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ABSTRACT

SIMULATING INSPECTIONS ON CORRODED SURFACES

by Agnieszka Ostrowska

Corrosion is a common problem in oil industry that often affects plant reliability.
Therefore, control and monitoring of corrosion is of significant importance to maintain the
reliability on the desired level and to prevent failure. Where and when to inspect are the

crucial questions when planning the inspection process.

The thesis covers two main issues. Firstly, it describes two models that allow
simulating the corrosion process. These models are then used to generate corroded surfaces
and to realize the second goal of the project, which focuses on simulation of inspections. For
the purpose of the second task three sampling inspection schemes are designed and their
performance is investigated in the simulation experiments. The study is restricted to the
spatial aspect of the inspection procedure.
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1. Introduction

Together with a wider use of steel and other metals subject to corrosion, knowledge
of a corrosion mechanism becomes a very important and relevant issue. Such knowledge may
allow predicting the lifetime of metal systems and planning eventual maintenance actions
(e.g. inspection, repair or replacement), which are important for safety and economic reasons.

Usually, when planning the inspection process the following questions arise:

= When the inspection procedure should be carried out?
= What kind of inspection technique should be applied?
=  What parts of the system should be inspected?

= What inspection coverage should be chosen?

Over the last decades, mathematical models have been developed that allow
determining a cost-optimal inspection frequency (or interval) (see, for example, [4] [14],
[26]). Studies to develop and improve tools detecting the degradation were and are
conducted as well. The issue concerning the choice of the areas that should be inspected is
also of big interest for many engineers employed in the planning inspection process. In this
field, the so-called sampling inspection approach is more and more considered and
appreciated. Some studies regarding the derivation of the optimal sample size (in several
industry fields) were performed [27], [28]. However, the general formula that would be

applied for any inspection process is not yet found, and seems to be rather unlikely to find.

In the oil industry, hundreds of kilometers of pipework and vessels of a large size are
operated. Since a large majority of them is made of the carbon steel, corrosion is a major
cause of its degradation. Their failure may lead to release of the product they contain such as
oil or gas, which represents a risk to the safety of people, it may harm the environment, and
is a significant cause of economic loss. Therefore, a lot of attention is paid to monitor the
reliability of pressure containing components. For various reasons, 100% inspection of such
huge systems (plants) is not carried out, as many components are not prone to degradation
or have a low failure probability. But if degradation is possible, and/or the consequence of
failure is high, there is an obligation to demonstrate integrity of the components. For this

purpose, sampling inspection is a widely used approach within industry.
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1.1. Goal of the thesis

The objective of this project is to design and investigate the performance of the
sampling inspection plans in simulation experiments. In order to fulfill this task two models
simulating the corrosion process are introduced. They are further incorporated as a tool to
generate corroded surfaces on which inspection schemes are simulated. The analysis of the
reliability of three inspection schemes applied to surfaces with a different distribution of

defects is performed.

1.2. Outline of the thesis

The report is organized as follows. Chapter 2 contains the description of two models
that are designed to simulate the corrosion process. These are: the multivariate gamma
model and the Poisson model, described in section 2.1 and 2.2, respectively. These two
corrosion generating techniques are used for the purpose of a reliability (performance)
analysis of the inspection schemes conducted in Chapter 3. This chapter introduces three
sampling inspection schemes: regular, adaptive, and sequential inspection. The framework
and simulation results of these three schemes are presented there.

The conclusions of the analysis and recommendations for future research are

presented in Chapter 4.
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2. Methods to simulate corrosion

In this chapter we introduce two methods designed for generating a corrosion surface.
The surface S is considered as a discrete squared domain where each point (location) may be

affected by the corrosion mechanism. The extension of corrosion in all three dimensions, i.e.
length, width and depth, is regarded as a stochastic process. However, in order to assure that
this process reflects the real behavior of the degradation corrosion mechanism, one assumes

that this process is non-decreasing in time.
Independently of the dimension of the surface .S, the corrosion process is assumed to

proceed in the same way. However, in further simulation experiments we will restrict
ourselves to the dimension of at most 100x100 units. The latter limitation was made for the
presentation purpose. However, it has to be pointed out that the possible surface sizes
depend on the corrosion generating method used as they require different computational
effort. This issue will be further explained in the subsequent paragraphs.

In the following two subsections the two corrosion simulation techniques are
described. The first approach (see section 2.1) is based on the joint normal transform method
that allows obtaining any multivariate distribution with a pre-specified dependence structure
and fixed marginals. In our considerations, this dependence structure will be given by the
correlation matrix of exponential form. This assumption is necessary to assure its positive
definiteness. In the proposed model we will use a gamma marginal distribution as the gamma
process is frequently and commonly used to govern the corrosion process mechanism (see,
for example [4], [5], [6] or [18]). For other examples of the implementation of the joint
normal transform method the reader is referred to [1] and [2]. The second section, 2.2,
presents the so-called Poisson corrosion method in which the Poisson stochastic process is
used as a driving force when modeling the corrosion initiation and further extension. Within
this model we assume that when corrosion is initiated at some location, its extension will
affect all the neighboring points in a certain number of years. Such assumption introduces the
dependence between possible degradations on particular locations and together with the
chosen surface size has an influence on the structure of generated corroded surface.

Together with a detailed description of both techniques, some examples are
presented as well. The Poisson and the multivariate gamma-process model will be further

applied when performing simulations of corrosion behavior.
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2.1. Multivariate gamma-process model

In this paragraph we introduce and describe one of the techniques for generating
corrosion on a surface being a subset of Rz, that is, the so-called multivariate gamma-

process model. This method uses the multivariate normal distribution (see Definition 2.1,
below) which is a common way of generating a realization from any multivariate distribution
with given marginal distributions. When simulating a corroded surface, we assume
dependence between surface locations. Therefore, the multivariate normal distribution will be

used to generate the designed surface with its spatial variability.

Definition 2.1

A n-dimensional vector of normal random variables )?z(Xl,XZ,...,Xn) where
X, € R, i=l,...,n is said to have a multivariate normal distribution if its probability
density function f(X)is of the form

_ oo™ 1 Y oaf-
f(x)=f(xl,x2,...,xn)= — |Z|2 exp —3 X—u| X | x-u

27

where i = (,ul,...,ﬂn) is the vector of means and X is the variance-covariance matrix of the

multivariate normal distribution. The elements of matrix X are of the following form:

The relation of the covariance matrix to the product moment correlation matrix p is
expressed by the formula:

Cov(X;,X ;) _ L
0,0, o0,

p(Xi,Xj):

where the formal definition of the product moment correlation between two random variables

reads:

Definition 2.2
The product moment correlation (called also linear or Pearson correlation) of two

random variables X and Y having finite expectations E(X), E(Y) and finite variances

Gf( , 0'3 is defined as:

E(XY)— E(X)E(Y)
GX GY .

p(X.Y)=
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Note, that in Definition 2.1, if random variables X;, i=1,...,n, follow a standard normal

distribution, i.e. X;~ N(u;,0;) where i; =0and o; =1for i=1,...,n, then the covariance

matrix X is equal to the product moment correlation matrix p .

Since in the joint normal transform method the rank correlation is used as the
measure of the dependency between random variables, its definition is presented as well.

Definition 2.3

The rank correlation (also called Spearman rank correlation) of random variables X,

Y with cumulative distribution functions Fx and Fy is given by

E[Fx (X)Fy (V)] E[Fy (X)E[Fy ()]
JVar(Fy (X)Var(Fy (Y))

pr(X.Y)=

It is worth to emphasize that the rank correlation always exists, can take any value in the
interval [-1, 1] and is independent of the marginal distributions. Moreover, the Spearman
correlation is invariant under non-linear strictly increasing transformations (see Propositions
3.8 and 3.9 in [3]). On the other hand, the product moment correlation is invariant only
under linear strictly increasing transformations (see Propositions 3.4 in [3])

Looking at Definitions 2.2 and 2.3 one can observe the direct link between the rank

and product moment correlation, which is expressed by

P (X,Y) = p(Fx (X),Fy (Y)).

Based on [3], the subsequent steps of the joint normal transform method can be

summarized as follows:

(i) Variables X;, X», ..., X, are assumed to have the invertible univariate
distribution functions Fy, F>, ..., F,, respectively. The dependency between

considered variables is expressed by the rank correlation matrix o, .

(ii) A sample (V;, y2,..., Yn) is taken from a joint normal distribution with

standard normal marginals and the rank correlation matrix 0, as above.



July 2006 Simulating inspections on corroded surfaces

(iii) In order to calculate a sample from a distribution with marginal distributions

F, F> ..., F, and rank correlation p, the following transformation is made:

(F (@), S (@), FN@(3,),

where @ denotes the standard normal cumulative distribution function.

Now, since the transformations Fl._l(CID(yi)) are monotone and strictly increasing, the

multivariate distribution of (X, X>, ..., X,) has the rank correlation matrix p, .

However, in the gamma model, instead of the rank correlation the product moment
correlation - p (Definition 2.2) is used as a dependency measure. The main reason for this is

that using the normal distribution, one can find a joint normal distribution that realizes a
given product moment correlation matrix 0, while in case of the rank correlation matrix such
joint normal distribution may not exist [3]. As a consequence, the assumed (desired) product
moment correlation matrix of the multivariate distribution with gamma marginals could be
different (due to the non-linear transformation) from the imposed matrix p of the

multivariate normal distribution. However since these differences appeared to be not so

significant (see Appendix A, section 4) we will ignore them in our model.

Because the wall loss due to the corrosion process is non-decreasing in time (the
amount of degradation always accumulates) and has nonnegative values, a gamma
distribution is chosen as the marginal distribution when applying the multivariate model. This
distribution is defined on the positive domain and as a result it is frequently used for
modeling the degradation processes. The formal definition of a gamma distributed random

variable is presented below.

Definition 2.4

A random variable X is said to be gamma distributed with a shape parameter a > 0
and a scale parameter b > 0 (with the notation X~ Gamma(x | a,b)) if its probability density
function is given by:

a X
! exp(— _)1[0, +oo] (X) I

amma(xla,b)=——x
gamma (x\a.-b)y= o b

where I'(a) is a complete gamma function defined as

I'(a)= Tx”_l exp(—x)dx .
0
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Since in our study, the analysis of the corroded surfaces will be performed at one
particular time point, the gamma distribution with given shape and scale parameter will be
used to represent the corrosion depths for all surface points. It is worth to note, that in order

to perform the analysis of the corrosion mechanism in time, the gamma process (Definition
2.5) with shape function, say a(t), and scale parameter, say b, can be used. Hereafter, when

referring to the multivariate gamma-process model, the gamma model name will be used
equivalently.

Definition 2.5

Let a(f) be a non-decreasing, left continuous, real-valued function for ¢ > 0, with
a(0) = 0. The gamma process with shape function a(f) > 0 and scale parameter b > 0 is a

continuous-time stochastic process {X(7): t > 0} with the following properties:

(i) X(0) = 0 with probability one;
(i) X(s) =X(t) ~.Gamma(x| a(s)—a(t), b) for all s >t > 0;
(iii) X(t) has independent increments.

For more properties of the gamma process, see [31].

As it was mentioned above, the corrosion generating methods presented here are

designed to work on squared surfaces. Therefore, let us consider a surface S of size kXk,
resulting in n = kXk locations. Further, let )?z(Xl,...,Xn) denotes a gamma random
vector representing the corrosion depths on the considered surface (at a given inspection
time). With this setup each random variable X; is uniquely associated with a location on S.
More precisely, X; stands for a corrosion depth at a location (x(i), y(i)) with x and y being the

Cartesian coordinates of S.

For generating the corrosion surface with the multivariate technique, an assumption

about dependency between corrosion depths at each location is made. Concretely, we

assume the following product moment correlation between elements of X :

2 q
p(Xy . X)) =expi—d| > ldist; | (2.1)
i=1
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where dist;denotes the distance between the Xjand X; with respect to their first coordinates
on the surface § (i.e. dist; =l x(k)—x(l)|). Similarly, dist,is the distance between the Xj
and X; (i.e.dist, =l y(k)—y(l)|) with respect to their second coordinates. The parameter d

is constant and determines the amount of correlation, while the parameters p and g are

associated with the vector norm.

The correlation function given by the formula (2.1) introduces a special kind of
distance dependency. It means that the locations which are close to each other have a bigger
correlation than those which are more separated (share greater distance). Moreover, it has to
be mentioned that due to the computational effort required for calculation of such correlation
matrix, the size of the corroded surfaces generated by the gamma model is limited to at most
50X 50 units.

The corrosion generating method described here is a one-step procedure in the sense
that the generated surface with particular defect depths represents the current (cumulative)
state of the corroded surface as a result of a long-lasting degradation process. However, it is
worth to note that this model can be extended and used also for modeling corrosion in time.
That is, the defects depths generated in a one-step procedure can be regarded as the
corrosion increments created in a unit time. Then, the cumulative (actual) corrosion level at
each location will be obtained by summing up the corresponding increments of wall loss
generated in each time step.

It has to be mentioned that the surfaces generated by the gamma model have a
characteristic feature that all their locations are affected by corrosion immediately. Thus, it
can be advised to use the multivariate model for modeling a general corrosion process as
shown in Example 2.1. However, the same example shows that changing the parameters of
the model, one can generate surfaces where some locations are highly corroded while others

are in their initial stage.
Example 2.1

Remind that when generating the corroded surfaces using the gamma method,
together with a specification of the shape and scale parameters of the gamma distribution,

the values of the correlation parameter, d, and norm parameters, p and ¢, must be assessed

as well. Choosing particular values of these quantities several classes of corroded surfaces
can be obtained. For example, one can model smooth surfaces that correspond to a general
(uniform) corrosion mechanism, which causes a relatively uniform reduction of thickness over
the surface of a corroding material. On the other hand, it is also possible to generate
corroded areas which reflect the behavior of the localized (pitting) degradation process

characterized by the formation of holes or pits on the metal surface. Some illustrations
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showing characteristic properties of already mentioned corrosion types are presented in the
next two figures (Figure 2.1 and 2.2).

Figure 2.1 Example of uniform (general) corrosion.

R

Figure 2.2 Example of localized (pitting) corrosion.

Within the gamma generating technique, the parameter d has the biggest influence

on the surface smoothness and therefore it is called the correlation parameter. When fixing

(and keeping unchanged) the values of the vector norm parameters, one can perform a
sensitivity analysis with respect to the variable d. Looking at the formula (2.1) one can

conclude that with a smaller value of this parameter a bigger correlation between surface
locations is introduced. This will cause more smoothness of the generated corrosion areas
and simultaneously will reflect uniform corrosion. On the other hand, high values of the
correlation parameter are equivalent to a bigger variability of the pitting degradation process.

The latter inferences are confirmed in Figure 2.3 where some characteristic plots of generated
surfaces are presented for different values of d. Moreover, the accompanied Figure 2.4 shows
the dependence between locations’ distance and their correlations. It is worth to note that in
the example presented here, the norm parameters p and g were equal to 2 and 0.5,

respectively. The latter setup gives the simple Euclidean norm on the Cartesian grid.
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Figure 2.3 Examples of corroded surfaces generated by the gamma technique.
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Figure 2.4 Correlation functions for different values of d.

2.2. Poisson model

The Poisson technique is designed to model a three-dimensional corrosion process.
That is, it allows a corrosion extension in the depth, length and width dimensions. An
important property of this model, that makes it different from the gamma model, is that it is
a time-step model. In other words, in opposite to the gamma method, where the generated
surface represents the actual state of the corrosion depths with all locations affected; the
Poisson model allows modeling the corrosion in time. That is, it can be seen how the defects
appear, extend and grow in course of time. As a result, one can simulate the surfaces where
only some locations are affected and the rest of the surface is free of defects. Thus, the
Poisson model seems to be more general and universal, as it can be used to generate more
variable corrosion surfaces (see Figure 2.10). It can be especially useful to model the pitting

corrosion mechanism.

The Poisson process (see Definition 2.6) is frequently used in diverse fields of science
such as physics, astronomy, transportation or telecommunication, to model counting-type
events [19], [20] and [21]. For example, the number of telephone calls arriving at a
switchboard during any specified time interval, or the number of traffic accident at certain
place up to particular time t, may follow the Poisson distribution. In our model, this

distribution will be used to model the stochastic processes of the corrosion initiation and

11
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extension. In mathematical terms, { X (¢), = 0}is a stochastic process if X (¢)is a random

quantity forall £ > 0.

Definition 2.6
A stochastic process N(f) is a time-homogeneous, one-dimensional Poisson

process if:

= the numbers of events occurring in two disjoint (non-overlapping) subintervals are

independent random variables;

» the probability of the number of events in some subinterval [t, t + h] is given by

_exp(-4h)- (Ah)*

P(IN(+h) =N =k) x

k=0,1...
where the positive number A is a fixed parameter, known as the rate parameter. In words,
this means that the random variable N(¢t + h) — N(t), being the number of occurrences in the

time interval [t, t + K/, has a Poisson distribution ! with parameter A-h.
On the other hand, a non-homogeneous Poisson process is a Poisson process

with rate parameter m(t) such that the rate parameter of the process is a function of time. In

this case, the probability of the number of events in the subinterval [t, t + &] is given by

t+h t+h &
expy— .[m(s)ds - J-m(s)ds
P(N(@t+h)-N@®)]=k)= d 5 ! ,fork=0,1,2,..

Modeling the corrosion initiation
Let us start the description of the Poisson simulating corrosion method, from
modeling the corrosion initiation. Here, a non-homogenous Poisson process Ny (t) with time-

dependent rate m(t) =gq- A-t? is used. In other words, this process generates ‘the arrivals’

of the corrosion spots and m(f) represents the intensity of the spot appearances (rate of

!For the definition of a Poisson distribution reader is referred to [7]1, [8] or [16].

12
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appearances). The expected number of such arrivals is a function dependent on time #, and is

equal to:

E(N(1)=[m(s)ds = A7,
0

Note that for ¢ = 1 the number of corrosion initiations will be linear in time with constant
intensity rate equal to A, what results in the homogenous Poisson process. Moreover, it is

worth to point out that higher values of the parameters g and A result in more arrivals.
In order to model the preferential locations for the occurrences of the initial corrosion

spots, a special function defined on the surface S is introduced. This function is given in the

matrix form (SpT), which takes values on the interval [0, 1] and expresses a probability that

a particular location will be affected by the Poisson initiation process.

In the next figure (Figure 2.5) one can see an example of the initiation function. Such
particular model can be used to describe the initiation of the corrosion mechanism within the
oil-pipes. It is because the bottom of the pipe is usually more probable to be affected by the
degradation process (a higher value of the corrosion initiation function will reflect this
phenomenon) than the remaining parts of the pipe. As another example, one can imagine a
complex system, which consists of several components that are joined by welds. Then, the
welded parts are considered as the preferential locations for being subject to corrosion.

13
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ittation probabdity

surface coordinates

Figure 2.5 Example of a probability function of the corrosion initiation locations.

The SpT function is used when determining the set of possible initial corrosion

locations. This set is created in the following way. Firstly, the matrix RnU corresponding to
the considered surface and consisting of uniform numbers independently drawn from the
interval [0, 1] is generated. In the next step, the values of the initiation function, SpT, and
the generated random numbers are compared for each location. As a result, if for a given
location, the drawn random number is less than or equal to the corresponding value of the
initiation function, this surface location is accepted and included to the initial location set. It is
worth to point out that the initiation set is determined once and the number of its elements
strongly depends on the initiation function. A graphical example of the initial location set can

be seen in Figure 2.6.

14
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Figure 2.6 Example of the initial locations set.

Having defined the set of initial (preferential) corrosion locations, at each time point ¢,

t =1, 2, .., Tmax, the N;(At) initial corrosion locations are selected randomly from this set

and simultaneously are removed (excluded) from this set. More precisely, the N;(At) with At
=1 is given by

N,(At) =N, ()= N, (1)
and in consequence has a Poisson distribution with parameter ﬂ(t" —(t—l)").

It has to be mentioned that the elements of the initiation set which were affected by
the corrosion process during its extension phase (described below) at some time ¢, are also
excluded from this set.

In Figure 2.7 an example of the realization for N;(Af) = 100 is presented while

Figure 2.8 shows the updated location set (without already selected points).

15
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Figure 2.7 Realization of 100 initiations from the initiation set.
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Figure 2.8 Updated initiation set.

The process of corrosion initiation described above, works as long as the initiation set
is not empty. Once its last element is affected by the corrosion and it is removed from this

set, the initiation process is terminated. As a result, only the extension process progresses.

16
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Modeling the corrosion extension

As soon as the corrosion spot appears, its extension process is governed by Poisson

distributions defined on the locations of the surface S. Let us denote these random variables

by N,(i,j), where i and j denote the Cartesian coordinates on the surface S. Note

that N (¢) is a Poisson process in time and N, (i, j) a Poisson process in space. The intensity

of the Poisson process N, (i, j) , denoted by A is defined in terms of the extension

(N
intensity function v(i, j) . This function, V(i, j), takes values on [0, o) and determines the

corrosion extension at the particular location.
The extension mechanism consists of the following steps:

1) Firstly, a set of potential locations subject to extension is established. In other
words, the information about the points affected by the corrosion and all their
neighbors is gathered. All of them belong to the mentioned set. It has to be pointed out
that for the discrete surface considered here each location has at most eight neighbors.

2) For a given point from the potential location set, say (i,j), its possible corrosion

growth (in the depth dimension) depends on two conditions. Briefly speaking, these
conditions determine whether the considered point can be affected by the extension
process and if yes, how much the corrosion level will increase; see condition a) and b),

respectively.

a) In order to allow a corrosion growth at the location (i,j), a constraint

regarding the maximum allowable difference in corrosion level between
neighboring locations has to be satisfied. It should be explained that the
maximum allowable difference level taking positive natural values is the driving
parameter of the Poisson technique and strongly influences the surface structure.
In other words, depending on the value of this parameter one can generate more

or less smooth surfaces. (When referring to this parameter the steps name will be
also used equivalently.)

The mentioned level constraint requires that all neighbors of the point (i,j)
have to have a corrosion level that does not differ more than steps -1. In

mathematical terms: all neighbors of the point (i,j) have to have a corrosion level

at least equal to
level(i,j) — steps +1. (2.2)

17
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In other words, the cardinality of the set D;; defined below has to be equal

to the number of neighbors of the location (i,j).

D; ;= {(k,l) :(k,l)is neighbor of (i, j) and level(k,l) = level(, j)—steps+1}

If some neighboring location of the point (i,j) has a corrosion depth smaller

than (2.2), then the corrosion extension at the point (i,j) is not allowed.

Otherwise its corrosion level will increase according to the rules defined in b).

b) To decide how much the corrosion depth of the location (i,j) will change, the
number of its surrounding locations with corrosion level bigger than level(i,j) is

checked. More precisely, the so called intensity set I,;j is created, where
I; ; ={(k.D) :(k.])is neighbor of (i, j)and level(k,l) > level(i, )} {(, j)}.
Due to the extension process, the new depth of the location (i,j) is equal to:
level(i, j)'= min{N, (i, j),b}.

The minimum operator assures the consistency with the pre-specified
maximum allowable difference level (steps) and N, (i, j)and b are defined as

follows:

. N, (i, j) is a Poisson number drawn from the Poisson distribution

with the parameter 4, ; given by

A= vy

(X,)’)Gli,j
. b stands for the so-called upper bound and is defined as:

b := steps + minflevel(k,1) :(k,1) all neighbors of (i, j)}—level(i, j).
When all the potential locations have been visited by the extension process the
considered surface is updated by recording new corrosion levels, level(i, j)' . This surface

together with new arrivals caused by the Poisson initiation process is considered as the

current state of the surface S. Thanks to the consistency between level’s extension at each

18
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location and the previous state of the surface, the maximum allowable difference between
neighboring locations (parameter steps) is preserved after the performed update.

It is worth to point out that because the update of the corrosion levels is made after
the extension process visited all the possible locations , the order of visitation is not relevant
and has no influence on surface properties. Moreover, such defined corrosion process implies
that the increase in the corrosion levels at one run of the extension process is independent
among locations.

For a better understanding and for the purpose of illustration of the Poisson
generating corrosion technique, an example is presented. Moreover, Figure 2.10 shows some
types of corrosion surfaces that can be generated by this method.

Example 2.2

Consider a squared surface S consisting of 25 locations (k = 5) depicted in the Figure
2.9. Further suppose that all locations have the same probability of being affected by the
corrosion initiation process equal to one. Hence, all elements of the matrix SpT are equal to 1
and all surface locations belong to the initial location set 2, Moreover, it is assumed that at

the considered time the corrosion is initiated only at the location (i,j) indicated by “5”. In
other words, only one ‘arrival’ of the Poisson process Nl(t) is observed. This results in
level(i,j) = 1 and level(k,l) = 0 for the remaining surface points. This surface (with

mentioned corrosion levels) will be regarded as the current state of the surface S. On the

other hand, the surface with all potential locations being visited by the extension process will
be referred as the updated state of the surface.

In this example we also assume that the intensity function of the extension process is

the same for all locations and equals V(i, j) =1, for all (i,j)€ S.

2 This is because all elements of matrix SpT are greater than or equal to the corresponding elements of
the matrix RnU , which are drawn independently from the uniform distribution on the interval [0, 1]

19
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Figure 2.9 Example of a discrete surface.

A spatial dependency between corrosion spots on particular locations is introduced by
the maximum allowable depth level between surface neighbors (the parameter steps), which
is chosen to be equal 1 (unit).

For the surface point 5 affected already by the corrosion, the set of potential

extension locations consist of eight elements, i.e. {1,2,3,4,6,7,8,9}.

When considering extension at location 6 (equivalently denoted by the location

(i,j+1)), the number of its neighbors with corrosion level at least equal to
level(i,j+1) - steps + 1,

has to be checked. More precisely, we check the cardinality of the set D,;j+1, which in this

case is defined as:

D; jy :={k.1): (k,1)is neighbor of (i, j+1) and level(k,l) > level(i, j +1)— steps+1} =
= {(k,l): (k,l)is neighbors of (i, j+1) and level(k,l) > 0—1+1}.

Since all neighboring locations of the point 6 have the corrosion level greater than or
equal to 0 (all belong to the set D,;j+ 1), the first extension condition is satisfied. Thus, it
remains to determine how much the corrosion level at the location 6 will increase. To do this,

the following intensity set I,-J+ 1 have to be determined:
I; v ={k.1) (k. D) is neighbor of (i, j+1)and level(k,l) > level(i, j + D} {G, j+ 1}

In our example, location 5 is the only one with corrosion depth bigger than the one at

location 6. As a result, the set [; . | consists of two elements; that is I;j, 1 = {(i,j), (i,j+1)}.

20
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Therefore, the extension process at location 6 will be governed by the Poisson process with

the intensity

1

A =vE D+VGEj+D) =1+1=2.

However, in order to be consistent with the maximum allowable difference level
(steps), which in our example equals 1, before the extension is made the following upper

bound is calculated:

b := steps + min{level(k,1):(k,1) all neighbors of (i, j +1)}—level(i, j+1) =
=1+0-0=1

Finally, the new depth level of location 6 can be calculated and is equal to:

level(i, j +1)'= min{N (i, j +1),b} ,

where Poisson number N (i, j +1) has intensity 4; ;,; =2.

The consideration of possible corrosion extension can be carried out in a similar
manner for the remaining locations. After that, all corrosion levels on surface S are updated

and stand for the current state of the surface at the next time point.
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Figure 2.10 Examples of corroded surfaces generated by the Poisson model.
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3. Inspection schemes

The main subject of this chapter is to introduce and to check the performance (in
simulation experiments) of the designed sampling inspection schemes. These are: the regular
inspection scheme, the adaptive inspection scheme and the sequential random scheme. All of
mentioned sampling methods are further used for the inspection purpose of corroded
surfaces generated by the gamma and Poisson models (the detailed descriptions of these
techniques are presented in previous chapter).

The inspection schemes proposed below are defined by some parameters that need to
be specified before the inspection procedure is performed. Therefore, depending on the
available knowledge about the considered surface, different inspection schemes will be more
appropriate. This issue will be also covered in subsequent lines.

3.1. Regular inspection scheme

In the next paragraphs a description of one of the designed sampling inspection
schemes is presented. Concretely, in section 3.1.1 one can find the outline of the mechanism
and the properties of the regular inspection scheme (RIS). On the other hand, section 3.1.2
shows the application of the mentioned inspection method. It presents the simulated
inspection results for the corrosion surfaces generated with the Poisson as well as the gamma
model. These results give an indication of the performance of the considered scheme for
different types of corroded surfaces. It is worth to mention that for the simulation purposes
two Matlab routines ° (one for the Poisson model and one for the gamma model) were

created and implemented.

3.1.1. Framework of the regular inspection scheme

A regular inspection scheme is a very trivial and simple inspection scheme that is
defined by one parameter i.e. the inspection coverage. This parameter defines the proportion
of the considered surface that will be examined during the inspection process. In the

inspection scheme proposed here (called also the inspection scheme 1) when choosing
particular value of the inspection scheme coverage, say ¢, (¢-10) points on every 10 points
will be examined. Mentioned points are not selected randomly but they follow some pattern

that assures their even spread. For instance, when ¢ = 0.5 on every 10 discrete surface

points five of them will be inspected, in this case every 2nd point will be examined. Of course,

31n the Appendix C the description of the software developed for the simulation purposes is presented.
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due to the discreteness of the surfaces the pre-specified inspection coverage is not always
satisfied precisely, however in all cases it is very close to the desired value. An essential
feature of the inspection scheme 1 is that the inspected coverage is established in advance
before the inspection process is initialized. As a result, the total inspection costs can be
assessed beforehand. However, since this inspection scheme is not dynamic (i.e. it is
completely defined before its application), it requires some kind of confidence about the
considered surface structure. An appropriate prior knowledge about the defects distribution
allows avoiding situations when the inspection coverage parameter is over or under estimated.

Examples of surfaces to be inspected in other words, the applied patterns for different
values of the scheme parameter - inspection coverage - are presented below (Figure 3.1). In
these figures the yellow area denotes the inspected surface while the green area the not

inspected one. Additionally presented, the true percentage of the inspected area shows that

the used inspection pattern has the desired inspection coverage. The chosen surface size is

k = 25.
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Figure 3.1 Examples of the inspection patterns within RIS for different values of the
inspected coverage parameter.

3.1.2. Simulation

Let us now present some results obtained when applying the regular inspection
scheme in simulation experiments. These experiments were performed for two proposed
techniques of generating corrosion surfaces, namely the gamma and the Poisson method. The
analysis was carried out with respect to the parameters characteristic for those methods as
well as with respect to the parameter of the inspection scheme 1.

Simulation settings of the regular inspection scheme for corrosion surfaces

generated by the gamma model.

In order to analyze the performance of the inspection scheme 1 the following
parameters of the gamma corrosion generation technique were used. It is worth to point out

that they were kept unchanged during entire analysis.

» the shape parameter a = 1.5;

» the scale parameter b = 0.5;
(It is worth to note that the expected value of the gamma distributed variable with these
parameters (i.e. a = 1.5 b = 0.5) is equal to E(X) = ab = 0.75. Moreover, simulated

expected maximum value from the 625 i.i.d. gamma variables appeared to be equal 5.5. We
have simulated 625 gamma variables since in the simulation experiments the surfaces

consisting of 25x25 = 625 locations were considered.);
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» the L, norm parameters p = 2 and g = 0.5;

(Note that with this setting the applied Lp norm reduces to the simple Euclidean norm that

represents the real distance measured with in discrete units).

On the other hand, different values of parameter d reflecting the correlation factor

between corroded points were examined under the regular inspection scheme considered

here. It appeared that the latter value has strong influence on the appropriateness of the
applied inspection coverage. In different words, for some class of values of parameter d, the

inspection of a small percentage of surface brought equally reliable results as when applying
more extended inspection.
During performed simulation experiment the square of gamma corroded surface of

size n = kXk = 25x25 grid points was generated 300 times. (A sensitivity analysis with

respect to number of simulations parameter can be found in the Appendix B-1.) For each
surface the same pattern of inspected points (the same inspection coverage) was applied.
The number of wrong decisions (for definition see below) and differences between the
maximum of all real defects and the maximum of defects recorded during inspection (in each
simulated surface) were used as driving criterions when performing the study. The latter
quantity is represented by histogram plots. Plots of the cumulative distribution functions of
the actual maximum defects and the maximum of those recorded during inspections are

presented as well.

» the number of wrong decisions — counts the number of situations when among the
inspected points the critical defect (defined below) was not recorded (found) while it
was present on the simulated surface. In other words, it counts the number of bad
acceptance decisions when after the inspection procedure the considered surface is
judged as a good one (without evidence of the critical defect) while it does not reflect
the reality. This quantity shows when the applied inspection scheme performs well,
whether it results in a small humber of wrong decisions or possibly leads to severe

consequences;

> the critical defect size is a defect size defined in advance by the inspector and
depends on the considered surface. Existence of a pit depth of this size is equivalent

with component failure and the surface is judged as a defective one.

Obviously, the proper choice of the critical defect size is important and strongly
affects the simulation results. Therefore, attention should be paid when setting the value of
this parameter simultaneously taking into account important characteristics of the considered

surface.
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In the performed simulation experiments the critical defect size was chosen regarding
the previously chosen gamma surface parameters and was equal to 3 (units). The
accompanied figures with some characteristic plots of the considered corroded areas confirm

the rightness of the applied value of the critical defect. From these plots one can see that for
the gamma distribution with parameters @ = 1.5 and b = 0.5, the value 3 is located in its tail

and has a small probability of being exceeded.

Simulation results of the regular inspection scheme for corrosion surfaces
generated by the gamma model.

The simulation experiments brought the following results of the performance of RIS
applied for the surfaces generated by the multivariate gamma model.

e the correlation parameter d = 1

Generated defects

I rcalization

gamma

Figure 3.2 a) The characteristic plots of the corroded surface with the correlation parameter
d=1.
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Cdf-s of real and inspected max defect size for coverage = 0.1
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Figure 3.2 b) The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and d = 1.
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Figure 3.2 c) The histograms of differences between the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and d = 1.
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Unreliability of RIS for different coverages
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Figure 3.2 d) The unreliability function of the regular inspection scheme ford = 1.

correlation parameter d = 1, number of simulations = 300

Inspected coverage 0.1/02]03|04(05|06|0.7]0.8
Number of wrong decisions | 183 | 109 | 64 | 49 | 30 | 20 | 10 7

Table 3. 1 The number of the wrong acceptance decisions against the inspection coverage
within the regular scheme ford = 1.

The results obtained when the correlation parameter was equal to d = 1 show that

with an increasing inspection coverage the difference between the cumulative distribution
functions of the real and found maximum defects become smaller (see Figure 3.2 b). The red
curve representing the distribution of maximum sizes of inspected points indeed approaches
the blue one illustrating the real maximum defects distribution. Similar inferences can be
gathered when looking at the histogram graph - Figure 3.2 ¢, illustrating the differences
between the real maximum defects and the maximum of those inspected. One can observe
that with the 0.7 inspection coverage the histogram is concentrated around zero, what means
that in most cases the maximum defect was recorded (found) during inspection process.

The so-called unreliability function of the regular inspection scheme is presented in
the Figure 3.2 d. This function is a function of the inspected coverage and is defined as a
proportion of the number of wrong decisions (defined at the beginning of this section) among

performed simulations. It can be seen that in the considered case, i.e. with d = 1, the
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unreliability function is decreasing and reaches a value close to zero for a large inspection
coverage (0.8). This can be interpreted as that in the majority of simulations if the critical
defect was present on the generated surface, it was also recorded among the inspected
points and it further leads to the correct surface classification. The accompanied Table 3.1
shows how the unreliability function was obtained, i.e. shows the number of wrong decisions

that was made with a given inspection coverage.

Looking now at the results presented below for the correlation parameter d = 0.5,

one can gather similar inferences about the significant influence of the used inspection
coverage on the unreliability of the regular inspection scheme. However, here this inspection
scheme seems to work (perform) better in terms of a smaller number of wrong acceptance

decisions for small inspection coverage. It is because a smaller value of the parameter d

introduces more dependency between generated defects’ depths what further causes that the

corroded surface has more smooth structure.

e the correlation parameter d = 0.5

Generated defects

Histogram of defects depths
1 T T T

I <alization

gamma

Figure 3.3 a) The characteristic plots of the corroded surface with the correlation parameter
d = 0.5.
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Cdf-s of real and inspected max defect size for coverage = 0.1
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Figure 3.3 b) The cumulative distribution functions of the real maximum defects and the
maximum defects recorded within RIS for different inspection coverage and d = 0.5.
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Figure 3.3 c) The histograms of differences between the real maximum defects and the
maximum defects recorded within RIS for different inspection coverage and d = 0.5.
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Unreliability of RIS for different coverages
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Figure 3.3 d) The unreliability function of the regular inspection scheme for d = 0.5.

Correlation parameter d = 0.5, number of simulations = 300

Inspected coverage 0.1/02]03|04(05|06|0.7]0.8
Number of wrong decisions | 173 | 118 | 79 | 48 | 38 | 30 | 19 | 10

Table 3. 2 The number of the wrong acceptance decisions against the inspection coverage
within the regular scheme for d = 0.5.

Let's now check how the inspection scheme 1 performs when the correlation
parameter is equal to d = 0.05. From the subsequent figures (Figures 3.4 b-d) one can

conclude that an enlargement of the inspection coverage does not bring so significant

improvement in the performance of the considered scheme as it was in the previous cases
(for d = 1 and d = 0.5). Moreover, one can see that the inspection of only 30 % of the total

surface leads to reasonable inspection results. Concretely, in the majority of cases the
maximum defect was recorded among inspected points. As a result, more extended
inspection seems to be redundant and will be only connected with higher expenses.

Looking now at the values of the unreliability function (Figure 3.4 d) and the values
gathered in the accompanied Table 3.3, one can see that for all inspection coverages used,
RIS performs well resulting in at most 10 % (see the number of wrong decisions for the

smallest inspection coverage, i.e. equal to 0.1) of wrong surface classifications. Reminding
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that to obtain such unreliability with d = 0.5 or d = 1 we had to inspect about 60 % of the
considered surface, the latter inference is confirmed. As a consequence, for the inspection of
the surfaces characterized by the clustered defects’ distribution, the application of the regular
scheme with small inspection coverage seems to be reasonable. This will result in inspection
plan of good reliable obtained with small inspection effort (measured in terms of inspected

coverage).

e the correlation parameter d = 0.05

Generated defects

25

Histogram of defects depths

I <alization

gamma

0 0.5 1 1.5 2 2.5 3

Figure 3.4 a) The characteristic plots of the corroded surface with the correlation parameter
d = 0.05.
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Cdf-s of real and inspected max defect size for coverage = 0.1
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Figure 3.4 b) The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and d = 0.05.
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Figure 3.4 c) The histograms of differences between the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and d = 0.05.
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Unreliability of RIS for different coverages
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Figure 3.4 d) The unreliability function of the regular inspection scheme for d = 0.05.

0.7

0.8

Correlation parameter d = 0.05, number of simulations = 300

Inspected coverage 0.1/0.2(03|04|0.5

0.6

0.7

0.8

Number of wrong decisions | 22 | 18 | 10 9 3

5

3

Table 3. 3 The number of the wrong acceptance decisions against the inspection coverage

within the regular scheme for d = 0.05.

Simulation settings of the regular inspection scheme for corrosion surfaces

generated by the Poisson model.

When performing the simulation experiments with the regular inspection scheme and

the corrosion surface generated by the Poisson method, the following parameters of this

method were fixed:

= the parameters of the Poisson process corresponding to the corrosion initiation

process (number of arrivals) : A = 0.2 and q = 2.11,
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= the intensity of the corrosion extension process of the affected points was given by

1
the function V given in the matrix form Vv = g-ones(k, k), where SLZ is the so-
called extension factor;

= the probability of the corrosion initiation is assumed to be high, i.e. equal to 1, and
the same on the entire surface (equivalent with the homogeneity assumption of the

corrosion initiation process). This assumption is expressed in the corrosion initiation

matrix SpT = ones(k, k).

Such a setup was made based on [18] were similar model using the Poisson process to
simulate the corrosion, is introduced. However, it would be desirable to perform separate
parameters estimation for model considered in this report. This would improve its
effectiveness and give more realistic model. As it was in [18], it can be suggested to ask the
experts’ opinion about possible values of these parameters.

It is worth to point out that with A =0.2 and g = 2.11, the Poisson process modeling

the arrivals of spots has not stationary increments. In different words, the number of
corrosion initiations depends on time. This is a realistic assumption since taking into account
the aging process and exposure to weathering conditions of steel structures; it is likely that
the number of arrivals grows in time. One more remark concerning chosen parameters should
be made. With assumed constant expansion rate of the corrosion process (see functionV ) we
assume constant purity of the surface which as it often appears is in accordance with reality.

Of course the values listed above were not changed during the carried out simulation
analysis. The observations were made at time Tmax = 10 units (measured since the
considered surface is made and used). In different words, the maximum time at which the
corrosion processes were active was bounded by 10.

The variable parameter was the maximum allowable depth level between neighboring
locations, simply denoted by steps. Together with this parameter an appropriate value of the
critical defect size was fixed for the purpose of analysis. The latter can be explained by the
fact that with bigger value of the variable steps bigger (deeper) defects may be generated
resulting in different criticality levels. Such dependence is confirmed in the figures with
graphical illustrations of generated surfaces.

It is worth to point out that the parameter steps has a similar impact on generated

surfaces like the correlation parameter d within the gamma model for generating corrosion.
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Simulation results of the regular inspection scheme for corrosion surfaces
generated by the Poisson model.

Let us start our study from the situation when the parameter steps equals 1 unit.

With this setup the corroded surfaces generated by the Poisson technique are rather smooth
and the deepest defects reach value of 5 units (see Figure 3.5 b). The latter fact caused that
the criticality level (the critical defect size) was fixed at 3 units’ level.

Analyzing the graphics presented in figures 3.5 b and 3.5 c one can observe the
visible, significant improvement of the performance of the regular inspection scheme when
enlarging inspection coverage from 0.1 to 0.3. In this case the cumulative distribution
function of the inspected maximum defects (red line) is much closer to the cumulative
distribution function corresponding to the actual maximum defects (blue line). Similarly, the
differences between the real maximum defects and maximum of those recorded during
inspections become smaller.

On the other hand, the further coverage enlargement seems to be not necessary
since the results gathered during simulation experiments with the coverages bigger than 0.3
look very similar (see appropriate subplots in Figure 3.5 b-c). Therefore when dealing with
such surfaces the regular inspection scheme with small inspection areas is worth to apply
since it brings reliable and satisfactory results. The latter conclusion can be confirmed by the
unreliability plot (Figure 3.5 d) and the accompanied Table 3.4. From there one can draw the
inferences that even with only 0.3 inspection coverage it is rather unlikely (number of wrong
decisions equals to 0) to wrongly judge considered corroded surface.

= steps = 1, the critical defect size = 3
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Figure 3.5 a) The characteristic plots of the corroded surface with steps = 1.
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Figure 3.5 b) The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and steps =1.
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Histogram of differences between real and inspected defects sizes, coverage = 0.1
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Figure 3.5 c) The histograms of differences between the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and steps =1.
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Figure 3.5 d) The unreliability function of the regular inspection scheme for steps = 1.
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steps = 1, number of simulations = 300

Inspected coverage 0.1/0.2]03(04|05|0.6|0.7]0.8
Number of wrong decisions | 22 | 7 0 0 0 0 0 0

Table 3. 4 The number of the wrong acceptance decisions against the inspection coverage
within the regular scheme for steps = 1.

Increasing the value of the parameter steps deeper corrosion spots can be generated

by the Poisson technique. Simultaneously, the corroded surfaces have more variable

structures and the surface locations seem to be less correlated. Therefore, let’s check now
the performance of the inspection scheme 1 when the variable steps has a value of 2 units

and the critical defect size equals 4 units.

e Ssteps = 2, the critical defect size = 4

Generated defects

Figure 3.6 a) The characteristic plots of the corroded surface with steps = 2.
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Cdf-s of real and inspected max defect size for coverage = 0.1
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Figure 3.6 b) The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and steps = 2.
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Figure 3.6 c) The histograms of differences between the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and steps= 2.
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Unreliability of RIS for different coverages
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Figure 3.6 d) The unreliability function of the regular inspection scheme for steps = 2.

steps = 2, number of simulations = 300

Inspected coverage 0.1/{0.2|03|04|05|0.6|0.7|0.8
Number of wrong decisions | 42 | 22 9 8 5 3 3 1

Table 3. 5 The number of the wrong acceptance decisions against the inspection coverage
within the regular scheme for steps = 2.

As one could expect the corroded surface are coarser than in previous case (i.e. when
steps = 1) and the domain of the defects’ depths is wider; that is, it takes values from the

interval [0, 6] (see the cumulative distribution plots in the Figure 3.6 b). The results show the
improvement of the performance of the regular inspection scheme with bigger inspection
coverage. This trend is especially seen for the values of coverage smaller than 0.4 where for
each additional 10% of inspection area the number of wrong acceptance decisions becomes
two times smaller (see Table 3.5). On the other hand, the inspections of coverages larger
than 0.5 reveal almost the same performance of the inspection scheme. Therefore, in this
case, the inspection coverage equals 0.5 seems to be the reasonable choice.

It is worth to note that the overall unreliability of the regular inspection scheme is
worse than the unreliability obtained when the parameter steps was equal to 1 unit. For the
smallest inspection coverage, 0.1, the unreliability function takes a value 0.14 while in the

previous case oscillated around 0.07. Moreover, in order to obtain faultless surfaces’
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classifications the inspection with the 0.3 coverage was sufficient for steps = 1 and to obtain

a similar efficiency for steps = 2, the examination of 0.8 surface’s area is required (compare

Table 3.4 and Table 3.5).
Finally let’s look at the results obtained during the simulation experiments when the

maximum allowable depth level between neighboring locations (sfeps) had the biggest

(analyzed here) value and was equal 3 units. As a consequence, the criticality level was
attenuated and fixed at 5 units’ level. Of course similar trends regarding larger defects’
depths and bigger structure’s variability can be observed.

Analyzing the cumulative distribution functions of the real maximum defects and the
maximum defects recorded during the inspection procedure, the improvement of the

performance of scheme 1 when increasing inspection coverage is clearly visible. In opposite
to the previous cases (i.e. when steps = 1 and 2) this trend is also observed for bigger

coverages (larger than 0.5). For example, with the inspection coverage equals 0.5 the
maximum defect was recorded among inspected points in 220 out of 300 cases while for 0.7
inspection coverage the maximum defect was found in almost all, 280, cases (see the Figure
3.7c with the histograms of the differences between the maximums of real and inspected
defects’ sizes).

In Figure 3.7 d, the unreliability function shows that in this case the performance of
the regular inspection scheme strongly depends on the applied inspection coverage. Moreover,
this function has a rather wide set of values with an upper bound equal to 0.27. Therefore, in
order to make correct surface classification bigger inspection effort should be involved.

Concluding, when dealing with corroded surfaces having a structure similar to the one
presented in Figure 3.7 a) and the criticality at 5 units’ level, it is advised to apply bigger

inspection coverages (larger than 0.6) when using the inspection scheme 1.

e steps = 3, the critical defect size = 5
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Figure 3.7 a) The characteristic plots of the corroded surface with steps = 3.
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Figure 3.7 b) The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and steps=3.
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Histogram of differences between real and inspected defects sizes, coverage = 0.1
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Figure 3.7 c) The histograms of differences between the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and steps=3.
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Figure 3.7 d) The unreliability function of the regular inspection scheme for steps = 3.
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steps = 3, number of simulations = 300

Inspected coverage 0.1/0.2]03(04|05|0.6|0.7]0.8
Number of wrong decisions | 81 | 45 | 15 | 13 | 12 6 1 1

Table 3. 6 The number of the wrong acceptance decisions against the inspection coverage
within the regular scheme for steps = 3.

Conclusions

When the regular inspection scheme was applied for corroded surfaces generated by
both the gamma and the Poisson model, the simulations give some kind of overview of its
performance under different conditions. Throughout the analysis one could seen that its
effectiveness and reliability was dependent on the surface’s structure. In some cases the
application of small inspection coverage is reliable while in other cases the inspection of a
large area was necessary to obtain a correct surface classification. Based on those results, or
performing similar simulation experiments using created Matlab routines, it is possible to
design an optimal regular sampling plan (with the optimal inspection coverage) that will
balance the accuracy of the forecasts against the inspection’s costs. The costs’ analysis was
outside the scope of this project; however, it would be desirable to include them in future

work.

3.2 Adaptive inspection scheme

The main goal of this paragraph is to introduce and to check the performance of an
adaptive inspection scheme (AIS). This scheme (further also called the inspection scheme 2)
can be classified as the semi-dynamic sampling scheme and consists of two stages: the first-
initial inspection step (the first stage) and the adaptive inspection step (the second stage). It
has to be pointed out that the initial inspection makes up a non-dynamic part of this scheme.
It is because the initial inspected coverage is fixed (cannot be changed) and the points
inspected at this stage are selected according to established pattern. On the other hand, the
second part of scheme 2 is dynamic one and its structure depends on (is adapted to) the
particular situation (hence the name of this scheme). The detailed description of designed
adaptive inspection scheme is given in section 3.2.1.

The inspection scheme 2 is designed for simulation of a sampling inspection of
corroded surfaces that are generated using the gamma or Poisson model (described in

Chapter 2). However, when analyzing the performance of the adaptive scheme we restrict

ourselves to the squared surface S with limited dimension sizes depending on the chosen
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corrosion simulation technique. Concretely, for the gamma corrosion surfaces the possible
dimensions are k = 25, 30, ..., 45, 50 while in the Poisson case they can be equal k = 25,

30, ..., 95, 100. Recall that the difference between the possible dimension sizes is due to the
fact that the gamma technique with bigger dimensions requires more computational effort
(connected with calculation of the correlation matrix). These simulation results are presented

in section 3.2.2.

3.2.1 Framework of the adaptive inspection procedure

The adaptive inspection scheme has the following structure:

Step 1 - Initial inspection

An initial inspection examines a number (depending on and proportional to the

considered surface dimension) of evenly spread squares of size 2x2, and covers about 10
% of a total surface area. For example, when the chosen surface size equals k = 25, the
initial inspection examines 16 squares each of them consisting of 4 grid points. As a result
the initial sample size (coverage) equals 64 grid points which is equivalent to about 10% of

o4 = ﬁ =0.1024).
25-25 625

total surface (

A decision about the application of a further (additional) inspection depends on the

following two conditions:

Conditions for terminating an inspection at initial stage:

e presence of at least one inspected point with depth deeper than the critical defect
size. In such situation the examined surface is classified as defective and is no

longer inspected.

e no defects of size bigger than the extension condition recorded among initially
inspected points.
Where:

» the critical defect size is a defect size defined in advance by the inspector and
depends on the considered surface. Existence of a pit depth of this size is
equivalent with component failure (surface is judged as defective) and therefore

an additional inspection effort is not required.
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» the extension condition is the parameter that forces the inspection extension. The
pit depth smaller than this value is considered as not dangerous for the
considered component, for example, it can be regarded as inherited unevenness
of surface. On the other hand, finding the defect bigger than the extension
parameter results in additional inspection. Also this parameter is specified by the
inspector before the inspection process is carried out. It is worth to point out that
the extension condition could be defined based on different kinds of criteria: 1)
insignificant defects, which could be based on a mechanical assessment; 2)
natural variations not related to the corrosion damage (e.g. related to the
fabrication process, producing uneven thickness); 3) the detection limit of the

inspection technique used.

Step 2 - Adaptive inspection

When the results of the initial inspection (recorded defect sizes) do not give the basis
for its termination at this stage (in other words: the condition for termination inspection at
the initial level are not satisfied), an adaptive inspection procedure is applied. The latter
process is multiple and complex in the sense that it can be repeated several times depending
on the previously obtained results. One level of considered adaptive inspection presents as
follows.

Remind that from the model assumption, a first level of the adaptive inspection takes
place if among the initially inspected points no pits deeper than the critical defect size were
recorded and at least one of these points has a depth greater than the extension condition.
Then, all *neighbors’ of points with depth greater than the extension condition are inspected
and their depth is recorded. After this procedure a decision about further action, that is
whether to stop inspecting or to perform the next adaptive inspection, is made regarding the

following three conditions.

Conditions for terminating inspection after the additional inspection stage are:

e presence of at least one additionally inspected point with the depth deeper than
the critical defect size. In such situation the examined surface is classified as

defective and no longer inspected and maintenance is planned.

e no defects of size (depth) bigger than the extension condition were recorded

among additionally inspected points.

e the totally inspected coverage, i.e. the sum of initially and additionally inspected

area, is bigger than the pre-specified maximal inspected coverage.
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Where:

» the maximal inspected coverage determines the percentage of the entire surface
that can be examined during the inspection process. This parameter is defined in
advance by the inspector and its value may depend upon inspection costs or
other influential criterions.

For the definitions of the critical defect size and the extension condition reader is referred to

the paragraph describing the initial inspection step.

If at least one of these conditions is satisfied the overall inspection process is
terminated, otherwise another additional inspection is performed. Of course the following
inspection stages are carried out in a similar way: that is, the same termination or extension
conditions are used. As a result the number of stages of the whole inspection procedure is not
specified in advance and strongly depends on the considered surface and the chosen

termination criterions.

3.2.2 Simulation

In this section the performance of the introduced adaptive sampling scheme will be
verified based on the simulation experiments. During these studies, the different values of
the extension condition parameter will be examined. It will be shown that its choice strongly
affects the dynamic characteristics of the inspection method considered here and as a
consequence brings different results. With ‘characteristics’ we mean the number of additional
inspections as well as the overall inspected coverage.

As for the regular sampling scheme, a separate performance analysis of inspection scheme 2
is made for the corroded surfaces generated by the gamma and the Poisson model. Moreover,
in order to compare both inspection plans, the same values of the parameters of the

corrosion processes are applied.

Simulation settings

The simulation procedure was performed implementing two Matlab programs: one
working with the gamma and one with the Poisson method. (For details concerning the
software description reader is referred to the Appendix C).

The value of the maximal inspected coverage parameter was fixed to be equal 1. This
setting implies that the adaptive inspection will terminate when a defect of the critical size is
recorded or all measured defects have smaller sizes than the extension condition level. As a
further consequence, the required inspection coverage can be determined.

In this case the simulations were performed 300 times. This number was fixed based

on a sensitivity analysis which results are presented in the Appendix 2.
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Like it was in the case of the regular inspection scheme, the performance of
inspection scheme 2 is mainly judged based on the unreliability function. However, because
of the dynamic character of this scheme, in the sense of a not constant inspection size, the
average of the inspected coverage is used when determining the mentioned unreliability. The
cumulative distribution plots of the real maximum defects and the inspected maximum
defects as well as the histograms of the differences between them, allow better

performance’s analysis.

Simulation results of the adaptive inspection scheme for corrosion surfaces

generated by the gamma model.

Let us start the analysis of the performance of AIS applied to surfaces generated by
the gamma model. Taking into account, the chosen values of the parameters within the
considered method, during the simulation experiments three different values of the extension
condition (denoted also as thl) were examined; that is equal to 1, 1.5 and 2 units. Remind

also that the critical defect size was chosen at 3 units’ level.

= the correlation parameter d = 1

When considering the corroded surfaces where defects are independently? distributed
(note that independence is assumed by choosing a high value of the correlation parameter d,

here equal to 1), the following simulation results were obtained.

* Note that with correlation parameter d equal to 1 there is still some correlation between defects depths
at locations close to each other, say within the distance of 4 units. On the other hand, those which share
greater distance are uncorrelated (see Figure 2.4).Therefore, when using this value of d we will contend
the independence between defects.
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Cdf-s of real and inspected defect size for th1 = 1
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Figure 3.8 a) The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during AIS for different values of the extension condition and d=1.

Histogram of differences between real and inspected defect sizes, th1 = 1
200 T T T T T T T T T

100 b

0 I 1 — 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4 45 5
Histogram of differences between real and inspected defect sizes, th1 = 1.5
100 T T T T T T T T T

50 a

0 ‘ ; ‘ ‘
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Histogram of differences between real and inspected defect sizes, th1 = 2

100

Figure 3.8 b) The histograms of differences between the real maximum defects and the
maximum defects recorded during AIS for different values of the extension condition and d=1.
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Correlation parameter d = 1, the critical defect size = 3
the extension condition thi=1|thi1=15]|thli=2
Mean inspected coverage 0.225 0.149 0.116
Mean number of additional inspections 1.7433 | 1.6433 0.87667
Mean inspected coverage when wrong acceptance | 0.4012 0.1752 0.1209
Unreliability 0.09 0.287 0.487
Number of wrong acceptances 27 86 146

Table 3. 7 The simulation results of the adaptive inspection scheme for d =1.

Looking at Figure 3.8a) and 3.8b), one can observe that when the extension condition
equals 1 unit, the adaptive inspection gives more reliable information about the defect
distribution, than when choosing this value to be equal to 1.5. The cumulative distribution
functions of the real maximum defect (blue lines) and the inspected maximum defect (red
lines) are more close to each other in the first case. However, it has to be pointed out, that
the mean inspected coverage is about 8% higher for the smaller value of the extension
condition (see Table 3.7 above). Therefore, one can intuitively expect better performance of
AIS when its driving parameter equals 1 than when it equals 1.5. Indeed, the values of the
unreliability function presented in Table 3.7 confirm this. More precisely, the un-detection
probability obtained in the first case, 0.09, is about three times smaller than in the second
case, i.e. 0.287.

On the other hand, the same table shows that with the further increase of the value
of the extension condition, i.e. when it is equal to 2 units, the average inspected coverage
does not change a lot. The difference between the latter value within the adaptive inspection
with thl = 1.5 and thl = 2, is equal to 3%. Thus, even that the increment in this parameter
1 and thl = 1.5), the
change in the average inspected coverage does not revel the same behavior. However, one

value is the same as it was in previously compared cases (thl =

can see that the change in the value of the extension condition from 2 to 1.5 causes (on the
average) about 3% bigger the total inspection coverage but simultaneously leads to a quite
big improvement in the inspection reliability, equivalent with about 20% decrease in the
number of wrong surfaces’ classifications.

During the simulation experiment the information about the value of the mean
inspected coverage when surfaces were wrongly classified, was also recorded. This quantity
(see fourth row in Table 3.7) shows that even when inspecting about 40% of the considered
surface, an improper acceptance can be done. This is caused mainly by the variable structure
of the surface (the assumed independence of the defect distribution). As a result, the
information gathered from the inspection does not give us a reliable estimate of the possible
defect distribution in the non-inspected part.
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For the purpose of the analysis of the inspection cost the number of additional
inspections seems to be also an interesting quantity . It is because when the expenses,
connected with a setup of the inspection process, are high it is better to find and apply the

optimal extension condition parameter that requires less inspection steps and simultaneously
brings sufficiently reliable inspection results. In the situation with correlation parameter d = 1,

one can see that there is almost no difference in the average number of additional
inspections for an extension condition equal to 1 or 1.5; that is, it is 1.7433 and 1.6433,
respectively. On the other hand, when thl equals 2, significantly less inspection steps are
performed. The latter can be explained by the distribution of the defect depths on the
generated surfaces. Looking at Figure 3.2 a) one can see that in this case the defects of
smaller sizes, say not bigger than 1.5, are more likely to being observed than those greater
than 1.5. As a result, when choosing the extension condition parameter equal to 2, more
rarely the defect of this size will be recorded among initially inspected points causing earlier
termination of the inspection process.

Figure 3.8c) presenting the unreliability plots of inspection schemes 1 and 2 allows
the comparison of their performance. It can be clearly seen that for the same inspection
coverage, the adaptive sampling scheme gives more reliable results than the regular
inspection scheme. The red plot, corresponding to the unreliability of AIS, lies below the blue
curve that illustrates the unreliability of RIS. For example, one can see, that in order to get a
(good) reliability equal to 0.1, it is necessary to inspect in average about 22% of the surface
area when applying the adaptive scheme. On the other hand, the same reliability is obtained
for the regular inspection scheme after inspecting about 50% of the surface. It has to be
pointed out that the actual coverage resulting from AIS may reach even 60% when the
wrong decision is made (see Figure 3.8d) but this is approximately an upper bound of the

coverage.

% Note that the costs analysis is not a goal of this study; however, its performance could be desirable
extension of this work.

53



July 2006 Simulating inspections on corroded surfaces

Unreliability of RIS and AIS
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Figure 3.8 c) The unreliability plots of the inspection schemes 1 and 2 ford = 1.
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Figure 3.8 d) The histograms of the inspected coverage within AIS for different values of the
extension condition and d = 1.
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One can conclude that when dealing with corroded surfaces that possess similar
structure’s characteristics to those presented in Figure 3.2a, the adaptive inspection scheme
with the extension condition equal to 1 unit is worth to apply. When implementing this

inspection plan, reliable inspection results can be obtained with not big inspection effort.

When performing simulation experiments for the adaptive inspection scheme applied
for the surfaces generated by the gamma model with the correlation parameter equals to 0.5,

we obtain the following results.

e the correlation parameter d = 0.5

Cdf-s of real and inspected defect size, th1 = 1
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1 7 8
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Figure 3.9 a) The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during AIS for different values of the extension condition
and d = 0.5.
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Histogram of differences between real and inspected defect sizes, th1 = 1
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Figure 3.9 b) The histograms of differences between the real maximum defects and the
maximum defects recorded during AIS for different values of the extension condition
and d = 0.5.

Correlation parameter d = 0.5, the critical defect size = 3
the extension condition thi =1 |thl1 =15 |thl1 =2
Mean inspected coverage 0.223 0.1469 0.1156
Mean number of additional inspections 1.9567 1.5367 1.9567
Mean inspected coverage when wrong acceptance | 0.3883 0.1720 0.1210
Unreliability 0.07 0.207 0.343
Number of wrong acceptances 21 62 103

Table 3. 8 The simulation results of the adaptive inspection scheme for d = 0.5.
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Figure 3.9 c) The unreliability plots of the inspection schemes 1 and 2 for d = 0.5.

Analyzing the results presented in Table 3.8 one can observe that the average

inspected coverage for the applied extension condition values are similar to those obtained in
the previous case, i.e. when d = 1. Here, however, the reliability of the considered adaptive

inspection scheme is better, that is, it shows smaller number of wrong acceptance decisions
for a given inspection coverage. Again, we can explain this by the surface’s structure, which
in this case is smoother as the defects are more correlated.

Looking at the Figures 3.9a) and 3.9b), it can be seen that choosing a smaller value
of the extension condition parameter it is more probable to record the real maximum defect
during the inspection procedure.

When comparing the performance of the inspection scheme 1 and 2, measured in
terms of the values of the unreliability function, we can conclude that also in this case the
adaptive scheme works better (see corresponding curves in Figure 3.9c above). Therefore,
one can expect the general superiority of AIS with respect to RIS. However, in order to fully
confirm this statement one more situation has to be analyzed. More precisely, let’s check the
performance of the adaptive inspection scheme applied to surfaces where corroded spots are

highly correlated, i.e. where the correlation parameter is very small, say d = 0.05.

57



July 2006 Simulating inspections on corroded surfaces

e the correlation coefficient d = 0.05
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Figure 3.10 a) The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during AIS for different values of the extension condition
and d = 0.05.
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Figure 3.10 b) The histograms of differences between the real maximum defects and the
maximum defects recorded during AIS for different values of the extension condition
and d = 0.05.
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Correlation parameter d = 0.05, the critical defect size = 3
the extension condition thi =1 |thl1 =15 |thl1 =2
Mean inspected coverage 0.3192 0.1688 0.1168
Mean number of additional inspections 4.5067 2.2733 0.6367
Mean inspected coverage when wrong acceptance 0 0.1872 0.1464
Unreliability 0 0.003 0.027
Number of wrong acceptances 0 1 8

Table 3. 9 The simulation results of the adaptive inspection scheme for d = 0.05.
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Figure 3.10 c) The unreliability plots of the inspection schemes 1 and 2 for d = 0.05.

Figure 3.10c shows that the adaptive inspection scheme gives in general more
reliable inspection results. Even that the reliability of the regular inspection scheme has
improved significantly (what is strongly connected with the assumed dependency of the
defects’ distribution), its values are still worst when comparing to the values of the reliability
within inspection scheme 2 (see blue and red curves in the figure above, respectively).

Looking at Figure 3.10 b it can be observed that the histogram for thl = 1 has a thin
but long tail, almost as large as for thl = 1.5 and slightly less than for thl = 2. This indicates
that the adaptive inspection with the smallest value of the extension condition (thl = 1)
brings accurate results: in majority of situations the maximum defect was found (zero
difference) and only in small number of situations the difference between the real maximum
defect and the maximum defect among inspected points was significant (up to 1.3).
Therefore, the magnitude of the difference between maximal defects could be used as
another measure of the reliability of inspection scheme.
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It is worth to note that for such highly correlated surface structures, the average
number of additional inspections is usually higher than when assuming independency
between surface’s locations (compare appropriate rows of Table 3.7 and 3.9). This fact can be
explained in the following way. When the correlation between defect sizes is high, in the case
when a defect of size bigger than the extension condition value is found, one can expect that
its neighbors will have similar large depths. With a high probability they will justify the
necessity of the next inspection step. Therefore, when the setup costs of the inspection
procedure are big and one suspects a high dependency between the defects within the
considered surface, it is better to enlarge the initial inspection coverage. However, within the
adaptive inspection scheme designed here the initial inspection coverage is constant.
Therefore, in order to improve its effectiveness and to extend applications’ area, an option
that allows changing the initial inspection size should be added. Such fully dynamic adaptive
sampling scheme that would incorporate the possibility of flexible initial inspection coverage
seems to be desirable.

Simulation settings of the adaptive inspection scheme for corrosion surfaces
generated by the Poisson model.

It has to be pointed out that due to the discrete nature of the Poisson distribution
generated defects have integer sizes. Therefore, only the integer values are reasonable
choices for the values of the extension parameter. Because, for example, defects greater
than 1 are simultaneously greater than 1.5, hence applying the extension condition equal to 1
or 1.5 will result with the same additional inspection coverage. As a result, when applying the
adaptive inspection scheme for the surfaces generated by the Poisson model with parameter

steps equal to 1 unit and the critical defect size equal to 3 units, only the values of the

extension condition parameter equal to 1 and 2 were reasonable to use.

Simulation results of the adaptive inspection scheme for corrosion surfaces

generated by the Poisson model.

When applying the adaptive scheme to inspect the corroded surfaces generated by

the Poisson model, the following results were obtained.

e steps = 1, the critical defect size = 3
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Figure 3.11 a) The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during AIS for different extension conditions and steps=1.
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Figure 3.11 b) The histograms of differences between the real maximum defects and the
maximum defects recorded during AIS for different extension conditions and steps=1.
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steps = 1, the critical defect size = 3
the extension condition thi1=1|thi=2
Mean inspected coverage 0.1607 | 0.1127
Mean number of additional inspections 0.4533 | 0.4100
Mean inspected coverage when wrong acceptance 0 0.1354
Unreliability 0 0.0467
Number of wrong acceptances 0 14

Table 3. 10 The simulation results of the adaptive inspection scheme for steps = 1.

Looking at Figure 3.11a) one can conclude that there is almost no difference between
the cumulative distribution functions when choosing the value of the extension condition
equal to 1 or 2. In both cases, for a small defects’ sizes (not greater than 4) the cumulative
distribution functions of the inspected maximum defects (red curves) are very close to the
cumulative distribution functions of the real maximum defects (blue lines). On the other hand,
the same curves differ from each other for bigger values of defects when thl = 1 as well as
when thl = 2. However, we do not have to worry about these differences since they can be
explained in the following way: in performed AIS the critical defect size was chosen to be
equal 3 units and a detection of defect of this size caused the termination of the inspection
procedure, as a result due to these terminations the bigger defects were not recorded.

The histograms of differences between the real maximum defects and the defects
inspected during AIS with the values of thl equal to 1 and 2 (Figure 3.11b), show similar
results. Taking into account the mean inspected coverage and the unreliability of the adaptive
scheme for different values of the extension parameter (see third and sixth row in Table 3.10,
respectively), using bigger value of this parameter seems to be more reasonable. It is
because for thl = 2 in the majority of situations (about 95 %) the surfaces were classified
correctly with inspecting on the average about 11% of surface area. On the other hand, when
applying the value of thl equal to 1 one can obtain ‘perfect’ scheme reliability (100% of
correct surfaces’ classifications); however it requires about 5% bigger inspection coverage.
Therefore, when assessing the value of the extension parameter of AIS that will be applied
for inspecting surfaces similar to the one presented in Figure 3.5a, one advices to include the
costs criterion. With severe consequences of failure (high costs of the failure repair) one will
prefer to avoid dangerous situations performing more extended inspection. On the other hand,
when the inspection procedure is connected with high expenses one could accept a bit bigger
risk of failure (due to wrong surface classification) but invests less in the inspection process.

Figure 3.11c) presents the probability that the critical defect size will be not detected
during both AIS and RIS procedure for different values of the mean inspection coverage. It is
clearly seen that for given inspection coverage the adaptive inspection scheme performs
better than the regular scheme, bringing more reliable surfaces’ classifications. For example,
one can see that with the inspection coverage equal to 0.1 AIS shows the unreliability equal
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to about 0.05 while in case of RIS it is equal to about 0.19. (Again, it has to be pointed out
that due to the non constant inspection coverages within AIS its reliability is defined as the
function of the average inspected coverage. Thus, it may happen that the wrong acceptance
decision will be made when the upper bound of resulted coverages was realized. On the other
hand, the mean value of inspected coverage for RIS is constant; therefore its reliability can
be interpreted in direct way.)

Unreliability of RIS and AIS

unreliability of RIS

0.2

0A8F N~ ---1---~ unreliability of AIS n
inspected coverage vs unreliability for th1 = 1

inspected coverage vs unreliability for th1 = 2 | |
T T T T

016 -\~ - - 1=

0.14

0.12

0.1

unreliability

0.08
0.06
0.04L"

0.02

inspected coverage

Figure 3.11 c) The unreliability plots of the inspection schemes 1 and 2 for steps = 1.

When applying the adaptive inspection scheme with the extension parameter equal to
1, 2 and 3 to the surfaces generated by the Poisson model with parameter steps equal to 2,

the following results were obtained. (Note that the values of the extension condition were
chosen based on the expected defects sizes (see Figure 3.6 a) and they are consistent with

the assessed value of the critical defect size that equals 4 units.)

e steps = 2, the critical defect size = 4
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Figure 3.12 a) The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during AIS for different extension conditions and steps = 2.
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Figure 3.12 b) The histograms of differences between the real maximum defects and the
maximum defects recorded during AIS for different extension conditions and steps = 2.
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Steps = 2, the critical defect size = 4
the extension condition thi1=1|thi=2|thl =3
Mean inspected coverage 0.1871 | 0.1575 | 0.1152
Mean number of additional inspections 0.5600 | 0.6033 | 0.4567
Mean inspected coverage when wrong acceptance 0 0 0.1342
Unreliability 0 0 0.067
Number of wrong acceptances 0 0 20

Table 3. 11 The simulation results of the adaptive inspection scheme for steps = 2.

Table 3.11 shows that for all chosen values of the extension parameter the adaptive
inspection scheme brings reliable and satisfactory results. One can observe that with the
mean inspection coverage oscillating around 15 % in the majority of situations correct
surfaces’ classifications were made. Obviously, depending on the applied value of thl a bit
different outcomes of the simulation experiments were recorded. However, when analyzing
plots and histograms presented in Figure 3.12a) and 3.12b) these differences appear to be
insignificant. It is also worth to note that the mean number of additional inspections that
were carried out is equal to 0.5. This means that usually the whole inspection procedure was
terminated at its initial stage or only one additional inspection step was required. This fact
would stand for the advantage of AIS especially when the costs of setup of the inspection
procedure are high.

As one could expect, when comparing the reliability of the adaptive inspection

scheme and the regular scheme, the first one presents much better results (see Figure 3.12c).
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Unreliability of RIS and AIS
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Figure 3.12 c) The unreliability plots of the inspection schemes 1 and 2 for steps = 2.

So far we present the simulation results of the adaptive inspection scheme when

surfaces generated by the Poisson model had rather smooth structures (i.e. the maximum
allowable difference between neighboring locations (steps) was equal to 1 and 2). Therefore,
let us now check the performance of this scheme applied to the surfaces that have more
variable structures that can represent the pitting corrosion process. This process can be
modeled by the Poisson technique with a big value of the parameter steps. Below, we present
the outcomes of the simulation experiment where this value was equal to 3. It has to be
pointed out that this setup was made in order to be consistent with the parameters applied
when the performance of RIS was analyzed. However, to generate surfaces possessing
locations both highly corroded and unaffected by the corrosion, it is advised to choose bigger
values of the parameter steps 6. As it was in previous cases, the analysis was carried out with
respect to the extension condition parameter which in this situation was equal to 2, 3 and 4.
On the other hand, the value of the critical defect size was chosen to be equal 5 units.

® An example of such surface is presented in the Appendix A-5 where the performance analysis of AIS for
surfaces representing uniform and pitting type of corrosion is conducted.
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e Steps = 3, the critical defect size = 5
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Figure 3.13 a) The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during AIS for different extension conditions and steps = 3.

Histogram of differences between real and inspected defect sizes, th1 = 2

200 T T T T T T T
100 7
0 1 I 1 - 1 J— 1
0 0.5 1 1.5 2 2.5 3 3.5 4
Histogram of differences between real and inspected defect sizes, th1 = 3
200 T T T T T T T
100 7
0 L I L - L J— L
0 0.5 1 1.5 2 25 3 3.5 4
Histogram of differences between real and inspected defect sizes, th1 = 4
200 T T T T T T T
" i I 7
0 L L - L — L
0 0.5 1 1

.5 2 2.5 3 3.5 4

Figure 3.13 b) The histograms of differences between the real maximum defects and the
maximum defects recorded during AIS for different extension conditions and steps = 3.
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steps = 3, the critical defect size = 5
the extension condition thi=2|thi1=3|thi1 =4
Mean inspected coverage 0.1968 | 0.1515 | 0.1129
Mean number of additional inspections 1.1333 | 1.0167 | 0.5533
Mean inspected coverage when wrong acceptance | 0.4448 | 0.2203 | 0.1211
Unreliability 0.003 0.023 0.15
Number of wrong acceptances 1 7 45

Table 3. 12 The simulation results of the adaptive inspection scheme for steps = 3.
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Figure 3.13 c) The unreliability plots of the inspection schemes 1 and 2 for steps = 3.

From the plots presented in Figure 3.13a) one can see that the change of the
extension parameter mainly causes the differences between the cumulative distribution
functions of the real maximum defects (blue curves) and the cumulative distribution functions
of inspected maximum defects (red curves) for the small values of defect size. This is
especially seen when comparing the first and the third subplot in the mentioned figure, where

. 1 .
for thl = 2, Fiyoeciea (5)=F,,,;(5) while for th1 = 4 Finspected (S)zEFreal (5) . This
means that when applying the adaptive inspection scheme with the extension parameter
equal to 4, it is possible to underestimate (based on inspection results) the risk of having the
critical defect on the surface. However, when looking at the results gathered in Table 3.12

one can observe that even with this value of thl, the AIS shows good performance bringing
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about 15% of wrong surfaces’ classifications. The same table shows that increasing the value
of extension condition of 1 unit causes the reduction in the mean inspected coverage of about
5%. This obviously will influence the inspection costs that have to balance against the
possible risk of un-detecting the critical defect (unreliability).

Figure 3.13c) showing the unreliability plots of both adaptive and regular inspection
scheme allows drawing the general conclusion about superiority of AIS.

Conclusions

Within AIS, the extension condition parameter is a driving one and strongly influences
the size of the inspected part of the surface. Logically, choosing a small value of this
parameter a big inspected coverage will be obtained, and the other way around. On the other
hand, surfaces having different dependency structures require different inspection coverages
for their appropriate classifications. These two facts imply the dependence between the
performance of the adaptive inspection scheme and the applied value of its extension
condition.

The analysis has shown that no matter whether one has to inspect the surfaces that
are subject to uniform or pitting corrosion process, it is advised to use the adaptive
inspection scheme instead of the regular scheme. Of course, this statement could change
when including the costs’ criterion. However, under assumption about equal unit costs of both

schemes, the superiority of AIS seems to be justified.

3.3 Sequential random scheme

A sequential random scheme (SRS) can be classified as a dynamic scheme. The
reason for this is that the inspection coverage is not established in advance and strongly
depends on considered surface. What is more, within this sampling scheme the initial
inspection size (coverage) can be freely chosen by the inspector. This feature stands for the
advantage of the sequential random scheme. Remind that in the adaptive inspection scheme
even that the total inspection coverage could vary from case to case; the initial inspection
size was always equal to about 10%.

In the sequential random scheme points subject to inspection do not follow a regular
(fixed) pattern. They are simply drawn randomly from the surface of interest. The number of
steps (additional inspections) when this sampling scheme is applied also depends on the
particular situation. However, as it will be shown during the simulation experiments, the
number of steps in the majority of cases is smaller than in the adaptive scheme. More

extended analysis of the properties and performance of SRS is presented in section 3.3.2.
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For the inspection sampling scheme described here, we consider two termination
criterions. Firstly, the critical defect size with an assumption that a detection of defect bigger
than the pre-specified critical defect size will terminate inspection procedure. Secondly, the
probability of exceeding the critical defect size for the non-inspected part of the surface. In
different words, this criterion (parameter) expresses the maximum risk that one is able to
accept that the critical defect is present among non-examined surface locations. The latter
implies that the sequential sampling scheme is a risk-based inspection strategy in which the
risk is used as a driving criterion when determining optimal inspection coverage. In [12], [13]
or [14] one can find more examples of the risk-based inspection models.

It is clearly seen that the value of this exceeding probability is strictly connected with
the critical defect size and both parameters have to be assessed by the inspector before
initialization of the inspection process.

Before the detailed description of the sequential random sampling plan will be given
(see section 3.3.1), the following fact has to be pointed out. The additional sample size of its
each inspection step will be calculated (determined) using one of two methods that are based
on the extreme value theory. The first one uses the gamma distribution while the second one
the generalized extreme value distribution (GEV). The choice of these distributions is
motivated as follows.

The generalized extreme value distribution usually reflects the distribution of the
minimum or the maximum value among a large set of independent, identically distributed
random quantities representing measurements or observations. Therefore has a variety of
applications including natural phenomena such as floods, rainfalls, air pollution and (what is
the most important for us) corrosion. Other features of this distribution will be pointed out in
the subsequent paragraph while for more details regarding theory and applications of GEV
reader is referred to [9], [10], [11] or [22].

On the other hand, the reason of applying the gamma distribution is that this
distribution was used in the multivariate-gamma model to represent the corrosion depth on
each surface location. Therefore, we will assume that the maximum defect among non-
inspected parts (locations) of the surface follows also this distribution.

In our corrosion generating models, the random variables representing the defect
spots are not independent. However, the lack of independence will be ignored when the size
of additional inspection coverage will be calculated using both GEV and the gamma
distribution. Therefore, it can be recommended to develop the mathematical model that
would incorporate the possibility of including dependence. For example, as it is suggested in
[29] or [30], one can use the so-called extremal index as a measure of dependence.

It has to be mentioned that this sampling scheme is designed to work only with the
surfaces on which corrosion is generated by the gamma model. This can be motivated as
follows. The distribution of defects generated by the Poisson model represents the discreet
distribution. On the other hand, the gamma and GEV distribution used in sequential scheme
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in fitting procedure when determining the additional sample size belong to the family of
continuous distributions. Therefore, one could expect more reliable simulation results when
investigating the performance of SRS applied for the gamma corroded surfaces.

2.3.1 Framework of the sequential random sampling scheme

The sequential random sampling scheme can be summarized as the following two-

steps procedure.

Step 1 - Initial inspection

During the initial inspection some number of surface locations is examined. This
number strictly corresponds to and agrees with the initial coverage pre-specified by the
inspector. The latter is given as a proportion between inspected points and the total number
of surface points. The locations that have to be inspected initially are then selected randomly
from the entire surface and form the so-called initial inspection data. Given this initial
inspection data, an estimate is made of the distribution of the initially inspected points.

At the next level of the initial inspection within the sequential random sampling
procedure, the fitted distribution is created for recorded data points. As it was mentioned
before, one can apply the gamma fit or the generalized extreme value fit. The parameter
estimation for the gamma fit is done using the maximume-likelihood method. On the other
hand, the fitting methods for the parameters of the generalized extreme value distribution
are taken from [23], where the method of moments was applied for the parameter estimation.
It has to be mentioned that in order to verify whether the recorded observations follow the
assumed distribution the Kolmogorov-Smirnov test " was performed. However, the statistical
uncertainty due to the error inherent in parameters estimated from small samples was not
taken into account.

To familiarize ourselves with both distributions the formulas for the cumulative

distribution functions of the gamma and GEV distribution are presented below.

Introduced in Definition 2.4 (see Chapter 2) the gamma random variable

X~Gamma(x|a,b), has the following form of the cumulative distribution function:

I 1 a—1 y
F(x)=|——- -exp(—=)d , 3.1
(x) !b“-l“(a) ¥ - exp(—)dy (3.1)

" For the description of the Kolmogorov-Smirnov test reader is referred, for example, to [15] or [17].
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where 1'(a) = jt“‘l -exp(—t)dt . The variable a > 0 stands for the shape parameter, while
0

b > 0 represents the scale parameter.
On the other hand, the cumulative distribution function of the generalized extreme
value distribution with parameters &€ (—,0) , p€ (—o,0) and We (0,0) ,

(corresponding to the shape, location and scale parameter, respectively), is given by:
F(x)=exp{-{1+&(x— )/ p];"¢} (3.2)

where, x, = max{x,0}.
Note that the Gumbel distribution (defined below) arises as a limiting case 8 of equation (3.2)

as £ = 0. It is also worth noticing that the GEV distribution has a bound at x, =,u—£

;'

which for & < 0 stands for an upper bound and for £ > Qis a lower bound.

Definition 3.1

A random variable X is said to have a Gumbel distribution with location parameter
M € (—o0,00) and scale parameter ¥ € (0, o0 ), if its probability density function is given

by:

f)= 1 exp(— ﬂj -eXpy— exp(— ﬂj
v 14 14

In order to fit these distributions for further inspection planning, the following
assumptions are made. Firstly, we assume that the data gathered from a part of the surface
that has been covered by the inspection represents the distribution of corrosion within the
entire surface. Secondly, we assume that the amounts of corrosion at different surface points
are independent 9. It has to be pointed out that the latter assumption is the most
conservative one and gives a fit that is an upper-bound approximation. This is because
assuming independence is equivalent to assuming the smallest information about the non-
inspected locations, and as a result one can expect all realizations of defects sizes to occur

there.

8 Fora simple proof of the statement, the reader is referred to the Appendix B.
? When performing simulation some kind of the validation of these two assumptions can be made based

on the plots created during the extrapolation procedure (see Appendix C-3 and help files attached to the
Matlab applications).
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These two assumptions imply that the cumulative distribution function of the
maximum defect depth for the non-inspected part of the surface is simply the M-element
product of the already-found fitted distribution. Such an approach is called an extrapolation

procedure. The parameter M counts the number of non-inspected surface locations.

Thus, the following probability can be derived:
P(max{X;,X5,..X,; ) <x)=P(X; <x, X, <x,., X, <x)=

M
=T P(x; <x)=P(x <x)" (3-3)
i=1

As a result we obtain the following formula for the distribution of the maximum of M

independent gamma variables:
Lo RS
F, (x)= “— y! 'eXp(——y)dyJ (3.4)
-I'(a b

Note that, the maximum of independent, gamma random quantities is no longer a
gamma variable. However, it is worth to mention that the maximum of M independent

gamma distributed random quantities X, ~Gamma(x| a,b), i = 1,..., M, belongs to the

domain of attraction of the Gumbel distribution.

On the other hand, when assuming the GEV distribution in the extrapolation
procedure, the cumulative distribution function of the maximum of M independent variables

presents as follows:

F, (x)= F(x)" = (exp{-{1+&(x —,U)/l//];”g})M _ -
=exp(—{1+Ex—pu+w(-M*)/E)/yM*}]") .

Hence, the maximum of M independent GEV distributed random variables follows

also a GEV distribution with parameters

_y(-M*)

£ s YWy =Y-M lé:M:é:'

Hy =H
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It is worth to note that GEV distribution of equation (3.4) has the same bound as GEV

distribution of equation (3.5), thatis x,, =X, = ,u—%. As a result, for éf <Q0and M — oo,

we have that

E(maX{Xl,Xz,...,XM })WXO.

The latter fact means that no matter how large the value of M is, the extrapolation procedure

gives us a sensible predictor that does not exceed the upper bound xg of the GEV distribution
fitted to the data. This fact is of big importance for a reliable defect prediction applied to the
corrosion surfaces consisting of a large humber of locations. Moreover, Cottis et al. (see [24]
and [25]) have found experimental evidence for the use of f <0 for the fitted GEV
distribution in corrosion applications.

As it was mentioned before, in order to incorporate the dependence between amounts
of corrosion at different locations, the extremal index, denoted by &, can be used. Then, the

counterpart of the formula (3.3) presents as follows; [29, 30]:

P(max{X,,X5,.. Xy } < x)=P(X, <%, Xy < x,0., Xy <x)=

3.6
= P(x; <x)M (5:6)

Note that, when @ =1, we have independent case and the latter formula is the same

as formula (3.3). On the other hand, choosing value of & in the interval (0, 1) the

dependence between defects depths is modeled.

Using one of the cumulative distribution functions (i.e. formulas (3.4) or (3.5)), the
probability of exceeding the critical defect size for the non-inspected surface part is calculated.
Similarly to the previous inspection schemes, the definition of the critical defect size

reads:
> the critical defect size is a defect size defined in advance by the inspector and
depends on the considered surface. Existence of a pit depth of this size is

equivalent with component failure (surface is judged as defective).

Hence, the exceedance probability is determined as follows:

P_ (the critical defect size) =1—F,, (the critical defect size) (3.7)
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Conditions for terminating this inspection procedure are:

= when the latter probability (given by formula 3.7) is smaller than the
maximum allowable exceedance probability pre-specified by the inspector,
the inspection procedure is terminated at the initial stage. This is because
extrapolation suggests that the risk of having a critical defect among the non-
inspected surface locations is small and acceptable for us. In the opposite
case, additional samples (points) are taken resulting in an additional
inspection step;

= obviously, when a defect greater than the critical defect size is recorded
among the inspected points, further inspection is unnecessary, as the surface

is classified as a defective one.

Step 2 - Sequential adaptive inspection

The number of samples (additional locations) that will be examined during the
additional inspection procedure is determined in the following way. Based on the
extrapolation, one can assess how many additional measurements will cause that the
maximum allowable exceedance probability condition will be satisfied. In other words, the
following probabilities are calculated:

P_ (the critical defect size) =1—F,,_, (the critical defect size) (3.8)

where n =1,2,....M denotes number of additional samples.

Then, the sample size is defined as the smallest n for which
1-F,,_, (the critical defect size)

is acceptable for us (smaller than the maximum allowable exceeding probability).

Having determined the sample size, n not yet inspected locations are selected

randomly. New measurements obtained in this way and those previously recorded are a base
for the derivation of a new distribution fit. The latter is determined according to the initially
chosen distribution (gamma or GEV) and the current exceedance probability is calculated as

in (3.7), but now using the updated cumulative distribution function, say, F‘(x). If the

exceedance probability is sufficiently small (satisfies the maximum allowable probability
condition) or if a defect larger than the critical defect size was found among new inspected
points, then the inspection procedure is terminated. In the opposite case, another sample is
drawn and a new probability distribution is fitted. The additional inspection procedure can be
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repeated several times as long as one of the termination criterions is not satisfied or,
alternatively, when the whole surface is inspected.

3.3.2 Simulation

In this section we will present the simulation results when the sequential random
scheme was applied for the corroded surfaces generated by the gamma model. Because this
scheme allows using one of two distributions when calculating the size of additional sample,
two separate performance analysis were made. However, one can also find some remarks

comparing both approximation options.
Simulation settings

As it was mentioned before SRS gives a possibility of choosing different initial
inspection coverages. This value, together with the critical defect size and the maximum
allowable exceeding probability, are three parameters that fully describe applied inspection
plan. When the critical defect size and the exceeding probability can be quite easily assessed
by the inspector based on available knowledge about the considered surface, the appropriate
estimation of the initial coverage is more difficult task. Therefore, the simulation experiments
were performed with respect to this parameter. In each experiment the corroded surfaces of
size 25x25 were simulated 300 times. As it was in the previous cases, the number of
simulation was fixed based on the sensitivity analysis which results are presented in the
Appendix A, section 3.

In order to make a reliable comparison between the performance of the sequential
random scheme and previously described inspection plans (i.e. RIS and AIS), the same
values of the parameters of the gamma corrosion generating model were applied. To remind

them, they are listed below.

The parameters of the gamma model within the simulations of the sequential random

scheme:

*» the shape parameter a = 1.5;
» the scale parameter b = 0.5;
» the L, norm parameters p = 2 and g = 0.5;

» the correlation parameter d = 1, 0.5 and 0.05;

Due to the specific character of the sequential random scheme three values of the
critical defect size were examined. They were equal to 3, 6 and 9 units. By the specific

character we mean its almost perfect reliability (see the simulation results presented in
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sections below), which is a result of the assumed rules for terminating the sequential random

inspection scheme. Therefore, the influence of the critical defect parameter on the total

inspected coverage within SRS was analyzed during the study.

On the other hand, the value of the parameter reflecting the maximum allowable

probability of exceeding the critical defect size was chosen based on the assumed gamma

distribution function and was equal to 0.01.mNote that with the chosen parameters of

gamma distribution, the probabilities of observing a defect deeper than the critical defect size

present as follows:

P(X, > the critical defect size) =1— Gamma(the critical defect size|a,b) =

=1-Gamma(311.5,0.5) = 0.0074

P(X, > the critical defect size) =1— Gamma(the critical defect size|a,b) =

=1-Gamma(611.5,0.5)=2.5-10"

P(X, > the critical defect size) =1— Gamma(the critical defect size|a,b) =

=1-Gamma(911.5,0.5)=7.5-10""

Simulation results of the sequential random scheme with GEV distribution fit

When applying the sequential random scheme for the corroded surfaces on which the

defects are assumed to be independently distributed (the correlation parameter d equal to 1),

the following results were obtained.

= the correlation parameter d = 1
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a) the critical defect = 3 b) the critical defect = 6
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Figure 3.14 The histograms of the inspected coverage within SRS (with GEV fit) for d = 1.

As it was mentioned before, the characteristic feature of the sequential random
scheme is its perfect reliability. However, in order to reach such a good efficiency the
inspection of 100 % coverage is required in many cases when the critical defect is equal to 3
and 6. This conclusion can be drawn when looking at Figure 3.14 where the histograms of
total inspection coverage are presented. From this figure one can observe that when the
criticality level (the critical defect size) is equal to 3 units (see subplot a) after initial
inspection of 10% of surface, the examination of its all not-inspected locations is necessary to
reduce the uncertainty of having the critical defect. Such histogram of the bathtub shape can
be explained in the following way. With assumed defects distribution the probability of
observing the defect of size bigger than the critical defect size was close to the fixed
exceedance probability. Therefore, either the critical defect was recorded during initial
inspection, or if not, the risk (assessed on those initial measurements) of having a large
defect in the non-inspected part of the surface was so significant that leads to 100%
inspection. On the other hand, it can be seen than when enlarging the initial inspection
coverage to 40% or 60%, the overall inspection procedure was in the majority of situations
terminated at this stage (see Figure 3.14a and the mean number of inspection steps in Table
3.13a). This fact can be explained that when inspecting more it is more likely to detect the
critical defect during the initial inspection process. Therefore, one should expect that this
condition was the reason causing the termination.

Figure 3.14c shows that when increasing the value of the critical defect size the
inference about termination of the inspection after its initial stage can be drawn. However, in

this case, this fact has an opposite explanation. Remind that with assumed parameters of the
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gamma distribution, the probability of drawing the gamma number bigger than 9 is very
small and equal about7.5-10"%. Therefore, it is rather unlikely to observe many of defects of

this size among initially inspected points. As a consequence, the fitted GEV distribution will
also assign a small cumulative probability for observing defects bigger than this value. Finally,
taking into account relatively big maximum allowable probability of exceeding the critical
defect, 0.01; the extrapolation shows no evidence for further inspection and suggests its
termination.

In tables below (Table 3.13 a - c) the detailed simulation results are gathered. It is
worth to note that independently of the applied value of the critical defect parameter, the
unreliability of the sequential random scheme shows very small value and is near to O.

Correlation parameter d = 1, the critical defect size = 3

the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.6622 0.5388 0.6445
Mean number of inspection steps 1.6533 1.2367 1.1167
Unreliability 0.0033 0.0033 0.0033
Number of wrong acceptances 1 1 1

Table 3.13 a) The simulation results of SRS (with GEV fit) for d= 1 and the critical defect

size= 3.

Correlation parameter d = 1, the critical defect size = 6

the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.51339 0.71502 0.7646
Mean number of inspection steps 1.8133 2.0867 1.8767
Unreliability 0.0133 0.0067 0
Number of wrong acceptances 4 2 0

Table 3.13 b) The simulation results of SRS (with GEV fit) for d= 1 and the critical defect

size= 6.

Correlation parameter d = 1, the critical defect size = 9

the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.20791 0.42026 0.60536
Mean number of inspection steps 1.22 1.09 1.0533
Unreliability 0 0 0
Number of wrong acceptances 0 0 0

Table 3.13 c¢) The simulation results of SRS (with GEV fit) for d= 1 and the critical defect
size= 9.

Let us now check the performance of SRS with the generalized extreme value fit
distribution applied to the surfaces generated by the gamma model with the correlation
parameter equal to 0.5. Also in this case, the analysis focuses on the study of the total
inspection coverage value obtained under different criticality assumptions (different values of

the critical defect size).
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The simulation experiment brought the results presented in Figure 3.15 and Tables
3.14 a-c. Looking at them, one can draw the inferences similar to those obtained in the
previous case (i.e. when the correlation parameter d was equal to 1). That is, it can be seen
that with weak criticality level condition (the critical defect size = 9), the trend of terminating
the inspection procedure at the initial stage is observed (compare subplots c in Figure 3.14
and 3.15). However, when choosing the critical defect equal to 6 and assuming that the
surface locations are more correlated (d = 0.5), the size of the coverage that was necessary
to inspect during additional inspection steps was usually smaller than in the independent case
(compare the mean inspected coverages in Table 3.13 b and 3.13 c). For example, one can

see that when applying the initial coverage equal to 0.1, with d = 1 in about 70 situations

total surface was finally inspected while with d = 0.5 this situation had place only about 30

times. This is of course connected with bigger surface variability, which causes that the
prediction of the defects distribution in non-inspected part is less accurate.

As one could expect, the reliability of the sequential random scheme shows very
satisfactory results. In the performed simulation experiment wrong acceptance decisions
were recorded only in one case, that is, when the critical defect was equal to 3 (see Table
3.14 a).
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Figure 3.15 The histograms of the inspected coverage within SRS (with GEV fit) for d= 0.5.

Correlation parameter d = 0.5, the critical defect size = 3
the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.65764 0.56931 0.66771
Mean number of inspection steps 1.6767 1.3267 1.2167
Unreliability 0.02 0 0
Number of wrong acceptances 6 0 0

Table 3.14 a) The simulation results of SRS (with GEV fit) for d= 0.5 and the critical defect

size = 3.
Correlation parameter d = 0.5, the critical defect size = 6
the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.45436 0.6587 0.73362
Mean number of inspection steps 1.6667 1.8567 1.64
Unreliability 0 0 0
Number of wrong acceptances 0 0 0

Table 3.14 b) The simulation results of SRS (with GEV fit) for d= 0.5 and the critical defect

size = 6.
Correlation parameter d = 0.5, the critical defect size = 9
the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.16514 0.41737 0.60605
Mean number of inspection steps 1.13 1.0633 1.0467
Unreliability 0 0 0
Number of wrong acceptances 0 0 0

Table 3.14 c¢) The simulation results of SRS (with GEV fit) for d= 0.5 and the critical defect
size = 9.
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The last step of the performance analysis of SRS (with GEV distribution) is devoted to

study the properties of this scheme when is applied to corroded surfaces with highly

correlated locations. Recall that within the gamma corrosion generating model, a strong

dependence between simulated defects’ depths is expressed by the small values of the

correlation parameter d. Fixing this value to be equal to 0.05 we obtain the following results.

the correlation parameter d = 0.05
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Figure 3.16 The histograms of the inspected coverage within SRS (with GEV fit) for
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Analyzing the histograms presented in Figure 3.16, it is clearly seen that
independently of the value of the critical defect size the majority of the simulated inspection
procedures was terminated after the initial inspection. However, for smaller values of the
defect size (see, for example, subplot 3.16a) some additional inspections were required, but
then the additionally inspected coverage was not as large as in previously examined cases,

i.e. withd = 1 and d = 0.5. These results suggest that the course of the sequential random

scheme, in the sense of the number of inspection steps and the size of inspected coverage,
strongly depends on the properties of the surface. However, the reliability and quality of its
results are always maintained on the perfect level (see Tables 3.15 a-c).

Correlation parameter d = 0.05, the critical defect size = 3
the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.35985 0.53862 0.68524
Mean number of inspection steps 1.4267 1.3933 1.3833
Unreliability 0.0067 0 0.0033
Number of wrong acceptances 2 0 1

Table 3.15 a) The simulation results of SRS (with GEV fit) for d= 0.05 and the critical defect

size = 3.
Correlation parameter d = 0.05, the critical defect size = 6
the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.14616 0.42138 0.61148
Mean number of inspection steps 1.07 1.0633 1.06
Unreliability 0 0 0
Number of wrong acceptances 0 0 0

Table 3.15 b) The simulation results of SRS (with GEV fit) for d= 0.05 and the critical defect

size = 6.
Correlation parameter d = 0.05, the critical defect size = 9
the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.10699 0.40263 0.60038
Mean number of inspection steps 1.02 1.0133 1.0033
Unreliability 0 0 0
Number of wrong acceptances 0 0 0

Table 3.15 c) The simulation results of SRS (with GEV fit) for d= 0.05 and the critical defect
size = 9.
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Simulation results of the sequential random scheme with gamma distribution fit

Due to the fact that in the gamma model for generating corroded surfaces, the

gamma distribution is used to represent the defects’ sizes, we decide to check the

performance of the sequential

extrapolation procedure.

random scheme when this distribution

is used in the

For the value of the correlation parameter d equal to 1, the simulation experiments

brought the following results.

the correlation parameter d = 1
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Figure 3.17 The histograms of the inspected coverage within SRS (with gamma fit) for
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The histograms in Figure 3.17 show a visible influence of the applied value of the
critical defect size on the total inspected coverage. It can be especially seen when comparing
the subplots illustrating results of SRS with the initial coverage equal to 0.1. One can observe
that when increasing value of the critical defect size the number of situations at which the
inspection was terminated at the initial stage increases as well. With the critical defect size
equal to 3, 6 and 9 units, in 110, 170 and 300 out of 300, simulated inspection situations,
respectively, the additional inspection was not performed. This trend could be expected,
when recalling the results obtained when the sequential scheme with GEV fit was applied to
inspect similar surfaces (see Figure 3.16). However, when using the gamma fit for the
extrapolation within SRS, one can see that with the critical defect size value equal to 6 units
if the adaptive inspection was required to carry out, rather rarely the total surface was
inspected. On the other hand, when the sequential random scheme (with the same
parameters) but with GEV fit distribution was applied to inspect surfaces with independent
defect distribution (d = 1), larger inspection coverage had to be examined and more often
100% inspection was involved (compare Figures 3.14b and 3.17b, and the mean inspected
coverage in Tables 3.13b and 3.16b). Although the extrapolation with the gamma
distribution is mathematically incorrect, it may still lead to reliable predictions of the non-

inspected defect distribution, and as a consequence good performance of the inspection

scheme.
Correlation parameter d = 1, the critical defect size = 3
the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.65795 0.4856 0.63445
Mean number of inspection steps 1.6333 1.1567 1.0933
Unreliability 0 0 0
Number of wrong acceptances 0 0 0

Table 3.16 a) The simulation results of SRS (with gamma fit) for d=1 and the critical defect

size = 3.
Correlation parameter d = 1, the critical defect size = 6
the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.40253 0.53184 0.648
Mean number of inspection steps 1.6567 1.5767 1.4067
Unreliability 0.0033 0.0033 0
Number of wrong acceptances 1 1 0

Table 3.16 b) The simulation results of SRS (with gamma fit) for d=1 and the critical defect
size = 6.
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Correlation parameter d = 1, the critical defect size = 9

the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.1 0.4 0.6
Mean number of inspection steps 1 1 1
Unreliability 0 0 0
Number of wrong acceptances 0 0 0

Table 3.16 c) The simulation results of SRS (with gamma fit) for d=1 and the critical defect

size = 9.

Let us now check whether the assumption about gamma distributed maximum defect

size affects the reliability of SRS when inspecting surfaces with some dependence between

defects’ distribution. In order to allow such study 300 surfaces were generated by the gamma

model with correlation parameter d equal to 0.5. On these surfaces the sequential inspection

procedure was simulated and the following results were obtained.

» the correlation parameter d = 0.5
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Figure 3.18 The histograms of the inspected coverage within SRS (with gamma fit) for d= 0.5.

Correlation parameter d = 0.5, the critical defect size = 3

the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.69502 0.55233 0.6683
Mean number of inspection steps 1.7033 1.2833 1.2
Unreliability 0 0.0033 0
Number of wrong acceptances 0 1 0

Table 3.17 a) The simulation results of SRS (with gamma fit) for d= 0.5 and the critical

defect size = 3.

Correlation parameter d = 0.5, the critical defect size = 6

the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.38823 0.52072 0.65593
Mean number of inspection steps 1.5933 1.5167 1.3933
Unreliability 0.01 0.0167 0
Number of wrong acceptances 3 5 0

Table 3.17 b) The simulation results of SRS (with gamma fit) for d= 0.5 and the critical

defect size = 6.

Correlation parameter d = 0.5, the critical defect size = 9

the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.10932 0.40149 0.6
Mean number of inspection steps 1.0167 1.0033 1
Unreliability 0 0 0
Number of wrong acceptances 0 0 0

Table 3.17 c¢) The simulation results of SRS (with gamma fit) for d = 0.5 and the critical

defect size = 9.
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Analyzing the values gathered in Tables 3.17a-c, one can see that a slippery use of
the gamma distribution when assessing risk of having the critical defect among non-inspected
surface locations does not influence the reliability of inspection results. In the worst case 5

out of 300 simulated surfaces were wrongly classified, what still gives almost perfect, equal
to 98% reliability (see Table 3.17b). Similarly to the previous situation (i.e. when d = 1), the

histograms of inspected coverages (Figure 3.18) show decreasing trend in required inspection
effort when applying bigger values of the critical defect parameter. Moreover, the same plots
indicate that with bigger initial inspection more often the inspection was terminated at first
stage (the total inspected coverage was equal to the initial). It can be explained in the
following way: with smaller value of the critical defect parameter, performing more
measurements it was more likely to detect defect of this size; while choosing bigger value of
the critical defect parameter the information gathered from those measurements was
sufficient to reject a hypothesis that the critical defect may be present among non-inspected
surface locations. This inference can be confirmed when looking at the increasing, with bigger
value of the initial coverage parameter, the mean number of inspection steps (see Tables
3.17a-c).

Generating the corroded surfaces using the gamma model with the correlation
parameter d = 0.05, we are able to examine the performance of the sequential random

scheme (with gamma fit) for the inspection of surfaces with clustered defects’ distribution.

During the simulation experiments, choosing different criticality levels, we have
simulated the sequential inspection on 300 of such surfaces. The total inspection size and the
number of inspection steps were recorded in each case. As before, the number of wrong
surface classifications was counted and used as measure of the scheme reliability. Obtained
results are presented in Tables 3.18a-c and Figure 3.19. They confirm the perfect reliability of
SRS as wrong acceptance was observed only in one case (see Table 3.18a). It can be also
seen that the characteristic defects’ distribution caused that in the majority of situations the
inspection procedure was terminated after the initial step. Due to the same reason when the
critical defect was chosen to be equal 9, in some situations, when inspecting initially 10%,
the additional inspection of all remaining locations was required (see Figure 3.19c).

= the correlation parameter d = 0.05
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Figure 3.19 The histograms of the inspected coverage within SRS (with gamma fit) for

d = 0.05.

Correlation parameter d = 0.05, the critical defect size = 3

the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.44113 0.58322 0.70756
Mean number of inspection steps 1.6167 1.5067 1.4533
Unreliability 0 0 0.0033
Number of wrong acceptances 0 0 1

Table 3.18 a) The simulation results of SRS (with gamma fit) for d= 0.05 and the critical
defect size = 3.

89



July 2006

Simulating inspections on corroded surfaces

Correlation parameter d = 0.05, the critical defect size = 6

the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.15949 0.4339 0.61691
Mean number of inspection steps 1.1133 1.11 1.08
Unreliability 0 0 0
Number of wrong acceptances 0 0 0

Table 3.18 b) The simulation results of SRS (with gamma fit) for d= 0.05 and the critical

defect size = 6.

Correlation parameter d = 0.05, the critical defect size = 9

the initial coverage Init cover = 0.1 | Init cover = 0.4 | Init cover = 0.6
Mean inspected coverage 0.11558 0.40686 0.60292
Mean number of inspection steps 1.03 1.0333 1.02
Unreliability 0 0 0
Number of wrong acceptances 0 0 0

Table 3.18 c¢) The simulation results of SRS (with gamma fit) for d= 0.05 and the critical
defect size = 9.

Conclusions

Throughout the analysis of the performance of the sequential random scheme it could
be seen that its reliability is independent of the distribution of defects on corroded surface as
well as of the assumed distribution applied in the extrapolation procedure. On the other hand,
the initial inspection coverage and the critical defect size have appeared to be influential
the

information gathered from a small number of initially taken measurements was sufficient to

parameters affecting the size of additionally inspected surface. In some cases,
decide about the termination of inspection while in other cases led to 100% inspection.
Therefore, the optimization of the initial coverage parameter seems to be prioritized task
improving the overall performance of the sequential scheme. This would result in the costly-

optimal and almost perfectly reliable inspection plan.

Comparison of the sequential random scheme with the adaptive inspection schemes

Simulation experiments have shown that independently of the corrosion structure,
the sequential sampling scheme always performs well bringing very reliable inspection results.
However, it could be also seen that in some situations this perfect effectiveness was
connected with big inspection effort. On the other hand, the reliability of the adaptive
inspection schemes was rather variable and has depended on the distribution of defects on
considered surface. However, in many cases, this inspection plan also led to very satisfactory
reliability. Therefore, let us now compare both schemes. Note that both the sequential and
the adaptive sampling plan share the feature that the total inspected coverage is not
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established in advance. Therefore, their reliability is defined as a function of the mean
inspected coverage. It is also worth to mention that since the regular inspection scheme
appeared to be rather less effective than the adaptive scheme, it is not considered here.

Since the performance of the sequential sampling scheme was examined only on the
corroded surfaces generated by the gamma model, the comparing analysis is restricted to
these cases. Moreover, to be consistent with the chosen value of the critical defect size
applied when simulating the adaptive inspection scheme, the criticality level equal to 3 units
is fixed for the SRS.

Unreliability of SRS and AIS, d = 1 Unreliability of SRS and AIS, d = 0.5
T T T T T T 0.35 T T T T T T
unreliability of AIS unreliability of AIS
unreliability of SRS with GEV 0.3F unreliability of SRS with GEV | |
0.4 unreliability of SRS with gamma | unreliability of SRS with gamma
0.251 i
0.3F q
0.2 q
0.2 1 0.15- q
0.1F i
0.1F i
0.05- i
ol i P
O L e — .
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7
a) the correlation parameter d = 1 b) the correlation parameter d = 0.05
Unreliability of SRS and AlIS, d = 0.05
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c) the correlation parameter d = 0.05

Figure 3.20 1The unreliability plots of AIS and SRS
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The unreliability plots presented in Figure 3.20 show that independently of the
structure of the corroded surface, the mean total inspected coverage for the adaptive
inspection scheme is much smaller than in case of the sequential random scheme. On the
other hand, as one could expect, the sequential scheme shows better reliability. However,
when looking at the plot 3.20c¢) corresponding to the results obtained when the correlation

parameter d was equal to 0.05, one can observe that the adaptive inspection bring results of

the reliability very similar to the sequential scheme and simultaneously requires significantly
less coverage to be examined. Similar inference can be drawn when comparing the

performance of both schemes applied to surfaces generated by the gamma model with
parameter d = 0.5. The adaptive inspection scheme with the extension parameter thl = 1,

inspecting on the average 22% of the surface, shows the unreliability equal to 0.07 (see also
Table 3.8). On the other hand, the minimal average inspection coverage for SRS is equal to
44°%. Therefore, it is rather difficult to state in general which of these two dynamic schemes
is better. When one is able to accept some risk of wrong surface classification, it can be
advised to apply the adaptive inspection that involves less inspection effort. In situations,
when the consequences of wrong acceptance of corroded surfaces are severe, the sequential
plan with perfectly reliable results should be chosen. Thus, the cost-criterion analysis seems

to be necessary in order to design an optimal sampling scheme.
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4. Conclusions and recommendations

A properly planned inspection procedure is of big importance for any industrial
process. In the oil industry special attention is given to inspect steel components that are
subject to corrosion. Their reliability is necessary to avoid failure that may lead to oil release
and pollution of the natural environment. Obviously, the more one inspects the better
information one can gain. On the other hand, the inspection procedure can - and quite often
is - connected with high expenses. Therefore, finding the optimal inspection plan balancing
costs and risk of failure is desirable. In this thesis, the so-called sampling inspection approach

is considered as a possible solution.

In this study, the following three sampling inspection schemes were introduced: the
regular inspection scheme, the adaptive inspection scheme, and the sequential random
scheme.

The regular inspection scheme represented the non-dynamic, one-step inspection
model. According to this scheme the inspected points were selected according to some
pattern that assured their even spread. An essential feature of the regular scheme was that
the total inspection coverage was completely defined before its application.

On the other hand, the other two inspection plans, namely the adaptive and
sequential schemes were designed as the multi-step procedures, in which the total inspection
coverage was variable.

In case of the adaptive inspection scheme, after the initial inspection, which
examined about 10% of the surface area its further adaptive stage was dependent on some
conditions. The so-called extension criterion was used as a condition that forced additional
inspection effort. According to this condition, all neighboring locations of inspected points with
corrosion depths bigger than the chosen value of the extension condition, were examined in
the adaptive step.

Within the sequential random scheme, after the initial inspection of unrestricted size,
the additional inspected coverage was determined based on the estimated risk of having the
critical defect among non-inspected surface locations. In this scheme all inspected points
were selected randomly. All plans were defined by some parameters that appeared to have
influence on the performance of the inspection procedure.

The performance analysis was based on simulation experiments in which the
corrosion surfaces were generated by two proposed models. The Poisson and gamma model
allowed simulating surfaces with different probability distributions for the defects. As a result,
the reliability of the designed sampling schemes was verified when they were applied to
surfaces of different structure. Moreover, it could be seen that the Poisson model was more
general and universal, in the sense, that it allows generating more types of corroded surfaces.

In opposite to the gamma corrosion generating technique, using the Poisson model one is
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able to simulate surfaces where not all locations are affected by the corrosion mechanism.
This would be very useful for modeling the pitting type of corrosion.

When judging the effectiveness of the inspection plans, the so-called unreliability
function was used. This function was defined as a function of the mean inspected coverage
and expresses the non-detection probability of the critical defect.

Throughout the study one could see that the sequential random scheme always led to
fully reliable inspection results independently of the characteristic of the corroded surface.
This, however, was quite often connected with a large inspection effort measured in terms of
the inspected coverage. On the other hand, in case of the regular scheme the total inspection
coverage was always known in advance but simultaneously it was not always sufficient to
obtain reliable information. The flexible character of the adaptive inspection model caused
that this scheme appeared to be quite often the optimal solution. With this scheme,
inspecting a relatively small coverage was likely to result in the detection of the critical defect
and the correct surface classification.

All three schemes appeared to work well on the surfaces with a clustered (nhon-
homogeneous) defect distribution. Therefore, when one is interested in the inspection of
corroded surfaces, the choice between sampling plans should be based on a cost-criterion.
However, in general, it is rather difficult to state the superiority of one of these schemes. If
the priority is given to the reliability of inspection results, one can be advised to use the
sequential random scheme. On the other hand, if the consequences of possible failure are not
severe, a cost analysis should be involved to derive the optimal inspection strategy. Due to
time constraints, a cost analysis was not performed in this project and is left for future

research.

As the next steps improving the models we would recommend the following:

° Employ economical constraints for the inspection planning.

° Include possible dependency between adjacent corrosion defects within the
sequential random scheme in order to better extrapolate and estimate the probability
distribution of the corrosion defects in the non-inspected part of the surface. As a
consequence, one would expect a smaller inspection coverage that is necessary to examine.
This further would result in a more reliable and less expensive sampling inspection scheme.
As it was suggested in the report, the dependency could be incorporated by the ‘extremal

index’.

° When fitting probability distributions in the sequential random scheme, take into
account the statistical uncertainty inherent in the parameters estimated from a small number

of data points.
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° Perform the estimation of the parameters that are used in the models to simulate

corrosion. To do this, the elicitation of experts can be advised.
° Extend the adaptive sampling scheme by including an option that gives the
possibility of applying different values of the initial coverage parameter. This would be

especially useful when the setting costs of additional inspection are high.

° Check the performance of the sampling schemes when applied to real corrosion
data.
° Combine the Poisson and the gamma model for generating corrosion surfaces. This

would give the possibility of obtaining more variable corroded structures. For example, the
increments of the corrosion in the Poisson model can be generated by the gamma process.
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APPENDIX A

1) Sensitivity analysis of the number of simulations for the regular inspection scheme using

the gamma technique with coefficient parameter d = 1.

a) Overall analysis

In general, when some results are obtained based on simulation experiments, the
number of performed simulations is a crucial parameter. Depending on its value one can
obtain information of different quality and reliability. Since the performance of the sampling
inspection plans is investigated in simulation experiments, their number has to be
appropriately chosen.

Below we present an extended sensitivity analysis of the number of simulations for
the regular sampling scheme model with the inspection coverage equal to 0.3 and 0.6. This
analysis is made based on derivation of the distribution of the scheme reliability. More
precisely, the standard deviations of the latter distributions, obtained for different numbers of
simulations, will be compared.

When determining the distribution of the unreliability scheme, the central limit
theorem [17] was applied as a driving tool. Based on this theorem, we can argue that when
repeating the same experiment (consisting of a fixed number of simulations) sufficiently often,
the distribution of its mean can be estimated and has the Gaussian (normal) shape. We are
looking for the optimal number of simulations that gives us reliable results or, in different
words, for which the results will not differ significantly when running the experiment several
times. Such a property can be nicely verified using the standard deviation as a distribution’s
spread measure. In our study the experiments were performed (run) 100 times each
consisting of 100, 300 or 500 of simulations.

It appeared that the obtained distributions of the scheme unreliability when 300 and
500 of simulations were performed have small (compared with the mean) and quite similar
values of the standard deviations- see Tables Al1-1 and Al1-2 and Figures Al1-2 and A1-3. On
the other hand, the same figures indicate that when only 100 simulations were made the
distribution of the unreliability scheme has bigger standard deviation, and as a consequence
the obtained results may differ from experiment to experiment. Further taking into account
the time required for performing one experiment with a different number of simulations (see
Table A1-6), the 300 simulations seems to be the reasonable and reliable choice.

Additionally presented histograms of the regular inspection scheme unreliability
distributions (Figure A1-1) show that for higher values of the inspection coverage parameter,
these distributions are more concentrated and shifted to the left. One could obviously expect
such trend because the more we inspect the more reliable (corresponding to the reality)

information we get and as a result it is unlikely to make a wrong surface classification.
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Histogram of reliability for 100 runs with 100 simulations
30 T T T T

0.15 0.2 0.25 0.3 0.35
reliability

Histogram of reliability for 100 runs with 100 simulations, coverage = 0.6
T T T T T

0 0.02 0.04 0.06 0.08 0.1 0.12
reliability

100 simulations, the inspection coverage =
0.3

100 simulations, the inspection coverage =
0.6

Histogram of reliability for 100 runs with 300 simulation
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Histogram of reliability for 100 runs with 300 simulations, coverage = 0.6
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reliability

300 simulations, the inspection coverage =
0.3

300 simulations, the inspection coverage =
0.6

Histogram of reliability for 100 runs with 500 simulations, coverage = 0.3
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Histogram of reliability for 100 runs with 500 simulations, coverage = 0.6
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500 simulations, the inspection coverage =
0.6

Figure A1-1 The histograms of the regular inspection scheme unreliability for different
numbers of simulations.
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Coverage = 0.3

Coverage = 0.6

Number of Lower Upper Lower Upper

. . Standard Standard
simulations 95% conf | 95% conf 95% conf | 95% conf

deviation deviation

bound bound bound bound

100 0.0384 0.0337 0.0446 0.0236 0.0207 0.0274

300 0.0214 0.0188 0.0248 0.0138 0.0121 0.0160

500 0.0159 0.0139 0.0184 0.0112 0.0098 0.0130

Table Al1-1 The standard deviations of the regular inspection scheme unreliability for
different numbers of simulations.

Coverage = 0.3

Coverage = 0.6

Number of
. . Lower 95% Upper 95% Lower 95% Upper 95%
simulations Mean Mean
conf bound conf bound conf bound conf bound
100 0.2026 0.1950 0.2102 0.0666 0.0619 0.0713
300 0.2058 0.2016 0.2100 0.0652 0.0625 0.0679
500 0.2103 0.2072 0.2135 0.0649 0.0626 0.0671

Table A1-2 The means of the regular inspection scheme unreliability for different numbers of

simulations.

Standard deviation of unreliability for different simulation numbers, coverage = 0.3

4 T T T T T T T
conf interv for std of unreliab with 100 sim
350 O  statistics of std of unreliab with 100 sim
conf interv for std of unreliab with 300 sim
3l statistics of std of unreliab with 300 sim |
conf interv for std of unreliab with 500 sim
statistics of std of unreliab with 500 sim
2.5 B
2, -
1.5+ B
10 o—6—=0 ]
0.5 B

0 L L L 1 L 1
0.01 0.015 0.02  0.025 0.03 0.035 0.04

standard deviation

L
0.045 0.05

Figure A1-2 The 95% confidence intervals for the standard deviation of the regular
inspection scheme unreliability with different numbers of simulations and the inspection

coverage = 0.3.
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Standard deviation of unreliability for different simulation numbers, coverage = 0.6

4 T T T T T T T T T T
conf interv for std of unreliab with 100 sim
350 O  statistics of std of unreliab with 100 sim
conf interv for std of unreliab with 300 sim
3l O statistics of std of unreliab with 300 sim i
conf interv for std of unreliab with 500 sim
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Figure A1-3 The 95% confidence intervals for the standard deviation of the regular
inspection scheme unreliability with different numbers of simulations and the inspection
coverage = 0.6.
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b) Illustrating example (based on two runs experiment)

e 100 simulations

Cdf-s of real and inspected max defect size for coverage = 0.1

cdf real H
cdf inspected

1 1 1

5 2 25 3 3.5 4 45 5 5.5 6 6.5
Cdf-s of real and inspected max defect size for coverage = 0.3
1 T T T T

cdf real I
cdf inspected

0 1 e 1 1 1
1.5 2 25 3 3.5 4 45 5 5.5 6 6.5
Cdf-s of real and inspected max defect size for coverage = 0.5

1 T T T T T ———— T

051 cdf real
cdf inspected
0 [ [ = [ [ | T T T
1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5

Cdf-s of real and inspected max defect size for coverage = 0.7

0.5} P cdf real
- cdf inspected
0 L L L L L
1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5
defect size

Figure A1-4 The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and 100 simulations.

Correlation parameter d = 1, number of simulations = 100

Inspected coverage 0.1/{0.2|03|04|05|0.6|0.7|0.8

Number of wrong decisions

50 | 27 | 25 | 14 8 14 6 2
first run

Number of wrong decisions
61 | 37|20 | 14| 9 11 4 1
second run

Table A1-3 The number of wrong acceptance decisions against the inspection coverage
within the regular scheme with 100 simulations.
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e 300 simulations

Cdf-s of real and inspected max defect size for coverage = 0.1

05 cdf real |
' cdf inspected
O | |
1 2 3 4 5 6 7 8

Cdf-s of real and inspected max defect size for coverage = 0.3
1 T T
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O 1 1 1 T T
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Cdf-s of real and inspected max defect size for coverage = 0.5
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Cdf-s of real and inspected max defect size for coverage = 0.7

0.5 cdf real
cdf inspected
O | T T
1 2 3 4 5 6 7 8

defect size

Figure A1-5 The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and 300 simulations.

Correlation parameter d = 1, number of simulations = 300

Inspected coverage 0.1/02]03|04(05|06|0.7]0.8

Number of wrong decisions
183 109 | 64 | 49 | 30 | 20 | 10 7
first run

Number of wrong decisions
182 | 117 | 53 | 55| 34 | 25 | 15 8
second run

Table A1-4 The number of wrong acceptance decisions against the inspection coverage
within the regular scheme with 100 simulations.
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e 500 simulations

Cdf-s of real and inspected max defect size for coverage = 0.1
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0 | | 1 T
1 2 3 4 5 6 7
Cdf-s of real and inspected max defect size for coverage = 0.5
1 T T T — T
P——
05l - cdf .real |
/ cdf inspected
0 [ - [ [ T
1 2 3 4 5 6 7

Cdf-s of real and inspected max defect size for coverage = 0.7
1 ‘ ‘ :
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Figure A1-6 The cumulative distribution functions of the real maximum defects and the
maximum defects recorded during RIS for different inspection coverage and 500 simulations.

Correlation parameter d = 1, number of simulations = 500

Inspected coverage 0.1102|03|04(05|0.6|0.7]0.8

Number of wrong decisions

294 | 190 | 101 | 74 | 43 | 36 | 15 | 15
first run

Number of wrong decisions
292 | 185|112 | 85 | 42 | 33 | 20 | 16
second run

Table A1-5 The number of wrong acceptance decisions against the inspection coverage
within
the regular scheme with 500 simulations.

Number of simulations 100 | 300 500

Total simulation time in minutes | 2.99 | 7.31 | 11.93

Table A1-6 Simulation times for the regular sampling scheme (computer type: Pentium 4,
2.20 GHz).
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Unreliability of RIS for different coverages and simulation numbers
07 T T T T T T

first run of 100 simulations
second run of 100 simulations
first run of 300 simulations

second run of 300 simulations
first run of 500 simulations i
second run of 500 simulations

unreliability

| |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
inspected coverage

Figure A1-7 Unreliability plots of RIS for different numbers of simulations.

Number of simulations 100 300 500

Max difference between the reliability in first and second run | 0.11 | 0.037 | 0.022

Table A1-7 Maximum differences between the regular inspection scheme unreliability
obtained in two runs of the simulation experiment.

From tables and figures presented above one can conclude that with bigger number
of simulations this parameter does not have a big influence on the inspection results. It is
especially seen when looking at the plots obtained when simulations were repeated 300 and
500 times. As a result it seems to be redundant and to be connected with bigger
computational effort (see Table A1-6 with simulation times) to perform simulations 500 times
instead of 300 times. On the other hand, 100 simulations may bring not reliable results since
repeating similar experiments (i.e. running 100 simulations several times) may cause quite
different results (see pink and sky-blue plots in Figure A1-7 above). The latter situation,
however, is rather unlikely to be observed when generating a surface 300 or 500 hundred
times (see corresponding plots in the same figure). It is also worth to note that the
cumulative distribution curves corresponding to the real maximum defects and maximum
defects recorded during inspection are very similar and sufficiently smooth when performing
300 and 500 simulations. Therefore, the choice of performing simulations 300 times seems to
be justified.
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2) Sensitivity analysis of the number of simulations parameter for the adaptive inspection

scheme using the gamma technique with correlation parameter d = 1.

a) Overall analysis

Histogram of reliability for 100 runs with 100 simulations, th1 = 1
40 T T T T T T
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reliability

Histogram of reliability for 100 runs with 100 simulations, th1 = 2
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100 simulations, the extension condition = 1

100 simulations, the extension condition = 2

Histogram of reliability for 100 runs with 300 simulations, th1 = 1
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reliability

Histogram of reliability for 100 runs with 300 simulations, th1 = 2
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300 simulations, the extension condition = 1

300 simulations, the extension condition = 2

Histogram of reliability for 100 runs with 500 simulations, th1 = 1
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Histogram of reliability for 100 runs with 500 simulations, th1 = 2
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500 simulations, the extension condition = 1

500 simulations, the extension condition = 2

Figure A2-1 The histograms of the adaptive inspection scheme unreliability for different
numbers of simulations.
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the extension condition = 1

the extension condition = 2

Number of Lower Upper Lower Upper

. ) Standard Standard
simulations 95% conf | 95% conf 95% conf | 95% conf

deviation deviation

bound bound bound bound

100 0.0251 0.0221 0.0292 0.0484 0.0425 0.0562

300 0.0151 0.0133 0.0176 0.0274 0.0240 0.0318

500 0.0111 0.0098 0.0129 0.0196 0.0172 0.0228

Table A2-1 The standard deviations of the adaptive inspection scheme unreliability for
different numbers of simulations.

the extension condition = 1

the extension condition = 2

Number of
. . Lower 95% Upper 95% Lower 95% Upper 95%
simulations Mean Mean
conf bound conf bound conf bound conf bound
100 0.0651 0.0601 0.0701 0.4448 0.4352 0.4544
300 0.0644 0.0614 0.0674 0.4408 0.4353 0.4462
500 0.0626 0.0604 0.0648 0.4452 0.4413 0.4491

Table A2-2 The means of the adaptive inspection scheme unreliability for different numbers
of simulations.

Standard deviation of unreliability for different simulation numbers, th1 = 1

4 T T T T 1
conf interv for std of unreliab with 100 sim
350 O  statistics of std of unreliab with 100 sim
conf interv for std of unreliab with 300 sim
3l statistics of std of unreliab with 300 sim i
conf interv for std of unreliab with 500 sim
statistics of std of unreliab with 500 sim
2.5 R
2 L -
1.5+ B
1F o—6—o0 g
0.5+ B
0 | | | | | |
0.005 0.01 0.015 0.02 0.025 0.03 0.035

standard deviation

Figure A2-2 The 95% confidence intervals for the standard deviation of the adaptive
inspection scheme unreliability with different numbers of simulations and thl = 1.
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Standard deviation of unreliability for different simulation numbers, th1 = 2

4 T T T T T T T T I
conf interv for std of unreliab with 100 sim
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Figure A2-3 The 95% confidence intervals for the standard deviation of the adaptive
inspection scheme unreliability with different numbers of simulations and thl = 2.

The sensitivity analysis with respect to the number of simulations for the adaptive
inspection scheme was performed in the same way as for the regular scheme. The
distribution functions of the unreliability function were estimated by performing 100
experiments consisting of 100, 300 and 500 simulations. Figure A2-1 shows obtained results
(given in histograms’ form) while Tables A2-1 and A2-2 and Figures A2-2 and A2-3 contain
statistics of these distributions. One can observe that when applying 300 or 500 simulations
the standard deviation of the unreliability function is very small. It means that with these
numbers of simulations the inspection results are reliable and it is rather unlikely that they
would significantly differ when repeating simulation experiment. On the other hand, when
performing only 100 simulations one can expect bigger variability in inspection results from
run to run. In this case the standard deviation of the unreliability function is about two times
larger and is equal to 0.0251, than it was for 300 or 500 of simulations. Therefore, taking
also into account time required for performing simulation experiments (see Table A2-7), the
number of simulation equals to 300 was chosen for checking the performance of AIS.

In order to show what kind of differences between inspection results one could expect
when running simulation experiments several times with 100, 300 and 500 of simulations, an
example is presented. One can see that indeed for bigger numbers of simulations, i.e. 300
and 500, these differences are insignificant. On the other hand, when looking at the results
obtained for 100 simulations, the difference between outcomes of the first and second run is

more visible. For example, Table A2-3 shows that when applying AIS with the extension
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condition (th1l) equal to 1.5 the difference in the values of the unreliability function between

two runs of experiment may be equal about 14%.

b) Illustrating example (based on two runs experiment)

e 100 simulations

Correlation parameter d = 1, number of simulations = 100
The extension condition thi=1 | thl= 1.5 | thi=2
Mean inspected coverage first run 0.218 0.154 0.118
Mean inspected coverage second run | 0.231 0.151 0.117
Reliability of scheme 2 first run 0.06 0.19 0.45
Reliability of scheme 2 second run 0.09 0.33 0.51

Table A2-3 The characteristic results obtained for the adaptive inspection scheme with 100
simulations.

e 300 simulations

Correlation parameter d = 1, number of simulations = 300
The extension condition thi=1 | thl= 1.5 | thi=2
Mean inspected coverage first run 0.219 0.149 0.117
Mean inspected coverage second run | 0.212 0.146 0.117
Reliability of scheme 2 first run 0.07 0.22 0.43
Reliability of scheme 2 second run 0.07 0.22 0.40

Table A2-4 The characteristic results obtained for the adaptive inspection scheme with 300
simulations.

e 500 simulations

Correlation parameter d = 1, number of simulations = 500
The extension condition thi=1 | thl= 1.5 | thi=2
Mean inspected coverage first run 0.214 0.147 0.116
Mean inspected coverage second run | 0.213 0.147 0.116
Reliability of scheme 2 first run 0.06 0.27 0.47
Reliability of scheme 2 second run 0.07 0.25 0.45

Table A2-5 The characteristic results obtained for the adaptive inspection scheme with 500
simulations.
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Mean inspected coverages for different extension conditions and numbers of simulations
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Figure A2-4 Mean inspected coverages for different extension conditions and numbers of

simulations.

Number of simulations

100

300

500

Total simulation time in minutes

2.85

8.58

14.46

Table A2-6 Simulation times for the adaptive inspection scheme (computer type: Pentium 4,

2.20 GHz).
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Reliability for different extension conditions and numbers of simulations
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Figure A2-5 Reliability plots for different extension conditions and numbers of simulations.

3) Sensitivity analysis of the number of simulations parameter for the sequential random
scheme with the generalized extreme value distribution.

Below we present the results that were obtained for the purpose of the sensitivity
analysis of the simulation number for SRS. Since the standard deviation of the unreliability
function with 300 simulations appeared to be very small and very close to this obtained with
500 simulations (see Table A3-1and Figure A3-2), we decided to apply 300 simulations when

performing the experiments.
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Histogram of the unreliability for SRS with initial cover = 0.1, 100 sim
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unreliability

Histogram of the unreliability for SRS with initial cover = 0.2, 100 sim
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300 simulations, the initial coverage = 0.1
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Histogram of the unreliability for SRS with initial cover = 0.1, 500 sim
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Histogram of the unreliability for SRS with initial cover = 0.2, 500 sim
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500 simulations, the initial coverage = 0.2

Figure A3-1 The histograms of the sequential random scheme unreliability for different
numbers of simulations.
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the initial coverage = 0.1

the initial coverage = 0.2

Number of Lower Upper Lower Upper

. ) Standard Standard
simulations 95% conf | 95% conf 95% conf | 95% conf

deviation deviation

bound bound bound bound

100 0.0106 0.0093 0.0123 0.0033 0.0029 0.0039

300 0.0058 0.0051 0.0068 0.0018 0.0015 0.0020

500 0.0052 0.0046 0.0061 0.0011 0.0010 0.0013

Table A3-1 The standard deviations of unreliability function within SRS for different numbers

of simulations.

the initial coverage = 0.1

the initial coverage = 0.2

Number of
. . Lower 95% Upper 95% Lower 95% Upper 95%
simulations Mean Mean
conf bound conf bound conf bound conf bound
100 0.0127 0.0106 0.0148 0.001 0.0003 0.0017
300 0.0118 0.0107 0.0130 0.0009 0.0006 0.0012
500 0.0127 0.0116 0.0137 0.0006 0.0004 0.0008

Table A3-2 The mean of unreliability function within SRS for different numbers of simulations.

Standard deviation of unreliability for different simulation numbers, init cover = 0.1

4 T T T T T T T T
conf interv for std of unreliab with 100 sim
350 O  statistics of std of unreliab with 100 sim
conf interv for std of unreliab with 300 sim
3l statistics of std of unreliab with 300 sim i
conf interv for std of unreliab with 500 sim
statistics of std of unreliab with 500 sim
251 B
2+ il
1.5+ B
1+ G O —
0.5F il
0 | | | | | | | |
4 5 6 7 8 9 10 11 12 13
standard deviation X 10-3

Figure A3-2 The 95% confidence intervals for the standard deviation of SRS unreliability with
different numbers of simulations and initial coverage = 0.1.
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Standard deviation of unreliability for different simulation numbers, init cover = 0.2

4 T T T T T
conf interv for std of unreliab with 100 sim
35L O  statistics of std of unreliab with 100 sim
conf interv for std of unreliab with 300 sim
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Figure A3-3 The 95% confidence intervals for the standard deviation of SRS unreliability with
different numbers of simulations and initial coverage = 0.2.

4) Differences between the values of the product moment correlation matrices and the rank

correlation matrices.

Due to the fact that the product moment correlation is not invariant under monotonic
transformations, the product moment correlation matrices of the multivariate distributions
obtained by the joint normal transform methods differs from the induced product moment

correlation matrices given by the formula
2 q
p(X.,X,)=exp —d(ZIdisti I”j : (2.1)
i=1

In order to get some feeling how big these differences are, the actual product moment
correlation matrices were estimated in the simulation experiments. As a deviation measure,
the maximum difference between these matrices (i.e. the designed matrix Sigma of (2.1)
form and the actual estimated correlation matrix RHO corresponding to the multivariate
distribution), was used. During the experiment the 2000 samples (each of size kxk) from the
obtained multivariate distribution were drawn. Based on these samples the product moment

correlation matrix was estimated.
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The estimated maximum differences obtained for the multivariate distributions
considered in this report are presented below. These distributions were obtained by the join

normal transform with the gamma margins with parameters a = 1.5 and b = 0.5 to assigned
to the variables X; and the dependence structure given by the formula (1.1). To be consistent,
the norm parameters p and ¢ were equal 2 and 0.5, respectively, while in case of the
parameter d its three choices were examined, i.e. 1, 0.5 and 0.05. As in all performed

simulations the surface size was equal k = 25, however other values were also examined for

illustration purpose.

The product moment correlation matrices obtained for k = 2:

= d=1

matrix (surface) size k = k = k = k=10 | k=25 | k=35

maximum difference between 0.0519 | 0.0921 | 0.0770 | 0.1083 | 0.1149 | 0.1117
correlations

1.0000 0.3679 0.3679 0.2431 1.0000 0.3314 0.3360 0.1958
) 0.3679 1.0000 0.2431 0.3679 0.3314 1.0000 0.2385 0.3160
Sigma = RHO =
0.3679 0.2431 1.0000 0.3679 0.3360 0.2385 1.0000 0.3320
0.2431 0.3679 0.3679 1.0000 0.1958 0.3160 0.3320 1.0000
= d=0.5
matrix (surface) size k = k = k = k=10 | k=25 | k=35

maximum difference between

. 0.0221 | 0.0905 | 0.0845 | 0.0863 | 0.1223 | 0.1244
correlations

1.0000 0.6065 0.6065 0.4931 [ 1.0000 0.5917 0.5881 0.4787
. 0.6065 1.0000 0.4931 0.6065 0.5917 1.0000 0.4738 0.5861
Sigma = RHO =
0.6065 0.4931 1.0000 0.6065 0.5881 0.4738 1.0000 0.5845
0.4931 0.6065 0.6065 1.0000 | 0.4787 0.5861 0.5845 1.0000
= d=0.05
matrix (surface) size k = k = k = k=10 | k=25 k=35

maximum difference between

. 0.0148 | 0.0231 | 0.0220 | 0.0768 | 0.1032 | 0.1111
correlations
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1.0000 0.9512 0.9512 0.9317 1.0000 0.9435 0.9425 0.9169

) 0.9512 1.0000 0.9317 0.9512 0.9435 1.0000 0.9226 0.9424
Sigma = RHO =

0.9512 0.9317 1.0000 0.9512 0.9425 0.9226 1.0000 0.9425

0.9317 0.9512 0.9512 1.0000 0.9169 0.9424 0.9425 1.0000

5) The performance analysis of the adaptive inspection scheme applied with characteristic
defects’ distribution

Let us check the performance of the adaptive inspection scheme when is applied to
corroded surfaces when the domain of defects’ depths is the same but their distribution is
different. In different words, we will consider the surfaces on which the major part of
locations is highly corroded- representing the general type of corrosion. On the other hand,
we will consider the surfaces with few deep pits and remaining locations not at all or just

slightly affected, illustrating the so-called pitting type of corrosion. Examples of such surfaces
are presented in Figure A5-1.

Generated defects

Generated defects

Hlstogram of defects depths

Histogram of defects depths
500 T 200

IJ | R

defect size defect depth

a) general corrosion b) pitting corrosion

Figure A5-1 Characteristic plots of the corroded surfaces representing the general and pitting
type of corrosion.

When simulating the adaptive inspection scheme the extension condition equal to 3, 4
and 5 units was used. On the other hand, the critical defect size was fixed to be equal 6 units.
The histograms of defects depths show that on the surfaces subject to the general corrosion
process (see Figure A5-1a) a lot of locations could be classified as critical. On the other hand,
the histogram corresponding to surfaces with localized corrosion (Figure A5-1 b) indicates
that the defects of size bigger or equal to 6 units were less likely to being recorded.
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The result obtained in the simulation experiments when surfaces were generated 300

times are presented below.

Cdf-s ofreal and inspected defect size for th1 = 3
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Simulating inspections on corroded surfaces

Cdf-s ofreal and inspected defect size for th1 = 3
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b) pitting corrosion

Figure A5 -2 The cumulative distribution functions of the real maximum defects and the
maximum defects recorded within AIS.
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Figure A5-3 The histograms of differences between the real maximum defects and the
maximum defects recorded within AIS.

general corrosion, the critical defect size = 6
the extension condition thi =3 |thi1=4|thi=5
Mean inspected coverage 0.2229 | 0.2218 | 0.1745
Mean number of additional inspections 0.4800 | 0.4867 | 0.5367
Mean inspected coverage when wrong acceptance 0 0 0.1792
Unreliability 0 0 0.0033
Number of wrong acceptances 0 0 1

Table A5-1 The simulation results of AIS for surfaces with general type of corrosion.
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pitting corrosion, the critical defect size = 6
the extension condition thi =3 |thi1=4|thi1=5
Mean inspected coverage 0.2644 | 0.1523 | 0.1106
Mean number of additional inspections 3.22 2.23 0.7167
Mean inspected coverage when wrong acceptance | 0.2880 | 0.1685 | 0.1126
Unreliability 0.0033 | 0.0833 0.25
Number of wrong acceptances 1 25 75

Table A5-2 The simulation results of AIS for surfaces with pitting type of corrosion.

As one could expect, in case of surfaces where all locations are highly corroded, the
critical defect size was detected in all cases, resulting in perfect reliability of the adaptive
inspection scheme (see Table A5-1). Moreover, it is worth to point out that the applied value
of the extension condition did not affect the performance of this scheme significantly. One
can observe that for all choices of thl, the mean inspected coverage oscillates around 20 %
and the mean number of additional inspections is equal to 0.5. It means that usually the
critical defect size was found among initially inspected points, or only one additional
inspection was necessary to detect it. The cumulative distribution functions in Figure A5-2a
and histograms in Figure A5-3a confirm the inference that for surfaces with uniform defect
distribution, the inspection results are independent of the choice of extension condition.

When analyzing results obtained for the surfaces corresponding to localized corrosion,
completely opposite conclusions can be drawn. It can be seen that choosing smaller value of
the extension parameter, the reliability of AIS is much better than when applying less
demanding extension condition (bigger values of thl). Table A5-2 shows that with thl1 = 3
only one wrong acceptance was made while with thl = 5, in 25% of cases surface containing
the critical defect was classified as good one. The same table indicates also, that the choice of
the value of the extension parameter has an impact on the inspected coverage as well as on
the number of additional inspections. Therefore, when dealing with surfaces having similar
characteristics as the one shown in Figure A5-1a, the reliability of results obtained from the
adaptive inspection will depend on proper choice of its driving parameter.
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APPENDIX B

Proof B-1

We will show that the Gumbel distribution is a special case of the generalized extreme
value distribution.

The cumulative distribution function of the generalized extreme value distribution

with shape, location and scale parameters f,,u and ¥/, respectively, is given by:

1

GEV (x) = exp{— [1 + f(x ;/” ﬂ : , 0

where, x, = max{x,0}.

On the other hand, the cumulative distribution function of the Gumbel distribution
with location parameter {4 and scale parameter ¥/ is given by:

G(x)= exp{— exp(— ﬂj} (i)
%

We will show that with & — 0, the formula (i) reduces to (ii).

We can write the following transformation of the formula (i):

1 1

GEV (x) =exps— {1 + f(ﬂﬂ . = expq — exp log{l + f(ﬂﬂ . =
4 v )l

+

= expy—exp —é-log[l+§(ﬂ
7

| I
+

Now using the fact that log(1+ h) = hfor h 4 0 and assuming that & — 0 we obtain:

oot 5o (52])

which proves the statement.
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APPENDIX C

The software presented in this appendix is designed to provide an overview of the
performance of the sampling inspection schemes developed during the study. Created
applications allow seeing both how the inspection procedures are carried out step by step and
show the effectiveness of these schemes. The software interfaces together with a short
description are presented below, while a detailed description can be found in the help files
attached to the Matlab applications.

C-1 Regular inspection scheme

In order to investigate the performance of the regular inspection scheme (see section
3.1.1) applied to the corroded surfaces generated by the gamma and Poisson model, two
applications were developed. They allow comparing the effectiveness of this scheme for
different values of its parameter- the inspection coverage. The gathered results are presented
in forms of the cumulative distribution functions of the real maximum defects and the
maximum defects recorded among inspected points. The histograms of differences between
the real maximum defects and the maximum defects found during inspection are created
additionally. The values and a plot of the unreliability function are presented for the purpose
of the performance analysis. The next figure (Figure C-1) shows an example of the results
obtained by running one of the mentioned programs, when the corroded surface was created

using the gamma model.
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) regular_Inspection_Scheme_Gamma_Interface
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Figure C-1 Example of the simulation results of the regular inspection scheme applied to the
corrosion surface generated by the gamma model.

C-2 Adaptive inspection scheme

For the adaptive inspection scheme application purposes (see section 3.2.1), two
Matlab routines were created. These computer codes generate the corrosion surfaces using
the gamma or Poisson model and implement the mentioned inspection scheme. In both cases
two options are possible. First, it generates the designed surface (with parameters
determined by the user) and performs the adaptive inspection scheme several times until one
of the termination conditions (also specified by the user) is satisfied. As an output the last
three inspection steps represented by the previous, the adaptive and the total inspection
surfaces are shown (Inspection Total button). Moreover, the histograms of all defect depths
and the inspected defect depths are created and plotted.

On the other hand, a second option (Inspection step button) allows seeing how the
whole inspection procedure is carried out step by step. After each inspection stage (from its
initial to termination level) three plots representing the previous, the additional and the
overall (after current inspection step) surfaces are created. In addition, the percentage of the

coverage so far inspected and a maximum depth among the new inspected points are
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displayed. The latter gives the eventual indication of a necessity of further inspection or
confirms its termination. This routine option returns also histograms of all defect sizes and
defect sizes inspected so far (in terms of their depths). Of course, reaching one of the
termination conditions the final inspection results are presented and a message about its
termination is displayed.

Two figures below contain results created by the mentioned routines for the gamma
and Poisson surfaces (Figure C-2a and Figure C-2b, respectively).

<} Gamma_Adaptive_Inspection

k= a= b= p= q= d= hing =

25 145 05 2 os 0s 20

Critical Defect =

4

Maix Percentage =

05

Extenzion Criterion =

1

Inspection Step

Previously inspected surface

Hist of true and found defects
0

‘ Inspection Total

Previously inspected surface
5

5 25
15 20 20
| B 50 15
hs 10 10
i “ s i 4
5 10 15 20 25
e 5 10 15 20 25 e & 10 15 20 25
4+ i Additionally inspected points 032 2 ;
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o e 066132 o
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b 1 P 20
. il f Je, A
A QLWQ - g 15
20 10 Reason of termination of inspection 10
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Figure C-2 a) Example of the adaptive inspection procedure performed using Matlab

& 10
Overall inspected suface

1B 20 25

application for the gamma corrosion surface.
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INPUTS
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Figure C-2 b) Example of the adaptive inspection procedure performed using Matlab
application for the Poisson corrosion surface.

The performance of the adaptive inspection scheme was investigated with respect to
the extension condition parameter. The simulation experiments were performed with help of
two applications: one designed for the corroded surfaces generated by the gamma model and
one for the surfaces generated by the Poisson model. Both of them create the histograms of
the number of additional inspections and the histograms of the inspected coverages for the
applied values of the extension condition. Moreover, the probability of undetected defects of
this scheme is calculated for the latter values. The unreliability function of the regular
inspection scheme (for determined values of the inspection coverage) allows the comparison
of performance of these two sampling inspection methods.

Figure C-2c illustrates an example of simulation results that are created by the Matlab
program designed for the performance analysis of adaptive inspection scheme with surfaces

generated by the Poisson model.
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Figure C-2 c) Example of the simulation results for AIS performed using Matlab application for

the Poisson corrosion surface.

C-3 Sequential random scheme

The simulation experiments of the sequential random scheme (see section 3.3.1)

were performed with help of two Matlab applications (one for the gamma fitting method and

one for the GEV fitting approach). Both of them create the histograms of the total inspection

coverages and histograms of the number of inspection steps for given values of the initial

inspection coverage parameter. These programs calculate also the un-detection probability of

the critical defect (the so-called unreliability function) and plot this value as a function of the

mean inspection coverage. Moreover, the unreliability function of the regular inspection

scheme allows comparing the performance of both inspection schemes.
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<) Extreme_Yalue_Gamma_Simulation_Interface

R -:lization

gamma

1}
0 1 23
Maximum Defect = [0 40qq |

» coordinate =
[0
yooordnate= [ o
Esib = 0001134

2
15
1
0s

Percent of total cover Ini Insp1

Mumber of insp Ini Insp1

Cover when wrong accept Ini Inspl
0.4

k= a= b= p= 4= d= hing = Critical Defect = |nitial Inspect Cover = Coverage of RIS = Allowable Probabilty =  albhatest=  Simulations =
5 15| [os] [ 2 05| ‘as| [0 ] [a | | o101z02 [ 01020507 | w0 | [oms [25
RUM Simulation CLE&R ] ’ Help Time: = |g.32293 |

Unreliab of RIS

20 10
10 5 |
gL B i
0 05 i 5 3 4

FPercent of total cover Ini Insp2
30

Nurnber of insp Ini Insp2

-1

unreliahility

o
R

0 10

Cover when wrong accept Ini Insp2
1

20

3

o

20 10
0
10 5 I
- - i A
0 0s T 2 3 470 m 20 3

Percent of total cover Ini Insp3

Mumber of insp Ini lnsp3

0

a0

Cover when wrong accept Ini Insp3
1

20 10
0
10 & I
oL 1l 0 B
0 0.5 1 1 2 & 4 0 10 20 30
Mean Inspected Coverage = Mean number of insp steps =
0.87757 [ 22 218 208

| 088788 0.8697

] 05 1
Unreliabilty of RIS

lozz 012 01z oos |
Unrelighilty cower!
] Ju]
Unrelighilty cowver2
o]

Unreligbility cover3

0

Figure C-3 a) Example of the simulation results for SRS performed using Matlab application

for the corrosion surface generated by the Poisson model.

To illustrate how the sequential random scheme procedure is performed step by step

two additional programs were designed. They give the graphical representation of the

inspected surface points, create the histograms of all and inspected defects, and plot the

fitted and extrapolated distributions,

what can

give some

indication about

the

appropriateness of the assumptions (independence and homogeneity) used within this

sampling scheme. The goodness of fit of mentioned distributions can be verified by the

displayed value of the Kolmogorov-Smirnov test and the p - value.
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Figure C-3 b) Example of the sequential inspection procedure with the gamma fit distribution.
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APPENDIX D

List of informal definitions and abbreviations used in the thesis

Steps - a parameter of the Poisson model for generating corroded surfaces. It expresses the

maximum allowable difference in corrosion level between neighboring locations.

the critical defect size - is a defect size defined in advance by the inspector and depends on

the considered surface. Existence of a pit depth of this size is equivalent with component

failure and the surface is judged as a defective one.

the extension condition - a parameter of the adaptive inspection scheme that forces the

inspection extension. A defect with depth smaller than this value is considered as not
dangerous for the considered component, for example, it can be regarded as inherited
unevenness of surface. On the other hand, finding the pit bigger than the extension
parameter results in additional inspection. This parameter (also denoted by th1) is specified
by the inspector before the inspection process is carried out.

the number of wrong decisions - counts the number of situations when among the

inspected points the critical defect (defined below) was not recorded (found) while it was
present on the simulated surface. In other words, it counts the number of bad acceptance
decisions when after the inspection procedure the considered surface is judged as a good one
(without evidence of the critical defect) while it does not reflect the reality. This quantity
shows when the applied inspection scheme performs well, whether it results in a small

number of wrong decisions or possibly leads to severe consequences.

the unreliability function - a function of the mean inspected coverage that expresses the

non-detection probability of the critical defect. In different words, it gives a proportion of the

number of wrong decisions among performed simulations.

the SpT function - a function that is used for modeling the preferential locations for the

occurrences of the initial corrosion spots This function is defined on the surface S takes

values on the interval [0, 1] and expresses a probability that a particular location will be
affected by the corrosion initiation process.

the v function - a extension intensity function defined on the surface S . This
function, V(i, j) , takes values on [0, o) and determines the corrosion extension at the

particular location.
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RIS - the regular inspection scheme
AIS - the adaptive inspection scheme

SRS - the sequential random scheme
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