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Abstract—The Federal Aviation Administration (FAA) has been
developing the Integrated Safety Assessment Model (ISAM) to
provide a baseline risk assessment for the National Airspace
System and to evaluate the safety impact of proposed changes to
the system. ISAM consists of a set of event sequence diagrams
and underlying fault trees for various accident scenarios. In the
current model, all basic events in the fault trees are assumed to
be independent. However many basic events throughout the
model appear with the same descriptive label. Such events might
have some dependence, rather than being completely
independent as is currently assumed. This paper evaluates the
dependency between basic events having the same label in order
to see the overall impact on accident risk. A common cause
failure (CCF) methodology is applied to the event sequence
diagrams (ESDs) in ISAM. A modified beta-factor model is
applied, and a binary decision diagram method is implemented
to evaluate end-state frequencies of an ESD. Accounting for
CCFs, this paper observes a wide range of changes in accident
frequency relative to the current assumption of independent
events. Results for different ESDs range from a decrease in
accident frequency by 50% to an increase by more than a factor
of 1,000.

Keywords - risk assessment; aircraft accident; common cause
failure; beta-factor model; binary decision diagram

. INTRODUCTION

The Federal Aviation Administration (FAA) has been
developing the Integrated Safety Assessment Model (ISAM)
[1] to provide a baseline risk assessment for the National
Airspace System (NAS) and to evaluate the safety significance
of proposed changes such as new regulations, new vehicles or
planned changes in NextGen. ISAM models accident and
incident scenarios of the NAS through a set of event-sequence
diagrams (ESDs) and supporting fault trees. ISAM has a total
of 35 ESDs and 240 associated fault trees to capture all
possible accident scenarios. Each ESD contains a unique
initiating event, several end states and multiple intermediate
pivoting events. There are more than 3,400 fault-tree basic
events throughout ISAM [2]. Fig. 1 shows one example of an
ESD and the underlying fault trees. An end state occurs when
the initiating event occurs and the combination of pivoting
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events along the path to the end state also occurs. The
occurrence or non-occurrence of the initiating event and each
pivoting event in turn depends upon the outcome of a fault tree
underneath each event. Based on this structure, the outcome of
a particular end event can be modeled by an equivalent single
fault tree that combines the underlying fault trees for the
initiating event and pivoting events (or their negation) at the
top level via ‘AND’ gates.

All events in ISAM are currently assumed to be
independent. Reference [2], however, shows that many of the
pivoting events of the ESDs and basic events of the fault trees
in ISAM appear multiple times, at least in the sense that the
node labels are the same. For example, there are more than
3,400 basic events in the fault trees, yet there are only 226
unique labels for these events. Several labels appear more than
150 times across all ESDs, which means that these labels
appear multiple times in a single ESD. In Fig. 1, for example,
the basic event of ‘No warning system in place-ATC’ appears
at two different points in the fault trees underlying a single
ESD.

Reference [2] assumes that events having the same label in

ESD US.35: Conflict with terrain or obstacle imminent
Data Dictionary

Flight crew does not
execute avoidance
Conflict with terrain or ATC does not resolve maneuver Controlled flight into
obstacle imminent yes the conflict yes successfully yes terrain or obstacle
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imminent collision per flight
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_noj flight

No warning system| __. .
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in place-ATC

Figure 1. Example of ESD and fault trees in ISAM




ISAM are the same event — in other words, if an event occurs
in one part of the model, then any event elsewhere in the model
with the same label must also occur. This assumption was
made to conduct a first-pass sensitivity analysis on parameters
in the model. However, such an assumption is not correct in
the sense that each event is really a conditional probability
predicated on the upstream events in the tree. For example,
two pivoting events with the same label of “Flight crew does
not maintain control”, where one event occurs after initiating a
rejected approach whereas the other event occurs without
initiating a rejected approach, are different events, since they
correspond to different phases of flight. On the other hand,
assuming same-label events are completely independent may
not be accurate either since if a basic event occurs in one
situation, the other basic event having the same label might
occur as well due to a similar cause.

Since existing dependency between those events having the
same labels may cause significant impacts on risk
quantification results, more attention should be given to events
that could occur simultaneously due to a common cause. The
objective of this paper is to apply a Common Cause Failure
(CCF) methodology to ISAM in order to see the impacts of
dependency between basic events having a same label. The
analysis in this paper also varies the level of the dependency to
see the sensitivity of CCFs in ISAM.

The rest of this paper is organized as follows: A literature
review on CCF analysis and fault tree quantification is
described in the next section. Then the analysis methodology
used in this paper is illustrated with a simple example. Results
are given for different types of CCF. The last section provides
conclusions.

Il.  LITERATURE REVIEW

A. Common Cause Failure Analysis

A common cause failure (CCF) is defined as a set of
dependent events in which two or more component fault states
exist at the same time, or in a short time interval, and are the
direct result of a shared cause [3]. In the 1980’s, the
comprehensive Probabilistic Safety Assessment (PSA) of
nuclear power plants demonstrated the significance of CCFs
[4]. The aviation industry has also paid attention to CCFs [5].
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Figure 2. Beta-factor model

Several parametric models for common cause failures have
been introduced. One of the most commonly used CCF models
is the beta (f)-factor model, which was introduced by Fleming
in 1974 [6]. The beta-factor model assumes that all
components in a CCF group are identical with a constant
failure rate of . Each component can fail in one of two ways —
either as an independent failure or as part of a group failure in
which all components within the group fail. (Failures of
subsets of the group are not considered in the model.) The
components fail independently with rate (1 — B)A and the group
fails with rate B. Thus the total failure rate of each component
is A, regardless of the value of B. If B = 0, the component
failures are completely independent. If B = 1, the components
are perfectly correlated — they survive and fail collectively as a
group. Fig. 2 illustrates the concept of the beta-factor model.

Other CCF models include the basic parameter model
(BPM), the alpha (o)-factor model, the multiple-Greek-letters
(MGL) model, and the binomial failure rate (BFR) model [4].
Each model has a different way to calculate the probability Qy
of a failure involving k specific components. BPM estimates
the quantity of Qy directly while the others use intermediate
parameters, e.g., alpha (a) or beta (f), to calculate the
probability Qy. In this paper, the beta (f)-factor model is
chosen for use (with some modification) because not only it is
one of the most commonly used CCF models but it is also
simple and easy to understand [6]. More detailed models have
potentially more modeling power but also require more data to

apply.
B. Fault Tree Quantification Method

The conventional gate operations to evaluate a fault tree are
not appropriate if there are dependencies between basic events
in a fault tree. A cutset-based method is one way to compute
the top event probability of a fault tree. A cutset is defined as a
set of basic events whose occurrence ensures that the top event
occurs. A cutset is said to be minimal if the set cannot be
reduced without losing its status as a cutset [6]. A cutset
method begins by finding the minimal cutsets. Then, it
evaluates the probability of the union of every minimal cutset
C; to obtain the system unreliability Ugy [7]:

Usys = Pr(U? Cy). (1)

In order to evaluate (1) the inclusion-exclusion principle,
which is the rule for computing the probability of the union of
two events, is commonly applied [7]. A difficulty in applying
this method to ISAM is that the inclusion-exclusion
calculations involve a huge number of minimal cutsets. Similar
computational challenge exists when other cutset-based
methods (e.g. sum of disjoint products [7]) are applied.
Nevertheless, summing up the probability of each minimal
cutset can provide an upper bound on the system unreliability.

Another way to compute the top event probability of a fault
tree is to use Binary decision diagrams (BDDs). The BDD



method is a relatively recent method to solve a fault tree model
for the system reliability analysis [8, 9]. Introduction of BDD
in the reliability analysis field has improved accuracy and
efficiency in fault tree analysis [10, 11]. According to [8], the
BDD method changes the analyzing fault trees process
significantly: 1) minimal cutsets are not necessary to evaluate a
fault tree, 2) BDD provides the exact result of top-event
probability, but it also has a disadvantage that the size of BDD
can increase exponentially as the worst case. More detailed
explanation of the BDD method is in the methodology section
with a simple example.

I1l.  METHODOLOGY

This paper presents a modified version of the beta-factor
model to evaluate fault trees and ESDs in ISAM. The detailed
methodology is described in this section using a simple
example. Fig. 3 shows an example ESD and associated fault
trees. A fault tree is located underneath each event in the ESD
so that each event occurs by failure of its supporting fault tree.
In the example, basic events ‘D1’ and ‘D2’ underneath
pivoting event 1 are assumed to have the same label. These
basic events may fail simultaneously due to a common cause
or independently by different causes.

A. Beta-factor Model

The beta-factor model (Fig. 2) assumes that all elements in
a group fail with the same rate. One issue in applying this
model to ISAM is that common-label events do not always
have the same baseline failure probability. For example, the
two basic events having a label of ‘No warning system in
place-ATC’ in Fig. 1 have probabilities of 2.45E-6 and 1.44E-4
respectively. In some cases, some same label events even have
zero probability [2]. In order to resolve this issue, the following
assumption is made: The minimum failure probability among
the probabilities of events that have a common label is the
maximum failure probability due to CCF. For example, if we
have three components (a, b and c), and the failure
probabilities of each component are 0.1, 0.2 and 0.3
respectively, then the maximum failure probability due to a
CCF for these three components is 0.1, which is the minimum
failure probability among the components (Fig. 4). As a special
case, if some of the components in a group have zero failure
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Figure 3. Example ESD and underlying fault trees
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probability, then the components having zero failure
probability in the group fail as purely independent events.

In order to apply the beta-factor model, basic events that
have a same label are split into two sub-basic events, one for
independent failure and the other for common cause failure,
which are combined with an ‘OR’ gate. In Fig. 3, for example,
basic events ‘D1’ and ‘D2’ are same-label events. Each of
these is split into two sub-basic events. The probabilities of
newly generated sub-basic events, ‘Ind.D1’, ‘Ind.D2’ and
‘CCF’ in Fig. 3, are calculated by solving the following system
of equations

B = Pr(CCF)/[Pr(ind.D1) + Pr(CCF)] 5
{Pr(Dl) =1—[1 - Pr(ind.D1)][1 — Pr(CCF)] 2)

The first equation defines beta (f) as the ratio of a CCF failure
to the total failure rate of the component. The second is the
logic gate equation of ‘OR’ gate. Given 3, Pr(D1) and Pr(D2),
where Pr(D1) < Pr(D2), the system of equations is solved to
obtain Pr(CCF) and Pr(ind.D1) are obtained as follows:

0, (B=0)
Pr(CCF) = 1- 1—423((11_—;;)}’%1)1)’ 0<p<1) 3)
Pr(D1), B =1
. Pr(D1)-Pr(CCF
Pr(ind.D1) = % &)

Then, similar to (4), Pr(ind.D2) is calculated by solving a logic
gate equation for ‘D2’.

Pr(D2)—Pr(CCF)

Pr(ind.D2) = Pr(Ccr)

)

B. Binary Decision Diagram (BDD) Method

A BDD is a directed acyclic graph based on Shannon’s
decomposition of a Boolean function. A BDD is composed of
terminal nodes which indicate system success (value 0) or
system failure (value 1) and non-terminal nodes corresponding
to basic events of a fault tree. Each non-terminal node has two
out-branches: One is called the 0-branch representing the non-
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Figure 4. Modified beta-factor model



occurrence of a basic event (working state). The other is called
the 1-branch representing the occurrence of the basic event
(failed state). The BDD method converts a fault tree to a binary
decision diagram encoding an if-then-else (ite) structure [10].
‘ite(x, f1, f2)’ means that if X is true, then consider function f1,
else consider function f2, where x is a Boolean variable. Fig. 5
and Fig. 6 illustrate procedures to convert a fault tree to a BDD
summarized in [11] using the example fault tree under
‘Pivoting Event 1’ in Fig. 3.

The first step is to assign each basic event in the fault tree
the ite structure, ite(basic event name, 1, 0), which means that
if the basic event occurs, then the system fails, else the system
works. At the second step, gates and the top event are
considered in a bottom-up manner, e.g. Gatel = D1<+>F1.
Lastly, every gate and the top event is rewritten in terms of an
ite structure of basic events by the following operation rules.

e Forevent A>B let J=ite(A, S1, S2) and H= ite(B, U1,
U2); then J<op>H = ite(A, S1<op>H, S2<op>H)

o If A=B, i.e. let J= ite(A, S1, S2) and H= ite(A, UL,
U2); then J<op>H = ite(A, S1l<op>U1, S2<op>U2)

e 1<>H=H,0<>H=0,1<+>H=1,0<+>H=H

Examples of the operation rules applied to the example are
as follows:

o D1=F3<+>F2 =ite(CCF, 1, 0) <+>ite(ind.D1, 1, 0)
= ite(CCF, 1, ite(ind.D1, 1, 0))

e (Gate2 = D2<>F4
= ite(CCF, 1, ite(ind.D2, 1, 0)) <> ite(E, 1, 0)
= ite(CCF, ite(E, 1, 0), ite(ind.D2, ite(E, 1, 0), 0))

The ultimate ite structure for the top event of the fault tree
is obtained by operations for all gates which are conducted
from the bottom to the top of the fault tree. The top event ite
structure represents the BDD of the fault tree. Fig. 6 shows the
BDD of the example fault tree, and the ite structure for the top
event, which is ‘Pivoting Event 1°.

<op> : Boolean operation

<+>:*OR’ gate Pivoting | TOp = Gatel <-> Gate2
- 5 Event 1
<>:'AND’ gate

Gatel = D1 <+>Fl1 Q

Gate2 = D2 <->F4

F2=ite(ind. D1, 1, 0)
F3=ite(CCF, 1, 0)

F5=ite(ind. D2, 1, 0)
F6=ite(CCF 1, 0)

Figure 5. Conversion to BDD (1)

Pivoting Event | = ite(CCF ite(E, 1. 0)),ite(ind D1, ite(ind D2, ite(E, I, 0), 0), ite(C, ite(ind. D2, ite(E, 1, 0), 0), 0)))

Pivoting

Fault Tree BDD

Figure 6. Conversion to BDD (2)

In a BDD, paths from the top event to a terminal node with
a “1” represent the conditions for occurrences of the top event.
For example, in Fig. 6, the occurrence of the CCF and event E
will cause the top event to occur. In order to evaluate the
probability of the top event in a fault tree, all disjoint paths
leading to a terminal node with a “1” need to be tracked, e.g.,
{CCF, E}, {non CCF, ind.D1, ind.D2, E}. Secondly, the
probability of each disjoint path is computed by multiplication
of the probabilities of the basic events failure or success in the
path. For example, the probability of the path {CCF, E} is
multiplication of the probability of the CCF occurrence and the
probability of event E. Lastly, the probability of the top event
occurrence is obtained by summing the probabilities of all
disjoint paths in the BDD [12].

To analyze an ESD, i.e., to calculate the end-state
probabilities in an ESD, occurrences and/or non-occurrences of
the pivoting events in the path leading to an end-state need to
be considered. In Fig. 3, for example, the end state 2 occurs if
the initiating event occurs and pivoting event 1 does not occur
and pivoting event 2 occurs. That is, {End-state 2} = {Init’
event} N {non-occurrence of PE1} N {occurrence of PE2}.
The BDD methodology provides another advantage of
converting a fault tree to a success tree, which indicates the
non-occurrence case of a pivoting event. This conversion needs
many complicated steps in the tree structure, e.g. conversion of
failure probabilities to success probabilities, and “AND” gates
to “OR” gates. In the BDD form, however, it needs only one
step, converting terminal nodes with a “0” to a “1” and vice-
versa. The converted BDD, which represents a success tree, is
called the Dual BDD (DBDD) [12].

C. ESD analysis method

In order to apply the BDD methodology to an event tree
with multiple underlying fault trees, we use the algorithm
suggested by [12]. The algorithm is summarized as follows:

e  Convert each underlying fault tree in an event tree to a
BDD.

e Convert BDDs to DBDDs for non-occurrence case.

¢ Find paths to each end-state in an event tree.



e Construct the combined BDD with BDDs and/or
DBDDs in the path for each end-state.

e Evaluate the combined BDDs in ESD.

Fig. 7 shows the combined BDD for the end-state 2 in Fig.
3. Each path, which ends in a terminal-1 node from the top of
the BDD, represents the combination of occurrence/non-
occurrence of basic events in the ESD for end-state 2 to occur.
One example path which will cause end-state 2 to occur is
{occurrences of CCF, A, B, and F, and non-occurrence of E}.
There are two more similar BDDs corresponding to the other
two end-states.

IV. RESULTS

In this section, we apply the beta-factor model to several
ESDs in ISAM to see the effects of dependency between basic
events having the same label. Three different examples are
discussed — one involves a single CCF within one ESD and
two involve multiple sets of CCFs with an ESD. CCFs across
different ESDs are not considered.

A. Single CCF

The simplest application of the beta-factor model is to an
ESD with two same-label events located within a single fault
tree. The example ESD is US-31 which is initiated by the event
that two aircraft are positioned on collision course in flight.
The selected common label is ‘Flight crew fails to respond
correctly’, which appears twice in the fault tree under the
pivoting event of ‘US31cl’. Fig. 8 shows the example ESD
and the underlying fault tree of the pivoting event US31cl
(there are also fault trees underneath the other events, which
are not shown). Note that this ESD contains additional same-

Figure 7. Example: Combined BDD for End-State

1.16E-06 0.0642 0.0642
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(Us31a1)

|

T98E-09

Aireraft continues
Flight
31d2_0 B
6.995E-08

Aireraft continues
Flight
531c2

Flight crew does not
resolve the conflict
(Us31c1)

1.090E-06

Flight crew fails to respond correctly

Figure 8. ESD US-31 and underlying fault tree of US31c1

label events, but we are only considering a single pair for this
first example. The numbers in the figure are baseline
frequencies in ISAM.

Table | shows how changes in the CCF parameter § impact
the probability of the pivoting event (US31cl) and the
frequencies of the two end-states, ‘mid-air collision’ and
‘continue flight’. When = 0, the component events are
independent, which is the current assumption used in ISAM.
When B = 1, the CCF component events are completely
dependent. The total failure probability of each commonly
labeled event remains the same, regardless of . The table
shows that the frequency of mid-air collision increases by
almost 10% from the current frequency if complete
dependency between the selected basic events (B = 1) is
assumed. As expected, even a single CCF between basic events
having a same label increases the pivoting probability, which
causes the accident frequencies to increase.

TABLE 1. CHANGES IN PIVOTING PROBABILITY AND END-STATE
FREQUENCY WITH VARIOUS BETAS

Beta US3lel (mig-sasi: iiﬁ(i)slion) (coﬁiiluizﬁ?gzht)
0.00 0.0642 4.80E-09 7.00E-08
0.25 0.0655 4.90E-09 6.99E-08
0.50 0.0671 5.01E-09 6.97E-08
0.75 0.0687 5.14E-09 6.96E-08
1.00 0.0703 5.26E-09 6.95E-08

B. Multiple CCFs (1)

The number of basic events in an ESD varies from dozens
to hundreds. Each ESD typically has multiple labels that are
observed multiple times (see Appendix for a complete list). For
example, in ESD US-31 (the ESD in the previous example,
Fig. 8), there are 18 different labels that appear multiple times,



including the same-label pair considered in the previous
example. Half of the labels appear in multiple underlying fault
trees, e.g. “‘ATC technical equipment failure’ appears twice in
US3lal and once in US31bl. Half of the labels appear
multiple times in only a single fault tree. We now consider the
impact of multiple CCFs on this ESD.

With multiple CCFs an additional assumption is made. The
issue is that, theoretically, different basic event labels can have
different CCF ratios, which is beta. This means that dozens
more betas, e.g. B, B, and so on, are needed. It is
computationally very expensive to consider all combinations of
betas, and it may be challenging to interpret the results. Thus, it
is assumed that all common basic event labels in an ESD have
the same CCF ratio () at a time.

Fig. 9 shows changes in the end-state frequencies as well as
the initiating event frequency when multiple CCFs are
assumed with different betas. As dependency between same-
label basic events increases, the frequency of mid-air collision
increases significantly from 4.80-10” to 1.02-10°°. Not only the
accident end-state frequency increases but also the initiating
event frequency increases. This is because many of the
common labels appear multiple times in the fault tree of the
initiating event.

Accounting for CCFs can also cause the initiating event
frequency to decrease. For example, Fig. 10 shows the results
of a CCF analysis for ESD US-10, which is initiated by ‘Pitch
control problem during take-off’. Unlike Fig. 9, as beta
increases, the initiating event frequency decreases. The
decreasing trend occurs because the fault tree underneath the
initiating event consists entirely of ‘OR’ gates. In such a
structure, increasing the dependence between sub-events can
cause the top event probability to decrease rather than increase.
As an illustrative example, consider a fault tree with two basic
events, Al and A2, combined by an ‘OR’ gate with
probabilities of 0.1 each. If the basic events are independent,
then the top event probability is 0.1 + 0.1 — (0.1)* = 0.19.
However, if the basic events are completely dependent, the top
event probability is 0.1 which is smaller than 0.19 in the
independent case.
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Figure 9. Changes in frequency of end-states and initiating event
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Figure 10. Results of CCF analysis for US-10

A given ESD may have multiple ‘AND’ and ‘OR’ gates, so
there are competing effects. In ESD US-10, even though the
initiating event frequency decreases with increasing
dependence among same label effects, the final negative end-
state frequency still increases, as might be expected.

One observation is that the end-state frequencies are
approximately linear functions of beta in Fig. 9 and Fig. 10.
Mathematically, the relationship is not exactly linear because,
the CCF probability in (3) is not linear in beta. However,
changes in the frequencies are very close to linear in beta since
probabilities in ISAM are very small.

C. Multiple CCFs (2)

The second case for multiple CCFs analysis is a kind of
counter example of the first case that is explained in the
previous section. The selected example is ESD US-12 which is
initiated by the event of ‘Flight crew member spatially
disoriented’. This ESD has 9 different basic event labels
appearing multiple times across all fault trees in the ESD. One
interesting feature in this ESD is that any common label does
not appear more than once under the initiating event, and this
feature makes the CCF behavior different from the previous
ESDs (US-31 and US-10). This is important because common
labels appearing multiple times under the initiating event make
the frequency of the initiating event change when CCF analysis
is conducted.

Unlike Fig. 9 and Fig. 10, Fig. 11 clearly shows that
assuming CCFs on basic events having same labels results
large impacts on the accident frequency. The frequency of the
accident end-state, which is ‘collision with ground’, rises
rapidly from 4.79:10 to 6.89-10° when beta varies from 0.0 to
1.0, while the frequency of the initiating event stays the same.
The fraction of initiating events that result in an accident
increases from 0.024% for complete independence to 33.8%
for complete dependence, a factor increase of about 1,400.

D. Overall Results

Among 35 ESDs in ISAM, CCF analysis has been
conducted for 22 ESDs including ESDs that are presented in
the previous sections. The remaining 13 ESDs do not need to
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Figure 11. Results of CCF analysis for US-12

be analyzed since they have zero accident frequencies based on
historical accident data, so the CCF analysis currently has no
impact on the accident frequency. The computation time of the
CCF analysis for each ESD varies from seconds to even
several hours. It highly depends on the size of the constructed
BDD for each end-state, which depends on the number of basic
events, common labels and structure of fault trees.

Fig. 12 shows overall results of CCF analysis for 22 ESDs
in ISAM. In order to show how relatively accident frequencies
change by beta (), accident frequencies are normalized by the
baseline accident frequency under the assumption of
independence of all basic events (B = 0). Wide ranges of
changes in accident frequency are observed. The accident
frequency increases by 1,400 times compared to the baseline
value in ESD US-12 when = 1, while it decreases by about
50% in ESD US-01. A decreasing accident frequency is not
typically expected in a CCF analysis. However, in these cases,
the initiating event and/or pivoting events have underlying
fault trees that are constructed only by ‘OR’ gates, which
causes this effect to occur.

ESDs in ISAM can be grouped into two categories. The
first group is a set of ESDs in which there is at least one
common label appearing multiple times in the underlying fault
tree of the initiating event, and the other is a set of ESDs whose
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Figure 12. Results of CCF analysis (normalized value)

common labels appear at most once in the fault tree underneath
the initiating event. As explained previously, CCF analysis will
make the initiating event frequency change for the first group,
whereas the frequency will remain the same in the other group.
In Fig. 12, the solid lines are examples of the first group, and
the rest (dashed lines) are ones for the other group. There is no
certain trend in accident frequency changes by groups, but bias
due to changes in initiating event frequency in ESDs of the
first group (solid lines in Fig. 12) may be included.

V. CONCLUSIONS

This paper presented a way to apply a common cause
failure methodology to event sequence diagrams for aircraft
accident scenarios, which are developed in ISAM. CCF
analyses are conducted for basic events appearing multiple
times in underlying fault trees of individual ESD to see impacts
of dependency between basic events having the same labels.
The modified beta-factor model is applied, and a binary-
decision-diagram method is implemented to evaluate end-state
frequencies of multiple ESDs.

Assuming dependency between basic events having a same
label certainly impacts the frequencies of the end-states of an
ESD, e.g., a single CCF on ‘Flight crew fails to respond
correctly” can cause the frequency of mid-air collision to
increase by up to 10% (in ESD US-31). When there are
multiple CCFs in an ESD, the impact can be even more
significant. The accident frequency in ESD US-12 increases by
about 1,400 times compared to the current accident frequency
when all basic events having same labels are assumed
dependent. The CCF analysis in this paper causes changes in
the end-state frequencies as well as the initiating event
frequency when any basic event appears multiple times in the
underlying fault tree of an initiating event.
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APPENDIX

This appendix provides a sense of how many potential

CCFs exist within each ESD in ISAM. The second column is
the number of basic events in the fault trees of each ESD, and
the third column shows the number of labels that are unique
among the basic events within each ESD. The last column is
the number of labels that appear multiple times within each
ESD.

ESD # g\je?ii'c #oflabels | ¥ °f|;gg|‘;”°”
Uso1 323 43 28
US02 119 49 17
Us03 9% 24 17
US04 120 35 27
US05 94 26 17
US06 41 25 9
Us08 80 26 13
US09 89 28 17
US10 128 36 27
Usi11 167 42 18
US12 38 28 9
US13 119 23 19
US14 14 14

US15 31 26

US16 08 23 17
Us17 70 31 21
Us18 60 33 11
US19 150 51 30
Us21 172 51 25
US23 147 40 30
US25 131 44 18
US26 42 17 9
Us27 119 25 18

US31 79 37 18
US32 65 45 20
US33 123 34 30
US35 44 33 11
US36 116 61 37
US37 45 36
US38 21 14
US39 134 51 32
US40 151 53 28
uS41 134 51 32
usS42 47 38
uUs-43 47 38




