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Abstract: A challenging aspect of dynamic methodologies, such as the Dynamic Event Tree (DET)
methodology, is the large number of scenarios generated for a single initiating event. Such large
amounts of information can be difficult to organize in order to extract useful information. The scenario
dataset is composed of scenarios which contain information on the system components and the system
process variables, such as values of pressures and temperatures for the reactor coolant system and the
containment throughout the time period of the transient. In order to facilitate analysis, it can be fruitful
to accomplish two tasks: i) identify the scenarios that have a “similar” behavior (i.e. identify the most
evident classes), and, ii) decide, for each event sequence, to which class it belongs (i.e., classification).
It is shown how it is possible to accomplish these two tasks using the Mean-Shift Methodology. The
Mean-Shift methodology is a kernel-based, non-parametric density estimation technique that is used to
find the modes of an unknown distribution, which corresponds to regions with highest data density.
The methodology is illustrated by applying it to the DET analysis of a simple level controller.
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1. INTRODUCTION

The Event Tree (ET)/Fault Tree (FT) approach is a traditional tool for probabilistic safety/risk
assessment (PSA/PRA) not only for nuclear systems but also for the aerospace, chemical and
transportation industries. However, several concerns have been raised about the capability of the
ET/FT approach to treat the coupling between the plant physical processes and triggered or stochastic
logical events [1] which can have significant impact on the consequences of upset conditions and their
frequencies. Another concern is the contribution of epistemic uncertainties to the ordering of events
and consequences of upset conditions. As discussed in [2], a safety methodology has to be able to:

e model the dynamics of the system and, hence, needs to be coupled with system or plant
simulators,

model the exact time scale of the accident,

model the change of hardware component states,

model human interaction with the system dynamics, and,

handle epistemic and aleatory uncertainties.

Dynamic PSA/PRA methodologies respond to these needs by using advanced system simulators to
identify the timing of events and to account for the coupling between triggered and/or stochastic
events [3, 4].

A challenging aspect of dynamic methodologies, such as the DET methodology [3], is the large
number of scenarios generated for a single initiating event. Such large amounts of information can be
difficult to organize for tractable analysis. In particular, as part of the PSA/PRA framework, it is
important to identify the main scenario evolutions and the main risk contributors for each initiating
event. In this work, we want to address this problem of data analysis by aggregating the scenarios into
classes (or clusters) and analyzing the properties of the scenarios of each cluster.
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By scenario clustering we mean two actions:

1. Identify the scenarios that have a “similar” behavior (i.e. identify the most evident classes)
2. Decide for each event sequence which class it belongs (i.e., classification)

When dealing with nuclear transients, it is possible to analyze the set of scenarios in two possible
modes:

1. End State Analysis: Classify the scenarios into clusters based on the end state of the scenarios
2. Transient Analysis: Classify the scenarios into clusters based on the time evolution of the
scenarios

While the first mode has been widely used in the ET/FT analysis, the second one is only starting to be
considered in the recent years [5].

In this paper we will present a methodology that falls in the second category. In particular, we will
show how it is possible to classify transients generated by a DET algorithm [6].

2. THE MEAN-SHIFT METHODOLOGY (MSM)

The methodology that is presented here is based on the Mean-Shift algorithm which has been
described first in [7]. The MSM is a non parametric iterative procedure that shifts each data point to
the average of data points in its neighborhood in order to determine the cluster centers and to assign
each point to one cluster center only. By cluster center we mean a region with high observation density
(i.e., the modes of the data set).

In order to show how this methodology actually works, an example is illustrated here. Let us consider
a system whose dynamic can be described through 3 variables: time (t), pressure (p) and temperature
(T). Several scenarios generated as a consequence of a DET analysis are shown Figure 1 which
illustrates how these scenarios is may be distributed in the state space.
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Figure 1: Representation of several scenarios generated by a DET in a 3-dimensional space.

Without loss of generality, let us consider only the state of these scenarios at a particular time instant.
This operation is represented in Figure 1 as the projection of the scenarios onto the plane S(t).



Figure 2: Determination of a cluster centre in a 2-dimensional space
using a Mean-Shift algorithm.

At this point, the new data set consists of points distributed in a two dimensional space (i.e., R%). The
idea behind the MSM is to determine the cluster centers and to assign each point to one cluster center
only. By cluster center we intend a region with high point density. Starting form a generic point (i.e.,
point S, in Figure 2), the algorithm associates a circle (or a sphere, depending on the number of
dimensions of the state space) centered in that point. The radius of this area is identified as the
bandwidth (BW). The idea is to consider all the points that are inside this circle and determine the
center of mass of these points (point m(s,) in Figure 2). The center of mass is determined from
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where the function K(x) is often referred to as the Kernel.

The purpose of K(x) is to assign different weights to different points during the estimation of the
center of mass. Several Kernels can be used as illustrated in [9] and shown in Figure 3:
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Figure 3: Graphical representation of the: (a) 2-D Bi-weighted and (b) the Epanechnikov Kernel

The algorithm then moves the original point S, into the calculated position (point m(s,) in Figure 2)
and repeats the calculation of the center of mass for the points included in the circle having identical
value of bandwidth but now centered on m(s,). This operation stops when the distance between the



new center of mass and the old one is below a fixed threshold (point S, in Figure 2). When this
condition is reached:

e Point Sc is considered the center of a cluster
e The original point S, is uniquely associated to the cluster centered by point Sc.

When this procedure is repeated for all the points in the data set it is possible to obtain:
o the center of all the clusters and the list of all the points that belong to that specific cluster,

and,
o the cluster to which each point belongs (as mentioned, each point belongs to one cluster only).

3. SYSTEM UNDER CONSIDERATION

The first test for this methodology has been the analysis of the transients generated by the DET
applied to a simple level controller described in [7] (see Figure 4).
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Figure 4: Scheme of the water heated tank.

The liquid level is actively controlled through the actuation of three components: two inlet pumps and
one outlet valve, hereafter called Units 1, 2 and 3, respectively. Each unit is a multi-state component
operating either correctly ON or OFF, or failed ON or failed OFF. At t=0, the system is assumed to be
in its nominal state (Units 1, 2, 3 ON, OFF, ON, respectively), with equilibrium values of 30.93 °C of
the liquid temperature and 7 m of the level. The temperature of the liquid is assumed to have directl
known effect on the failure rates of the components. A power source heats up the fluid to keep it at the
nominal temperature. The control laws reported in [6] (see Table 1) act upon the state of the
components to keep the liquid level between 4 and 10 m, the lower and upper safety thresholds,
respectively.

Table 1: Control Laws for the level controller

Control laws

1 If the liquid level L drops under 6 m, Units 1, 2, 3 are put respectively in state ON, ON and OFF (if
they are not failed ON or OFF)

2 If the liquid level L rises above 8 m, Units 1, 2, 3 are put respectively in state OFF, OFF and ON (if
they are not failed ON or OFF)




Thus, two possible Top Events need to be considered, i.e. dry-out (level < 4 m) and over-flow (level >
10 m). In this DET analysis, the branching is dictated by the failure of the three active components
(i.e. Units 1, 2, and 3).

We then applied the Mean-Shift Methodology to the set of 619 transients generated by the DET.
4, SYSTEM ANALYSIS

Since our intent is to consider each transient as a single point in a multidimensional space, we
converted each transient into a vector where level (L) and temperature (T) are sampled every hour.
Thus, from a mathematical viewpoint, a generic transient x; can be seen as following:

x; = [L(0),T(0),L(1),T(1),-,L(n), T(n)] (4)
where n represents the number of times the variables have been sampled.
When dealing with nuclear transients, the nature and the range of the variables of interest may differ
significantly. This becomes particularly relevant when we define distance between points as specified
in Eq. 2 and 3. The idea is to find the optimal representation of the points in a general n-dimensional

space. In this respect, we decided to pre-process the data generated by the DET with a Principal
Components Analysis (PCA) [10]. We implemented PCA by using the following procedure:

1. Consider the matrix the matrix P which contains all the data generated by the DET:
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2. Subtract the mean for each dimension
3. Determine the covariance matrix C
_ 1 ppT
C = =) PP (5)

4. Evaluate the eigenvalues and eigenvectors of the covariance matrix C
5. Project the original data P into the eigenvector space

We then performed the Mean-shift analysis of the data projected into the eigenvector space and
converted the clusters generated obtained by the MSM into the original form.

5. RESULTS

Figures 5 and 6 show the cluster centers for the data generated by the DET for 2 different values of
bandwidth BW (i.e., BW =5, 2) for the 2 Top Events separately. As mentioned earlier, a cluster center
can be viewed as the representative scenario for a subset of scenarios (i.e., a cluster of scenarios)
where the size of the cluster itself depends on the chosen value of BW. With a broader value of BW,
the algorithm identifies only 6 different clusters while a narrower value of BW is able to identify a
larger numbers clusters (and hence refining the resolution of the clustering process).
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Figure 5: Cluster centers for over-flow (BW=5)
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Figure 6: Cluster centers for dry-out (BW=2)

6. CONCLUSIONS

In this paper, we presented a methodology to analyze the set of scenarios generated by the DET
methodology. An approach based on the MSM has been presented in order to find the cluster centers.
We also coupled the MSM with PCA analysis as a pre-processing tool in order to find the optimal
representation of the raw data. We applied this methodology to a set of DETs generated for a simple
level controller. The MSM allowed us to identify cluster centers for the both dry-out and overflow Top
Events.
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