, R080202, PL08, R060205, AC070301,
R060309, R060302, R060303, R060304, PLO5,
PLO6, PL07, R080306, R080307, R080304,
R080305, R080302, R080303, R070206,
R080301, R060301, EX100101, R070304,
R080201, R060310, EX080101, R060305,
R060306, R060311, PL10, R060317, R060316,
R060315, R060314

R100009, R090009, R080116,

DAM7043 0.0230 R100108, R090113

R080306, R080307, R080304, R080302,

DAM7043 0.0230 R100009, R090009, R080116, AC080401, EX080101, R100107, R080305,

R100108,R090113 R080301, EX100101, R080202, R080201,
R080303
R100009, R090009, R080116, R080304, EX080101, R100107, R080202,
DAM7043 0.0230 R100108,R090113 R080201
100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
112619 45 16 14 1

R090009, R100009, R080116, R080116, R090113, R100107,

Positive sensor reading in: R100108 R080201 R080202

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, EX080101, R100107, EX100101,
R090113 R080202, R080201
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Table V-95: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 25 min.

Predicted (complete damage) extent

Dam:

DAM7043

Prob.:

0.4149

Compartments:

Initial:
R100009, R090009,

R080116,R100108, R090113

Progressive:

EX080101, R100107, EX100101, R080202,
R080201

DAM7043

0.1383

R100009, R090009, R0O80116,

R100108,R090113

EX080101,R100107, R080202, R080201

DAM7043

0.1152

R100009, R090009, R080116,

R100108, R090113

R080304, EX080101, R100107, EX100101,
R080202, R080201

DAM7043

0.0461

R100009, R090009, R080116,

R100108,R090113

R080304, R080302, AC080401, EX080101,
R100107, EX100101, R080202, R080201

DAM7043

0.0230

R100009, R0O90009, R080116,

R100108, R090113

R060407, R060404, R060403, R060401,
R060307, R070406, R070401, R060308,
AC080401, R060309,R070207,R100107,
R070304, PL08, R060203, AC070301, R060207,
R060301, R060302, R060303, R060304,
R060305, PL06, R060306, R080306, R080307,
R080304, R080305, R080302, R080303,
R080301, R070301, R070303, R070302,
EX100101, R080202, R080201, EX080101, PLO5,
R060318, R060311, PL10, R060317, R060315,
R060314

DAM7043

0.0230

R100009, R090009, R080116,

R100108,R090113

R060405, R060404, R060403, R060401,
R060503, R060409, R060408, R070406,
R070407,R070403, R070401, AC080401, PLO9,
R100107, R070304, PL08, R060205, R060207,
R060303, PLO5, PL06, PL07, R080306, R080304,
R080302, R070206, R070207, R070301,
R070302, EX100101, R080202, R080201,
EX080101,R060318, R060311, PL10

DAM7043

0.0230

R100009, R090009, R080116,

R100108, R090113

R060407, R060403, R060401, R060307,
R060503, R070406, R070407, R070401,
R070204, R040403, R060308, AC080401, PLO9,
R070207,R100107, R080202, PL08, R060203,
AC070301, R060207, R060309, R060302,
R060303, PLO5, PL06, PL07, R080306, R080307,
R080304, R080305, R080302, R080303,
R070206, R080301, R060301, R070301,
R070303,R070302, EX100101, R070304,
R080201, R040401, EX080101, R060305,
R060318, EC050401, R060311, PL10, R060317

DAM7043

0.0230

R100009, R090009, R080116,

R100108, R090113

R080301, R080304, R080303, EX080101,
R100107, R080305, EX100101, R080202,
R080201

DAM7043

0.0230

R100009, R0O90009, R080116,

R100108, R090113

R080301, R080304, R080303, EX080101,
R100107, R080305, R080202, R080201
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R060405, R060403, R060307, R080402,
R060503, R070406, R070407, R070403,
R070401, R060410, R060309, R070207,
R100107,R080202, R060308, R060205,
AC070301, R060207,R060301, R060302,
R060303, PL0O5, PL06, PL07, R080306, R080307,
R080304, R080305, R080302, R080301,
R090401, R070303, R070302, EX100101,
R070304, R080201, R060310, EX080101,
EC080401, R090405, R060311, PL10, R060316,
R060314

R100009, R0O90009, R080116,

DAM7043 0.0230 R100108, R090113

100% CI: 99% CI: 95% CI: 90% CI: Case rank.:
113589 43 15 13 1

R090009, R100009, R080116, R080116, R090113, R100107,

Positive sensor reading in: R100108, R080201

Actual (complete damage) extent:

Name: Initial: Progressive:
DAM7043 R100009, R090009, R080116, R100108, EX080101, R100107, EX100101,
R090113 R080202, R080201

Table V-96: Test-case 5 - Ten most likely cases inferred from flooding sensors, Hs=10.0 m, time = 30 min.

Predicted (complete damage) extent

Dam: Prob.: _ Compartments: :
Initial: Progressive:
R100009, R090009, EX080101, R100107, EX100101, R080202,

DAM7043 0.5525 R080116,R100108,R090113 R080201

R100009, R090009, R080116, R080304, EX080101, R100107, EX100101,

DAM7043 0.1151 R100108, R090113 R080202, R080201

R100009, R090009, R0O80116,

DAM7043 —0.0460  p166108 R090113

EX080101,R100107, R080202, R080201

R100009, R0O90009, R080116,

DAM7043 0.0460 R100108, R090113

EX080101, R100107, EX100101, R080201

R090505, R060403, R060506, R070503,
R060503, R070406, R070401, R060410,
R070408, AC080401, PL09,R100107, R080202,
PL08, R060203, R060205, AC070301, R060207,
R060507, R060309, R060302, R060303,
R060305, PL06, PL07, R080306, R080307,
R080304, R080302, R090507, R070206,
R070207, R090506, R090508, R070301,
R070302, EX100101, R070304, R080201,
R100509, EX080101, R070204, PL05, R100507,
R060318, R060311, PL10, R090510

R100009, R090009, R080116,

DAM7043 —0.0230  p160108 R090113

R080306, R080307, R080304, R080302,
EX080101, R100107, R080305, R080301,
EX100101, R080202, R080201

R100009, R090009, R080116,

DAM7043 —0.0230  p160108 R090113
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DAM7043 0.0230

R100009, R0O90009, R080116,
R100108, R090113

R060407, R060405, R060403, R060402,
R060401, R060503, R060410, R060308,
R040403, PL09, R070207,R100107, PLO8,
R060203, R060205, R060301, R060302,
R060303, R060304, PLO5, PL06, PL07, R080306,
R080307, R080304, R080305, R080302,
R080303, R070206, R080301, R060309,
R080202, R080201, R060310, R040401,
EX080101, R070204, R060305, R060306,
R060311, PL10, R060317, R060316, R060315,
R060314

DAM7043 0.0230

R100009, R090009, R080116,
R100108, R090113

R060404, R060403, R080401, R060307,
R080403, R070407, R070402, R070401,
R070204, R070409, R060308, AC080401,
R060309, R070207, R100107, R080202, PLO8,
R060318, R060205, R060207, R060209,
R060301, R060302, R060303, R060304,
R060305, PL06, PL07, R080306, R080307,
R080304, R080305, R080302, R080303,
R070206, R080301, R060410, R070301,
R070302, EX100101, R070304, R080201,
EX080101, EC080401, PL09, PL05, R060306,
R060311, PL10, R060317, R060316, R060315,
R060314

DAM7043 0.0230

R100009, R090009, R0O80116,
R100108,R090113

R060403, R060402, R080402, R060409,
R070406, R070407, R070403, R070401,
R070204, R070408, R070409, AC080401,
R060309,R070207,R100107, R070304, PLOS,
R060203, R060205, R060207, R060301,
R060302, R060303, R060305, PL0O6, PLO7,
R080306, R080307, R080304, R080305,
R080302, R080303, R070206, R080301,
R070303, EX100101, R080202, R080201,
EX080101, EC080401, PL09, PLO5, PL10,
R060317,R060314

DAM7043 0.0230

R100009, R090009, R080116,
R100108, R090113

R060407, R060406, R060403, R060401,
R060307, R080402, R060408, R070407,
R070403, R070401, AC050401, R070204,
R040403, R060308, AC080401, R060309,
R070207,R100107, PL08, R060203, R060205,
R060207,R060301, R060302, R060303,
R060305, PL06, PL07, R080306, R080307,
R080304, R080305, R080302, R080303,
R070206, R080301, EX100101, R080202,
R080201, R060310, R040401, EX080101, PL09,
PL05, EC050401, R060311, PL10, R060317,
R060316, R060314

100% CI:
112781

99% CI: 95% CI: 90% CI: Case rank.:

46 13

11 1

Positive sensor reading in:

R090009, R100009, R080116, R080116, R090113, R100107,
R100108, R080201

Actual (complete damage) extent:

Name: Initial:
R100009, R090009, R080116, R100108,
DAM7043 R090113

Progressive:

EX080101, R100107, EX100101,
R080202, R080201
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AppendixVI - Heat-maps for
compartment flooding probability

VI.1 Test-case 1, H;= 0.00 m

Figure VI-1: TC-1, Hs = 0 m, Time-step, t = 5 min Figure VI-2: TC-1, Hg = 0 m, Time-step, t = 10 min

Figure VI-3: TC-1, Hs = 0 m, Time-step, t = 15 min Figure VI-4: TC-1, Hg = 0 m, Time-step, t = 20 min

Figure VI-5: TC-1, Hs = 0 m, Time-step, t = 25 min Figure VI-6: TC-1, Hs = 0 m, Time-step, t = 30 min
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V1.2 Test-case 1, H,=10.00 m
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Figure VI-7: TC-1, Hs = 10 m, Time-step, t = 5 min Figure VI-8: TC-1, Hs = 10 m, Time-step, t = 10 min
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Figure VI-9: TC-1, Hs = 10 m, Time-step, t = 15 min Figure VI-10: TC-1, Hs = 10 m, Time-step, t = 20 min
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Figure VI-11: TC-1, Hs = 10 m, Time-step, t = 25 min Figure VI-12: TC-1, Hs = 10 m, Time-step, t = 30 min
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V1.3 Test-case 2, H;= 0.00 m
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Figure VI-13: TC-2, Hs = 0 m, Time-step, t = 5 min Figure VI-14: TC-2, Hs = 0 m, Time-step, t = 10 min
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Figure VI-15: TC-2, Hs = 0 m, Time-step, t = 15 min Figure VI-16: TC-2, Hs = 0 m, Time-step, t = 20 min

|
9

Figure VI-17: TC-2, Hs = 0 m, Time-step, t = 25 min Figure VI-18: TC-2, Hs = 0 m, Time-step, t = 30 min
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V1.4 Test-case 2, H;=10.00 m
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Figure VI-19: TC-2, Hs = 10 m, Time-step, t = 5 min Figure VI-20: TC-2, Hs = 10 m, Time-step, t = 10 min
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Figure VI-21: TC-2, Hs = 10 m, Time-step, t = 15 min Figure VI-22: TC-2, Hs = 10 m, Time-step, t = 20 min
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Figure VI-23: TC-2, Hs = 10 m, Time-step, t = 25 min Figure VI-24: TC-2, Hs = 10 m, Time-step, t = 30 min
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VL.5 Test-case 3, H;= 0.00 m
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Figure VI-25: TC-3, Hs = 0 m, Time-step, t = 5 min Figure VI-26: TC-3, Hs = 0 m, Time-step, t = 10 min
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Figure VI-27: TC-3, Hs = 0 m, Time-step, t = 15 min Figure VI-28: TC-3, Hs = 0 m, Time-step, t = 20 min
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Figure VI-29: TC-3, Hg = 0 m, Time-step, t = 25 min Figure VI-30: TC-3, Hs = 0 m, Time-step, t = 30 min
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V1.6 Test-case 3, H;=10.00 m

Figure VI-31: TC-3, Hs = 10 m, Time-step, t = 5 min Figure VI-32: TC-3, Hs = 10 m, Time-step, t = 10 min
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Figure VI-33: TC-3, Hs = 10 m, Time-step, t = 15 min Figure VI-34: TC-3, Hs = 10 m, Time-step, t = 20 min
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Figure VI-35: TC-3, Hs = 10 m, Time-step, t = 25 min Figure VI-36: TC-3, Hs = 10 m, Time-step, t = 30 min
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V1.7 Test-case 4, H;= 0.00 m
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Figure VI-37: TC-4, Hs = 0 m, Time-step, t = 5 min Figure VI-38: TC-4, Hs = 0 m, Time-step, t = 10 min
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Figure VI-39: TC-4, Hs = 0 m, Time-step, t = 15 min Figure VI-40: TC-4, Hs = 0 m, Time-step, t = 20 min
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Figure VI-41: TC-4, Hs = 0 m, Time-step, t = 25 min Figure VI-42: TC-4, Hs = 0 m, Time-step, t = 30 min
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V1.8 Test-case 4, H;=10.00 m
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Figure VI-43: TC-4, Hs = 10 m, Time-step, t = 5 min Figure VI-44: TC-4, Hs = 10 m, Time-step, t = 10 min
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Figure VI-45: TC-4, Hs = 10 m, Time-step, t = 15min  Figure VI-46: TC-4, Hs = 10 m, Time-step, t = 20 min
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Figure VI-47: TC-4, Hs = 10 m, Time-step, t = 25 min Figure VI-48: TC-4, Hs = 10 m, Time-step, t = 30 min
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V1.9 Test-case 5, H;= 0.00 m
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Figure VI-49: TC-5, Hs = 0 m, Time-step, t = 5 min Figure VI-50: TC-5, Hs = 0 m, Time-step, t = 10 min
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Figure VI-51: TC-5, Hs = 0 m, Time-step, t = 15 min Figure VI-52: TC-5, Hs = 0 m, Time-step, t = 20 min
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Figure VI-53: TC-5, Hs = 0 m, Time-step, t = 25 min Figure VI-54: TC-5, Hs = 0 m, Time-step, t = 30 min
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VI.10 Test-case 5, H,=10.00 m
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Figure VI-55: TC-5, Hs = 10 m, Time-step, t = 5 min Figure VI-56: TC-5, Hs = 10 m, Time-step, t = 10 min
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Figure VI-57: TC-5, Hs = 10 m, Time-step, t = 15min  Figure VI-58: TC-5, Hs = 10 m, Time-step, t = 20 min
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Figure VI-59: TC-5, Hs = 10 m, Time-step, t = 25 min Figure VI-60: TC-5, Hs = 10 m, Time-step, t = 30 min
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