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Abstract: The implementation of integrated flood risk management (IFRM) is still in its infancy in
both developed and developing countries, yet some countries have already encountered barriers to
IFRM adaptation. The interrelationships between these barriers need to be determined and analyzed
systematically, as such an analysis is the groundwork for decision-making when devising solutions
to overcome the barriers. Interpretive Structural Modeling (ISM) is a popular and systematic method
for analyzing the interrelationship between variables in broad study areas. This study applies the pro-
posed expanded ISM (Ex-ISM) approach to comprehensively analyze the interrelationships between
the barriers to IFRM in Metro Manila. Ex-ISM enhances conventional ISM in that the symbolism is
modified to explicitly show the contextual interrelationships, the step for hierarchy assignment is
simplified, and the diagram shows all of the interrelationships that allow a comprehensive analysis.
The results obtained using the Ex-ISM method do not deviate from those yielded by the conventional
ISM method, but the Ex-ISM method allows an easy assignment of hierarchy, and it shows not
only the direct but also the indirect interrelationships to provide a comprehensive analysis of the
relationships between the barriers.

Keywords: barriers; integrated flood risk management; interrelationships; interpretive structural
modeling; expanded ISM; Metro Manila

1. Introduction

Integrated flood risk management (IFRM) has been increasingly implemented in many
developed and developing countries because the traditional approach to flood control
and prevention using structural measures or hard engineering interventions fails to cope
with the residual risks brought on by extreme weather events [1]. IFRM is a relatively
modern approach that includes non-structural measures, not only structural measures, the
non-structural measures being those that do not require any physical construction but use
policy, knowledge, and practice to reduce flood risks and impacts, in particular through
policies and laws, public awareness-raising, training, and education [2]. IFRM prioritizes
more non-structural measures as it aims to proactively manage flood risks by “keeping
people away from water” rather than “keeping water away from people” [3]. So far, most
research on IFRM heavily concentrates on the hydrological and hydraulic processes.

Among the megacities in Asia, Metro Manila, the Philippines’ center of political and
economic activities, is considered to be the most at risk of climate impacts, mainly due to
its exposure to tropical cyclones [4]. Flooding has been the most frequent natural disaster
and a major cause of destruction in Metro Manila, in which the most disastrous flooding in
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the last decades was brought by Typhoon Ketsana in September 2009 [5]. In the Philippines,
an IFRM Master Plan was established in 2012 after the onslaught of Typhoon Ketsana. The
transition to IFRM from traditional flood protection, however, had been difficult due to the
critical issues or obstacles identified as “barriers” that hindered a smooth adaption to this
approach. Therefore, identifying the barriers to IFRM adaptation is an essential task so that
decision-makers and practitioners can devise an appropriate, realistic course of action and
propose the required policy changes to overcome them.

In developed countries, the identified barriers are mostly related to governance and
include issues such as political opposition, economic tensions, fragmented governance
structures, and weak enforcement of building restrictions [1,6–10]. Meanwhile, the research
on barriers to IFRM adaptation in developing countries remains limited to almost no studies
except for authors’ previous study [5]. We have identified barriers to IFRM in Metro Manila,
and it is found that they are multifaceted and numerous, and some are unique and are
expected to be more severe and alarming than those found in developed countries [5].

After identifying the barriers to IFRM adaptation, understanding their interrelation-
ships is also crucial, since barriers are often interrelated with one another as they can
alleviate, augment, reinforce, or trigger one another [11]. A systematic analysis of barrier
interrelationships is imperative so that decision-makers can make a rational assessment
rather than an intuitive judgment when devising a plan to overcome the barriers. However,
the interrelationships between the barriers to IFRM adaptation have not been analyzed yet,
and there is no universally accepted framework within which such barriers are analyzed,
as far as the authors know.

One systematic approach that can be used for barrier analysis is the Interpretive
Structural Modeling (ISM) method. The ISM method is popular for analyzing the in-
terrelationships among issues, concerns, or variables in a complex problem. It offers to
translate ill-articulated variables in a problem into a structural diagram that shows the
contextual, direct interrelationships and the hierarchy among the variables. The advan-
tages of this method compared to other methods such as structural equation modeling
(SEM), the Delphi method, or the Analytic Hierarchy Process (AHP) include to following:
(1) no requirement for large or statistical datasets, whereas SEM requires a priori statistical
data [12], (2) fewer required experts, as even an individual can apply this method, whereas
SEM and the Delphi method gather data from a large number of experts/respondents [13],
and (3) the display of both the interrelation and the hierarchy (ranking) of the variables,
whereas the Delphi Method and AHP only shows the ranking [14,15]. These advantages
have contributed to its popularity in broad areas of study, such as systems engineering [16],
waste management [11,17], supplier selection [18,19], supply chain flexibility [20,21], and
knowledge management [22], among others. However, the ISM method has not yet been
applied to the barriers related to natural hazards and disaster risk reduction management,
such as IFRM. Consequently, we tried to apply the ISM method in order to analyze the
interrelationships between the barriers to IFRM adaptation in Metro Manila for the first
time, using the conventional ISM method with some modifications [5].

Since the development of ISM in the 1970s, there have been only minor modifications
or improvements to this method, and most studies have only applied the original ISM
method. Sushil [23,24] proposed three modifications in ISM, and the first two modifications
led to the modified approach called Total ISM (TISM). Sushil [23,24] proposed (1) the
interpretation of the links (arrows) in the ISM diagram using an interpretative matrix to
explain “why” or “how” the interrelationship exists, (2) the inclusion of significant indirect
interrelationships in the ISM diagram, and (3) the use of a simultaneous pairwise com-
parison and transitivity check to lessen the efforts for these repetitive tasks. Despite these
modifications, the numerical representations of the four types of contextual relationships
in ISM do not explicitly represent the active and passive interrelations because of the use of
binary values (0 and 1), which may intuitively indicate the non-existence or existence of a
relationship. In addition, identifying the hierarchy among the variables is a very tedious
task, especially when the number of variables considered becomes higher due to repetitive
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tasks in a step. For these reasons, we believe there is a need to modify some of the steps in
ISM so that analyzing the results of the interrelationships between the barriers to IFRM
adaptation, especially for developing countries, can become intuitive, straightforward, and
comprehensive. Hence, this study proposes an expanded ISM (Ex-ISM) approach that
enhances some of the steps in conventional ISM.

The primary objective of this study is to intuitively and easily determine the com-
prehensive interrelationships among the barriers to IFRM adaptation in Metro Manila
using the proposed Ex-ISM method. The following sections describe the barriers to IFRM
adaptation in Metro Manila and the proposed Ex-ISM method; elaborate on the application
of the proposed method to the barriers to IFRM adaptation in Metro Manila; present the
results and compare them with the results given by the conventional method; and give
the conclusions.

2. Materials and Methods
2.1. Barriers to IFRM Adaptation in Metro Manila

We conducted a literature review to identify the barriers to IFRM adaptation in Metro
Manila. Journal articles, books, and reports published in the last two decades that discuss
issues in flood management in Metro Manila were used to identify the barriers to IFRM
adaptation in Metro Manila. The reviewed articles related to Metro Manila’s flood problem
include 15 internationally published papers; 2 locally published papers in the Philippines;
3 project reports from the Department of Public Works and Highways (DPWH) completed
in 2000, 2004, and 2013; and 2 books that feature case studies from Metro Manila. The
barriers to IFRM adaptation in Metro Manila were noted if they are recurring issues
concerning flood management or are cited at least once in the literature.

As for the investigation’s results, 12 barriers to IFRM adaptation in Metro Manila were
identified and are shown in Table 1 with their descriptions, and these were categorized into
three categories: governance, social, and technological resources. The barriers identified
are relatively numerous, and some are unique to developed countries because of the
socio-economic conditions of a developing country.

The barriers presented in Table 1 are time-dependent and may vary for each location.
However, in this study, the identified barriers in Table 1 are given condition as materials for
both conventional and expanded ISM. Both approaches only deal with the interrelationships
among the given barriers, so they do not deal with the temporal and spatial issues among
them. The temporal and spatial issues will be considered in detail before applying in the
ISM methods. In this study, under the same given condition for both conventional and
expanded ISM, we attempted to compare how Ex-ISM is different from conventional ISM.

Table 1. Barriers to IFRM adaptation in Metro Manila, Philippines. (See Reference [5] for Details).

Category Barrier Description

Governance

G1 Lack of a sole organizing body

Fragmented governance in flood
management in Metro Manila because the current
institutional framework does not have a clear demarcation
of tasks among government agencies

G2 Lack of communication
Weak inter-agency communication and the lack of
information exchange and communication on the
local level

G3 Lack of funding Low funding for flood mitigation and control projects
G4 Lack of flood control measures Inadequate existing flood control infrastructures

Social
S1 Informal settlers Encroachment of marginalized communities in

flood-prone areas where they can live cheaply

S2 Poor solid waste
management Clogged waterways and drainages due to solid wastes

S3 Poor social planning Services provided by the government of the Philippines
are inadequate to address issues related to the community
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Table 1. Cont.

Category Barrier Description

Technological
Resources

T1 Lack of technological
capabilities

Absence of real-time flood forecasts, water level, and
rainfall depth updates

T2 Sparse data and limited access
Available hydro-meteorological information is thinly
distributed, is not automated, and is measured on a large
time interval only

T3 Lack of experts Lack of experts from government agencies and local
government units

T4 Lack of data processing
systems

No data processing systems, which resulted in
hydro-meteorological information just being stored and
not used for analysis

T5 Deterioration of flood control
structures

Deterioration of existing flood control structures (e.g.,
pumping stations, drainage systems, hydraulic control
structures) due to poor maintenance and poor solid waste
management

2.2. Expanded Interpretive Structural Modeling (Ex-ISM)

Warfield developed ISM in the 1970s [25,26]. ISM is a structural modeling method
that determines the interrelations between variables in complex issues or systems. ISM
transforms unclear and poorly articulated variables into a structural model or diagram by
employing discrete mathematics and elementary graph theory so that theoretical, concep-
tual, and computational leverage is efficiently exploited [20]. This method’s output is a
diagram showing interrelationships through directed links or arrows and the hierarchy
between variables. This ISM diagram aids users, decision-makers, or practitioners in visual-
izing, interpreting, and understanding the variables, which can help them devise solutions
to the problem [27,28].

This study proposes an expanded ISM (Ex-ISM) method, which enhances the numeri-
cal representation of the four contextual relations by expanding them from binary to trinary
values (0, 1, and −1). The trinary values can express active and passive interrelations
using 1 and −1, respectively. Expanded Boolean multiplication and addition operations are
introduced so that ISM can accommodate the calculation of trinary values. The proposed
Ex-ISM method further simplifies the tedious, repetitive tasks involved in assigning the
hierarchy (levels), and it aims to present comprehensive interrelationships among the
barriers by showing the indirect interrelationships, not only the direct ones, in the ISM
diagram. Indirect interrelationships indicates that, between two barriers with a direct
interrelationship, there may be another barrier that can be influenced by the two.

Fundamentally, conventional ISM has five steps [29], as shown in Figure 1. In the
proposed Ex-ISM approach, Step 1 and Step 2 are expanded, and Step 3 is simplified,
as depicted in Figure 1. The succeeding paragraphs discuss in detail the expansion and
simplification proposed in this study.
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Figure 1. Flow chart of the ISM method with the simplified approach.

2.2.1. Step 1—Developing a Structural Self-Interaction Matrix (SSIM)

Pairwise comparisons between the identified variables are conducted first to develop
the SSIM. The pairwise comparisons can be conducted individually or in a group, so ISM
is often considered a group learning tool [30]. A contextual relationship of the “leads
to” or “influences” type must be chosen for the pairwise comparison [29]. In this study,
only five experts were asked to establish the SSIM because it is extremely difficult to find
experts with overarching experience in flood control and management in Metro Manila. The
5 identified experts have more than 20 years of experience and are members of the mandated
national government agency in charge of flood control planning and implementation in
the Philippines.

There are four types of interrelations based on the chosen contextual relationship
for the pairwise comparison, and four symbols represent these interrelations. In the
conventional ISM approach, the four symbols are V, A, X, and O, and these symbols are
used to fill up only the upper triangular half of the SSIM.

In this study, we changed the conventional symbolisms to provide meaningful repre-
sentations in the SSIM, and we also propose to fill up all of the cells of the SSIM (except
the diagonal, which is kept blank) with the new symbols in the Ex-ISM method. The
following are the new symbols used in Ex-ISM, which are based on the “influencing” type
of contextual relation:

1. The letter “V” is replaced with the symbol “+”, which denotes that variable i influences
variable j and j does not influence i.

2. The letter “A” is replaced with “-”, which denotes that variable i is influenced by
variable j and j is not influenced by i.

3. The letter “X” is replaced with the symbol “±” or “∓”, which means that variable i
and variable j influence each other.

4. The letter “O” is replaced with the symbol “0”, which means that variable i and
variable j are independent of one another.
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5. To fill up the lower triangular half of the SSIM, the corresponding passive pairwise
comparison SSIM(j, i) of the active SSIM(i, j) is filled with the corresponding passive
symbolism, i.e., if SSIM(i, j) = + or −, then SSIM(j, i)= − or +.

After eliciting the input of the five experts, an original SSIM is established and checked
for consistency, wherein consistency is considered a tally with a majority (three of the
more common responses in this study). For any inconsistent tally in the original SSIM, we
asked the experts to reconsider the relation in the pairwise comparison. After checking
the consistency, the resulting SSIM is referred to as the refined SSIM. The refined SSIM is
further summarized as the final SSIM by considering the majority response. This approach
addresses the handling of inconsistent data due to the experts’ inference. The final SSIM is
the only input for the following ISM method.

2.2.2. Step 2—Developing a Reachability Matrix (RM)

In this step, the final SSIM in Step 1 is transformed into an initial reachability matrix
(RMinit). The RMinit in conventional ISM is a binary-valued matrix in which the values
consist only of “1” and “0” to represent “an influence” and “no influence” relations between
variables i and j, respectively. The rules to convert the SSIM to the RMinit in the conventional
approach are as follows:

1. If SSIM(i, j) = V, then RMinit(i, j) = 1 and RMinit(j, i) = 0.
2. If SSIM(i, j) = A, then RMinit(i, j) = 0 and RMinit(j, i) = 1.
3. If SSIM(i, j) = X, then RMinit(i, j) = 1 and RMinit(j, i) = 1.
4. If SSIM(i, j) = O, then RMinit(i, j) = 0 and RMinit(j, i) = 0.
5. For the diagonal element SSIM(i, i), RMinit(i, i) = 1.

On the other hand, the proposed Ex-ISM method utilizes a trinary-valued matrix
(1, −1, and 0) to explicitly represent the four types of interrelations between variables i and
j. The following rules are introduced to convert the SSIM to RMinit:

1. If the SSIM(i, j) is “+”, then RMinit(i, j) is 1 and RMinit(j, i) is −1.
2. If the SSIM(i, j) is “−”, then RMinit(i, j) is −1 and RMinit(j, i) is 1.
3. If the SSIM(i, j) is “±” or “∓”, then RMinit(i, j) is ±1 or ∓1.
4. If the SSIM(i, j) is “0”, then RMinit(i, j) is 0.
5. For the blank diagonal element SSIM(i, i), RMinit(i, i) = ±1.

This new rule not only simplifies the transformation of the SSIM to RMinit but also
retains the interrelations from the SSIM and explicitly represents the active and passive
interrelations between variables i and j using 1 and −1 values, respectively. Subsequently,
a transitivity check is conducted iteratively in the RMinit to derive the final RM (RMfin).
The transitive relations in the RMfin suggest an indirect relation between variables i and
j. The conventional way to conduct the transitivity check is expressed by the following
equation [31]:

RMfin = RMinit
k = RMinit

k+1, k > 1 (1)

where k denotes the powers. Equation (1) is calculated using matrix Boolean multiplication
and addition operations. All transitive relations, i.e., 0 in RMinit(i, j) that changed into 1 in
RMfin(i, j), are conventionally denoted by one “*” in the RMfin.

On the other hand, the RMinit in the Ex-ISM approach is a trinary-valued matrix, so
the conventional approach to the transitivity check is not applicable. To cope with this, we
propose an expanded Boolean multiplication and addition for Ex-ISM, shown in Table 2, to
calculate the −1 values. Firstly, the RMinit is deconstructed into two matrices, +RMinit and
−RMinit. The following are the rules to derive these matrices:
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Table 2. Expanded Boolean multiplication and addition for Ex-ISM.

Multiplication Addition

× 0 1 −1 + 0 1 −1

0 0 0 0 0 0 1 −1
1 0 1 B 1 1 1 ±1/∓1 a

−1 0 B −1 −1 −1 ±1/∓1 a −1

B—blank; a—upper sign corresponds to the original relation in RMinit while the bottom sign corresponds to
transitive or indirect relation in RMfin.

1. If RMinit(i, j) has a positive sign, then +RMinit(i, j) = 1; otherwise +RMinit(i, j) = 0.
2. If RMinit(i, j) has a negative sign, then −RMinit(i, j) = −1; otherwise −RMinit(i, j) = 0.

Then, the transitivity check for +RMinit and −RMinit is expressed using the
following equations:

+RMfin = +RMinit
k = +RMinit

k+1, k > 1 (2)

− RMfin = −RMinit
k = −RMinit

k+1, k > 1 (3)

These two matrices are calculated using the expanded Boolean multiplication and
addition in Table 2. The matrix operation for +RMinit in Equation (2) is the same as that in
Equation 1, because it is a binary matrix. Thus, +RMfin is the same RMfin as the conventional
approach. In the Ex-ISM approach, the transitive or indirect relations are represented by
multiple “*” to distinctly indicate the number of iterations for the transitive relations,
whereas only one “*” is indicated in the conventional approach. Finally, in this step, the
obtained +RMfin and −RMfin are combined using the expanded Boolean addition operation
in Table 2 to derive the RMfin. For multi-signed 1 (±1 or ∓1) in Table 2, the upper sign
corresponds to the original relation in the RMinit, while the lower sign corresponds to a
transitive or indirect relation in the RMfin.

2.2.3. Step 3—Assigning Levels for Each Variable

The conventional approach to assigning levels to each variable is one of the most te-
dious steps in ISM, and it is incredibly taxing when the number of variables becomes larger.
The shaded part of Figure 1 shows the conventional ISM flowchart for Step 3. Following is
the description of the flowchart. Three sets for each variable i are first determined using the
RMfin: the “reachability set”, which consists of those variables that it influences and itself
(when variable j = 1 within its row i); the “antecedent set”, which consists of those variables
that influence it and itself (when variable i = 1 within its column j); and the “intersection
set”, which consists of the intersection between the reachability and antecedent sets. To
assign the levels, variables with the same reachability and intersection sets are assigned
to level I, and these level I variables are eliminated from the three sets to result in new
reachability, antecedent, and intersection sets. Then, this process is carried out recursively
until all variables are assigned to a corresponding level.

In the Ex-ISM method, we propose to simplify this step. Using the RMfin given by the
Ex-ISM method, the positive values, i.e., 1, are counted at each row of the variable i. The
counted value responds to the level for variable i. The highest level assigned to variable i is
the total number of variables considered for the analysis, while the lowest is 1. The levels
derived from the proposed Ex-ISM method have the same order as in the conventional ISM
method, but the magnitude of the levels is also considered.

2.2.4. Step 4—Developing a Conical Matrix (CM)

Using the RMfin and the assigned levels, a CM is derived by rearranging RMfin
according to the levels across the rows and columns. The CM is conventionally arranged
in an ascending order of the levels across the rows and columns, but we changed the
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arrangement into a descending order in the Ex-ISM method so that the ISM diagram can be
constructed according to the modified schematic described in the next step.

2.2.5. Step 5—Developing the ISM Diagram

The ISM diagram is drawn using the CM. The ISM diagram is a kind of directed graph
(or digraph) that shows a set of interconnected variables representing an interrelation while
also showing its hierarchy. In the conventional approach, only the direct interrelations
between the variables are shown in the ISM diagram, while indirect interrelations are
disregarded. The direct interrelations are represented by 1 in CM(i, j), while the indirect
ones have “*” attached to the 1. To construct the ISM diagram conventionally, an arrow is
drawn from variable i to j if CM(i, j) = 1, and the variables are arranged in ascending levels
from top to bottom.

By contrast, we also show the indirect interrelations in the ISM diagram of the Ex-ISM
method, because indirect interrelations may cause an underlying ripple effect or chains of
reactions to other variables [32]. A separate diagram for this is constructed similarly to the
diagram for the direct relations. In addition, descending levels are adopted to arrange the
ISM diagram in the Ex-ISM approach. This rearrangement depicts the ISM diagram in a
pyramid schematic, where the highest-level variables (most influential) are placed at the
top, while the lowest-level variables (least influential) are placed at the bottom. In this way,
the hierarchy among the variables is consistently depicted in the ISM diagram.

The ISM diagram in the Ex-ISM method shows the direct interrelationships as those
having a solid line arrow drawn from variable i to variable j if CM(i, j) has a positive sign.
As for the ISM diagram that shows the indirect interrelationships, an arrow is drawn from
variable i to variable j if CM(i, j) has a positive sign with “*”. The arrows are formatted into
varying broken lines or line types for “*”, “**”, “***”, and so on to distinguish them, which
was not done in the conventional approach.

3. Results and Discussion

The direct and indirect interrelationships between identified barriers to IFRM adapta-
tion in Metro Manila were established using the Ex-ISM method. The results given by the
Ex-ISM method are presented in the succeeding paragraphs, while the conventional ISM
results are shown in Appendix A.

For Step 1, the pairwise comparison between the 12 barriers was derived from the
5 experts engaged, and this is shown in Table 3 and called the refined SSIM. There are
five symbols in the refined SSIM, which correspond to each expert’s inference regarding
the pairwise comparison. For example, in refined SSIM(1, 2), there are four “+” symbols,
indicating that four experts inferred that barrier G1 influences barrier G2, while only a
single “-“ symbol indicates that one expert inferred that G1 is influenced by G2. This
refined SSIM was already checked for any inconsistency, so a majority response from the
five experts can be derived to come up with the final SSIM shown in Table 4. Contrary to
the conventional SSIM in Appendix A, Table A1, the final SSIM of the Ex-ISM method in
Table 4 is completely filled with the new symbols (+, −, ±, and ∓) that show the active and
passive interrelations explicitly. For example, the SSIM(1,2) in Table 4 is “+”, so SSIM(2, 1)
is “−”, which means that barrier G1 influences barrier G2 and barrier G2 is influenced by
barrier G1, respectively.
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Table 3. Refined Structural Self-Interaction Matrix (refined SSIM).

j 1 2 3 4 5 6 7 8 9 10 11 12

i
Category Governance Social Technological Resources

Barrier G1 G2 G3 G4 S1 S2 S3 T1 T2 T3 T4 T5

1

Governance

G1 +++
+-

+++
++

+++
+0

+00
00

++0
00

++0
00

+++
00

+++
++

+++
+0

+++
+±

+++
+±

2 G2 - - -
-∓

+++
+±

++0
00

+++
+0

++0
0+

+++
0±

+00
0±

+++
±±

-00
00

-00
00

+00
00

3 G3 - - -
- -

—
-∓

+++
-±

-00
0±

000
±±

+00
0±

+++
-±

+++
0±

+++
0±

+++
± ±

+++
±±

4 G4 - - -
-0

–0
00

—
+∓

+00
0±

+00
00

+++
00

+++
+±

+++
+±

++±
±±

+0±
±±

+++
++

5
Social

S1 -00
00

—
-0

+00
0∓

-00
0∓

+++
+±

+–
-±

000
00

000
00

000
00

000
00

000
0±

6 S2 –0
00

–0
0-

000
∓∓

-00
00

—
-∓

—
00

-00
00

000
00

-00
00

000
00

000
0±

7 S3 –0
00

—
0∓

-00
0∓

—
00

-++
+∓

+++
00

-00
00

-00
0±

—
00

000
±±

000
0±

8

Technological
Resources

T1 —
00

-00
0∓

—
+∓

—
-∓

000
00

+00
00

+00
00

+++
+±

++-
–

+±±
±±

+++
0±

9 T2 —
–

—
∓∓

—
0∓

—
-∓

000
00

000
00

+00
0∓

—
-∓

+–
–

+–
-±

+00
0±

10 T3 —
-0

+00
00

—
0∓

–∓
∓∓

000
00

+00
00

+++
00

–+
++

-++
++

+++
00

+++
00

11 T4 —
-∓

+00
00

—
∓∓

-0∓
∓∓

000
00

000
00

000
∓∓

-∓∓
∓∓

-++
+∓

—
00

0+0
++

12 T5 —
-∓

-00
00

—
∓∓

—
–

000
0∓

000
0∓

000
0∓

—
0∓

-00
0∓

—
∓∓

0-0
–

Table 4. Final Structural Self-Interaction Matrix (final SSIM).

i
j 1 2 3 4 5 6 7 8 9 10 11 12

Barrier G1 G2 G3 G4 S1 S2 S3 T1 T2 T3 T4 T5

1 G1 + + + 0 0 0 + + + + +
2 G2 − + 0 + + + 0 + 0 0 0
3 G3 − − + 0 0 0 + + + + +
4 G4 − 0 − 0 0 + + + ± ± +

5 S1 0 − 0 0 + − 0 0 0 0 0
6 S2 0 − 0 0 − − 0 0 0 0 0
7 S3 0 − 0 − + + 0 0 - 0 0

8 T1 − 0 − − 0 0 0 + − ± +
9 T2 − − − − 0 0 0 − − − 0
10 T3 − 0 − ∓ 0 0 + + + + +
11 T4 − 0 − ∓ 0 0 0 ∓ + − +
12 T5 − 0 − - 0 0 0 − 0 − −

For Step 2, the final SSIM is transformed to RMinit, as shown in Table 5. The transforma-
tion of the final SSIM to RMinit was more effortless with Ex-ISM than with the conventional
ISM method, because the SSIM of Ex-ISM is already filled with the new symbols. The
trinary values in Table 5 also retain the active and passive relations from the SSIM, e.g.,
RMinit(1, 2) = 1 indicates that barrier G1 influences barrier G2, while RMinit(2, 1) = −1
indicates that barrier G2 is influenced by barrier G1. In contrast, the binary values used
in the conventional RMinit, shown in Appendix A, Table A2, represent RMinit(2, 1) as “0”,
which does not distinguish whether there is an “influenced by” or a “no” relation. Then,
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the RMinit of the Ex-ISM method is first deconstructed into positive and negative initial
reachability matrices (+RMinit and −RMinit) before the transitivity check.

Table 5. Initial Reachability Matrix (RMinit).

i
j 1 2 3 4 5 6 7 8 9 10 11 12

Barrier G1 G2 G3 G4 S1 S2 S3 T1 T2 T3 T4 T5

1 G1 ±1 1 1 1 0 0 0 1 1 1 1 1
2 G2 −1 ±1 1 0 1 1 1 0 1 0 0 0
3 G3 −1 −1 ±1 1 0 0 0 1 1 1 1 1
4 G4 −1 0 −1 ±1 0 0 1 1 1 ±1 ±1 1

5 S1 0 −1 0 0 ±1 1 −1 0 0 0 0 0
6 S2 0 −1 0 0 −1 ±1 −1 0 0 0 0 0
7 S3 0 −1 0 −1 1 1 ±1 0 0 −1 0 0

8 T1 −1 0 −1 −1 0 0 0 ±1 1 −1 ±1 1
9 T2 −1 −1 −1 −1 0 0 0 −1 ±1 −1 −1 0
10 T3 −1 0 −1 ∓1 0 0 1 1 1 ±1 1 1
11 T4 −1 0 −1 ∓1 0 0 0 ∓1 1 −1 ±1 1
12 T5 −1 0 −1 −1 0 0 0 −1 0 −1 −1 ±1

The +RMinit and −RMinit are just the same as the positive and negative parts in
Table 5 when deconstructed, and these are operated on using the proposed expanded
Boolean multiplication operation for the Ex-ISM method in Table 2 to check the transitivity
and derive the final positive and negative reachability matrices (+RMfin and −RMfin) in
Tables 6 and 7, respectively. The +RMfin (Table 6) and −RMfin (Table 7) were combined
according to the proposed expanded Boolean addition in Table 2, which resulted in the
RMfin shown in Table 8. The number of “*” indicates the iterations for the transitive or
indirect relations, whereas only one “*” is indicated in the conventional approach, as shown
in Table A3.

Table 6. Final Positive Reachability Matrix (+RMfin).

j 1 2 3 4 5 6 7 8 9 10 11 12

i Barrier G1 G2 G3 G4 S1 S2 S3 T1 T2 T3 T4 T5

1 G1 1 1 1 1 1 * 1 * 1 * 1 1 1 1 1
2 G2 0 1 1 1 * 1 1 1 1 * 1 1 * 1 * 1 *
3 G3 0 0 1 1 1 ** 1 ** 1 * 1 1 1 1 1
4 G4 0 0 0 1 1 * 1 * 1 1 1 1 1 1

5 S1 0 0 0 0 1 1 0 0 0 0 0 0
6 S2 0 0 0 0 0 1 0 0 0 0 0 0
7 S3 0 0 0 0 1 1 1 0 0 0 0 0

8 T1 0 0 0 1 * 1 *** 1 *** 1 ** 1 1 1 ** 1 1
9 T2 0 0 0 0 0 0 0 0 1 0 0 0
10 T3 0 0 0 1 1 * 1 * 1 1 1 1 1 1
11 T4 0 0 0 1 1 ** 1 ** 1 * 1 1 1 * 1 1
12 T5 0 0 0 0 0 0 0 0 0 0 0 1
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Table 7. Final Negative Reachability Matrix (−RMfin).

j 1 2 3 4 5 6 7 8 9 10 11 12

i Barrier G1 G2 G3 G4 S1 S2 S3 T1 T2 T3 T4 T5

1 G1 −1 0 0 0 0 0 0 0 0 0 0 0
2 G2 −1 −1 0 0 0 0 0 0 0 0 0 0
3 G3 −1 −1 −1 0 0 0 0 0 0 0 0 0
4 G4 −1 −1 * −1 −1 0 0 0 −1 * 0 −1 −1 0

5 S1 −1 * −1 −1 ** −1 * −1 0 −1 −1 *** 0 −1 * −1 ** 0
6 S2 −1 * −1 −1 ** −1 * −1 −1 −1 −1 *** 0 −1 * −1 ** 0
7 S3 −1 * −1 −1 * −1 0 0 −1 −1 ** 0 −1 −1 * 0

8 T1 −1 −1 * −1 −1 0 0 0 −1 0 −1 −1 0
9 T2 −1 −1 −1 −1 0 0 0 −1 −1 −1 −1 0
10 T3 −1 −1 * −1 −1 0 0 0 −1 ** 0 −1 −1 * 0
11 T4 −1 −1 * −1 −1 0 0 0 −1 0 −1 −1 0
12 T5 −1 −1 * −1 −1 0 0 0 −1 0 −1 −1 −1

Table 8. Final Reachability Matrix (RMfin) and Levels of each barrier.

j 1 2 3 4 5 6 7 8 9 10 11 12
Level

i Barrier G1 G2 G3 G4 S1 S2 S3 T1 T2 T3 T4 T5

1 G1 ±1 1 1 1 1 * 1 * 1 * 1 1 1 1 1 12
2 G2 −1 ±1 1 1 * 1 1 1 1 * 1 1 * 1 * 1 * 11
3 G3 −1 −1 ±1 1 1 ** 1 ** 1 * 1 1 1 1 1 10
4 G4 −1 −1 * −1 ±1 1 * 1 * 1 ±1 * 1 ±1 ±1 1 9

5 S1 −1 * −1 −1 ** −1 * ±1 1 −1 −1
*** 0 −1 * −1 ** 0 2

6 S2 −1 * −1 −1 ** −1 * −1 ±1 −1 −1
*** 0 −1 * −1 ** 0 1

7 S3 −1 * −1 −1 * −1 1 1 ±1 −1 ** 0 −1 −1 * 0 3

8 T1 −1 −1 * −1 ∓1 * 1 *** 1 *** 1 ** ±1 1 ∓1 ** ±1 1 9
9 T2 −1 −1 −1 −1 0 0 0 −1 ±1 −1 −1 0 1
10 T3 −1 −1 * −1 ∓1 1 * 1 * 1 ±1 ** 1 ±1 ±1 * 1 9
11 T4 −1 −1 * −1 ∓1 1 ** 1 ** 1 * ∓1 1 ∓1 * ±1 1 9
12 T5 −1 −1 * −1 −1 0 0 0 −1 0 −1 −1 ±1 1

The results show that some barriers to IFRM adaptation have indirect interrelations
up to the third degree. Those values in Table 8 with “*”, “**”, and “***” signifies indirect
relations to the first, second, and third degree for barriers i and j, respectively. For multi-
signed (±1 or ∓1) indirect relations, the upper sign signifies the original sign in the RMinit,
while the lower sign signifies a transitive or indirect interrelation in the RMfin. In addition,
there are three barrier interrelations (RMfin = (4, 8), (8, 10) (10, 11) in Table 8) that become
multi-signed after the transitivity check. Such details are not specified in the conventional
ISM shown in Appendix A, Table A3.

For Step 3, the assignment of the levels for each barrier is much simpler in the Ex-ISM
method than in the conventional one, where a recursive process is necessary. We used the
RMfin in Table 8 to determine the levels by just counting the positive 1s in the rows for
each barrier. The counted values are assigned as the levels in the Ex-ISM method, which
are shown in the last column of Table 8. The tedious conventional process, in which nine
iterations were performed to assign a level for each barrier, is presented in Appendix A,
Tables A4–A8.

For Step 4, the levels and RMfin in Table 8 are rearranged in descending order across
the columns and rows to derive the CM in Table 9, whereas an ascending order is adopted
in the conventional approach shown in Appendix A, Table A9.
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Table 9. Conical matrix (CM).

Level 12 11 10 9 9 9 9 3 2 1 1 1

Barrier G1 G2 G3 G4 T1 T3 T4 S3 S1 S2 T2 T5

12 G1 ±1 1 1 1 1 1 1 1 * 1 * 1 * 1 1
11 G2 −1 ±1 1 1 * 1 * 1 * 1 * 1 1 1 1 1 *
10 G3 −1 −1 ±1 1 1 1 1 1 * 1 ** 1 ** 1 1
9 G4 −1 −1 * −1 ±1 ±1 * ±1 ±1 1 1 * 1 * 1 1

9 T1 −1 −1 * −1 ∓1 * ±1 ∓1 ** ±1 1 ** 1 *** 1 *** 1 1
9 T3 −1 −1 * −1 ∓1 ±1 ±1 ±1 1 1 * 1 * 1 1
9 T4 −1 −1 * −1 ∓1 ∓1 ∓1 * ±1 1 * 1 ** 1 ** 1 1

3 S3 −1 * −1 −1 * −1 −1 ** −1 −1 * ±1 1 1 0 0
2 S1 −1 * −1 −1 ** −1 * −1 *** −1 * −1 ** −1 ±1 1 0 0
1 S2 −1 * −1 −1 ** −1 * −1 *** −1 * −1 ** −1 −1 ±1 0 0
1 T2 −1 −1 −1 −1 −1 −1 −1 0 0 0 ±1 0
1 T5 −1 −1 * −1 −1 −1 −1 −1 0 0 0 0 ±1

Finally, for Step 5, the CM in Table 9 is used to draw the ISM diagram. Figure 2
shows two ISM diagrams, i.e., Figure 2a,b shows the direct and indirect interrelationships,
respectively. The conventional ISM diagram disregards the indirect interrelationships,
but showing indirect relations may provide a comprehensive analysis of the variables’
underlying chains of influence. The pyramid schematic in the Ex-ISM method is the
opposite of the conventional one. The ISM diagrams in Figure 2 show a noticeable gap
between the upper (Level 9~12) and lower (Level 1~3) level barriers, which is not possible
in the conventional ISM diagram because it only shows the order of the levels, not the
magnitude. The gap in the hierarchy shown by the redefined magnitude of the levels in the
Ex-ISM method may imply that the barriers at the upper level have an unforeseen impact
or influence on the lower-level barriers.

Figure 2. ISM diagram for the (a) direct and (b) indirect influence interrelationships between the
barriers to IFRM adaptation in Metro Manila.
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From Figure 2, the most influential barrier to IFRM adaptation in Metro Manila is G1
(Lack of sole organizing body). This may imply that the establishment or assignment of a
lead agency in IFRM that supports planning, implementation, operations, and maintenance
has to be carried out, since there are currently too many key players in flood risk manage-
ment in Metro Manila. The second most influential barrier is G2 (Lack of coordination),
which directly influences G4 (Lack of flood control measures) and all of the social barriers.
The ISM diagrams in Figure 2 also reveal that G4 (Lack of flood control measures), T1
(Lack of data processing systems), T3 (Lack of experts), and T4 (Lack of data processing
system) are directly influencing each other, and that these are directly influenced by G3
(Lack of funding) and G1. On the other hand, the least influential barriers are those related
to the social category (S2—poor solid waste management) and the technological category
(T2—Sparse data and limited access and T5—Deterioration of flood control structures).

In Figure 2a, we recognize that the social barriers (S1~S3) are mainly influenced by
barrier G2, which we have regarded as the key to overcoming the social barriers. However,
the indirect interrelationships in Figure 2b show that the barriers in the social category are
further influenced indirectly to the first and second degrees by the other barriers in the
governance (G1, G3, and G4) category, and to the first–third degrees by level 9 technological
resource issues (T1, T3, and T4).

Studies in developed countries [33–35] have suggested that collaborative governance
and technology-based tools can help enhance social learning by understanding people’s
interests and values in regard to IFRM. However, overcoming the social barriers in Metro
Manila may be more complicated due to several interrelations of indirect influence. Over-
coming them will require strong political will, a large amount of financial support, and
science-based evidence and technological capabilities, which are inherently lacking in many
developing countries. These indirect interrelations may imply that overcoming the social
barriers necessitates improving other barriers in the governance and technological resource
categories, not only barrier G2.

In the same way, barriers in the technological category are mainly influenced by G1
and G3. The barriers in this category are also indirectly influenced in the first degree by
barrier G2. The results suggest that barrier G2 also plays a significant role in overcoming
the technological resource barriers in Metro Manila, but the context may differ in developed
countries. Effective risk communication in many developed countries emphasizes the trans-
lation of risks from scientists to practitioners, decision-makers, and laypeople to articulate
risks, forecasts, warnings, or even uncertainties that can aid decision-making and social
learning [36–38]. However, Metro Manila’s technological capabilities are far behind those of
developed countries, as is the case in many developing countries, so there is no operational
flood forecasting and warning system in Metro Manila [39]. The role of communication in
overcoming the technological barriers in Metro Manila may suggest that solutions must
come from the practitioners, the decision-makers, or those who hold government positions,
since they can stimulate an increase in funding for technological improvement in flood
management. Thus, overcoming technological barriers necessitates political will, communi-
cation, and funding, as expressed by the direct and indirect interrelationships of barriers
G1, G2, and G3 in Figure 2.

Uncertainty is a crucial issue, and this is inherent in the data and modeling techniques
in flood risk management [40], flood defense engineering [41], and decision-making [41,42].
However, the ISM approach (including both the conventional and the expanded ISM
methods) does not deal with any uncertainty once the input matrix, i.e., the final SSIM that
is automatically constructed from the Refined SSIM, is determined. In other words, once
the Refined SSIM is constructed, ISM is a deterministic and systematic method that can
only show the interrelationships between the barriers. In this paper, the Refined SSIM is
treated as the given condition for both conventional and expanded ISM, and we focus on
showing the usefulness of the Ex-ISM approach compared to conventional ISM.

On the other hand, we agree that the data gathered for both the Ex-ISM and conven-
tional ISM approaches, i.e., the identified barriers to IFRM adaptation and the contextual
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interrelationships in the SSIM based on the experts’ judgment, are inherently uncertain.
The experts’ judgments in the SSIM has inherent uncertainties because they are based on
how experts perceive flood risk, so, in this paper, the experts’ judgments in the SSIM were
iteratively checked in order to construct a Refined SSIM with less uncertainty. Neverthe-
less, if data inputs with less uncertainty are available, the Ex-ISM method can be used to
systematically determine the barriers’ interrelationships and their hierarchy through the
ISM diagrams for the direct and indirect relationships.

The Ex-ISM and the conventional ISM approach do not deal with systems failure and
temporal variability among the barriers, as they only show the interrelationships between
variables. Nevertheless, the results of the Ex-ISM method provide a comprehensive analysis
by showing both the direct and indirect interrelationships between the barriers in the
ISM diagrams. Those barriers recognized as being most influential have been further
emphasized through the redefined magnitudes of the hierarchical levels. This may give
additional direction to the decision-makers regarding which barriers must be eliminated
first and foremost. The diagram showing the direct and indirect interrelationships can help
decision-makers and stakeholders visualize and understand the complex interrelationships
among the barriers, since the barriers are only abstract concepts. Thus, the ISM diagram
can be used as a tool when devising a plan to overcome the barriers. This analysis of
the barriers’ interrelationships may lead to an effective plan for transitioning to IFRM,
especially for Metro Manila, since the identified barriers have impeded the transition [43].

4. Conclusions

Identifying and analyzing the interrelationships between the barriers to IFRM adaption
is crucial before and during the implementation of IFRM in both developed and developing
countries. These tasks are necessary but are not widely performed. Therefore, this study
attempts to conduct a comprehensive analysis of the barriers to IFRM adaptation in Metro
Manila, Philippines, by applying a proposed Ex-ISM method for barrier interpretation.

The proposed Ex-ISM method is an enhancement of conventional ISM, and it aims to
(1) utilize trinary values to explicitly represent the active and passive interrelations between
the variables by introducing both 1 and −1 in the reachability matrices; (2) introduce
an expanded Boolean multiplication and addition to accommodate the calculation of the
trinary values; (3) simplify the repetitive and tedious task of assigning the levels for each
variable; and (4) provide comprehensive interrelations in the ISM diagram by showing not
only the direct interrelations but also the indirect interrelations.

Because Ex-ISM contains conventional ISM, the limitations of conventional ISM are
still inherent in Ex-ISM. Both methods heavily depend on experts’ judgment to create the
final SSIM as the input for any ISM approach. The handling of experts’ inferences that may
have inconsistencies has still not been standardized for the ISM approach. In this study,
however, inconsistencies were dealt with by having multiple pairwise comparison iterations
with the experts engaged. Once the final SSIM is created, the following procedures are
systematically and automatically calculated according to the ISM methods of interest.

The Ex-ISM method was applied to 12 identified barriers to IFRM adaptation in
Metro Manila. The results from the Ex-ISM method did not deviate from the results
obtained using the conventional ISM approach, but the proposed Ex-ISM method provided
enhanced results through the trinary values in the reachability matrices. Furthermore, the
ISM diagrams that show both the direct and indirect influence interrelationships provided
a deeper understanding of the barriers. Therefore, the Ex-ISM method, which shows the
indirect interrelationships, presents a comprehensive analysis of the interrelationships
between the barriers to IFRM. The hierarchy is also emphasized by the magnitude of the
levels, not only the order, which may imply the underlying impacts of upper-level barriers
on the lower-level barriers.

The most influential barriers to IFRM that were identified belong to the governance
category, and their interrelations with the other barriers were comprehensively analyzed in
this study. The indirect relationships are also interpreted, emphasizing that their influence
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on the other barriers needs to be considered as well when devising a strategic plan to
overcome said barriers and implement IFRM. Indirect relations are equally important as
direct relations, as the former are the ripple effect of the latter.

Overall, the study’s results presented comprehensive interrelations between the barri-
ers to IFRM. Also, the proposed Ex-ISM application is less tedious, and the results were
enhanced and were more comprehensive compared to the conventional ISM method.
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Appendix A

The results obtained using conventional ISM for the SSIM, Initial RM, and Final RM,
the level partitioning iterations, and the CM are presented in the succeeding tables.

Table A1. Structural Self-Interaction Matrix (SSIM) (Conventional Method).

i
j 1 2 3 4 5 6 7 8 9 10 11 12

Barrier G1 G2 G3 G4 S1 S2 S3 T1 T2 T3 T4 T5

1 G1 V V V O O O V V V V V
2 G2 V O V V V O V O O O
3 G3 V O O O V V V V V
4 G4 O O V V V X X V

5 S1 V A O O O O O
6 S2 A O O O O O
7 S3 O O A O O

8 T1 V A X V
9 T2 A A O
10 T3 V V
11 T4 V
12 T5
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Table A2. Initial Reachability Matrix (RMinit) (Conventional Method).

i
j 1 2 3 4 5 6 7 8 9 10 11 12

Barrier G1 G2 G3 G4 S1 S2 S3 T1 T2 T3 T4 T5

1 G1 1 1 1 1 0 0 0 1 1 1 1 1
2 G2 0 1 1 0 1 1 1 0 1 0 0 0
3 G3 0 0 1 1 0 0 0 1 1 1 1 1
4 G4 0 0 0 1 0 0 1 1 1 1 1 1

5 S1 0 0 0 0 1 1 0 0 0 0 0 0
6 S2 0 0 0 0 0 1 0 0 0 0 0 0
7 S3 0 0 0 0 1 1 1 0 0 0 0 0

8 T1 0 0 0 0 0 0 0 1 1 0 1 1
9 T2 0 0 0 0 0 0 0 0 1 0 0 0
10 T3 0 0 0 1 0 0 1 1 1 1 1 1
11 T4 0 0 0 1 0 0 0 1 1 0 1 1
12 T5 0 0 0 0 0 0 0 0 0 0 0 1

Table A3. Final Reachability Matrix (RMfin) (Conventional Method).

i
j 1 2 3 4 5 6 7 8 9 10 11 12

Barrier G1 G2 G3 G4 S1 S2 S3 T1 T2 T3 T4 T5

1 G1 1 1 1 1 1 * 1 * 1 * 1 1 1 1 1
2 G2 0 1 1 1 * 1 1 1 1 * 1 1 * 1 * 1 *
3 G3 0 0 1 1 1 * 1 * 1 * 1 1 1 1 1
4 G4 0 0 0 1 1 * 1 * 1 1 1 1 1 1

5 S1 0 0 0 0 1 1 0 0 0 0 0 0
6 S2 0 0 0 0 0 1 0 0 0 0 0 0
7 S3 0 0 0 0 1 1 1 0 0 0 0 0

8 T1 0 0 0 1 * 1 * 1 * 1 * 1 1 1 * 1 1
9 T2 0 0 0 0 0 0 0 0 1 0 0 0
10 T3 0 0 0 1 1 * 1 * 1 1 1 1 1 1
11 T4 0 0 0 1 1 * 1 * 1 * 1 1 1 * 1 1
12 T5 0 0 0 0 0 0 0 0 0 0 0 1

Table A4. Level Partitioning (Conventional Method)—1st Iteration.

Barrier Reachability
Set Antecedent Set Intersection Set Level

1 1.2.3.4.5.6.7.8.9.10.11.12 1 1

2 2.3.4.5.6.7.8.9.10.11.12 1.2 2

3 3.4.5.6.7.8.9.10.11.12 1.2.3 3

4 4.5.6.7.8.9.10.11.12 1.2.3.4.8.10.11 4.8.10.11

5 5.6 1.2.3.4.5.7.8.10.11 5

6 6 1.2.3.4.5.6.7.8.10.11 6 I

7 5.6.7 1.2.3.4.7.8.10.11 7

8 4.5.6.7.8.9.10.11.12 1.2.3.4.8.10.11 4.8.10.11

9 9 1.2.3.4.8.9.10.11 9 I

10 4.5.6.7.8.9.10.11.12 1.2.3.4.8.10.11 4.8.10.11

11 4.5.6.7.8.9.10.11.12 1.2.3.4.8.10.11 4.8.10.11

12 12 1.2.3.4.8.10.11.12 12 I
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Table A5. Level Partitioning (Conventional Method)—2nd Iteration.

Barrier Reachability
Set Antecedent Set Intersection Set Level

1 1.2.3.4.5.7.8.10.11 1 1

2 2.3.4.5.7.8.10.11 1.2 2

3 3.4.5.7.8.10.11 1.2.3 3

4 4.5.7.8.10.11 1.2.3.4.8.10.11 4.8.10.11

5 5 1.2.3.4.5.7.8.10.11 5 II

7 5.7 1.2.3.4.7.8.10.11 7

8 4.5.7.8.10.11 1.2.3.4.8.10.11 4.8.10.11

10 4.5.7.8.10.11 1.2.3.4.8.10.11 4.8.10.11

11 4.5.7.8.10.11 1.2.3.4.8.10.11 4.8.10.11

Table A6. Level Partitioning—3rd Iteration.

Barrier Reachability
Set Antecedent Set Intersection Set Level

1 1.2.3.4.7.8.10.11 1 1

2 2.3.4.7.8.10.11 1.2 2

3 3.4.7.8.10.11 1.2.3 3

4 4.7.8.10.11 1.2.3.4.8.10.11 4.8.10.11

7 7 1.2.3.4.7.8.10.11 7 III

8 4.7.8.10.11 1.2.3.4.8.10.11 4.8.10.11

10 4.7.8.10.11 1.2.3.4.8.10.11 4.8.10.11

11 4.7.8.10.11 1.2.3.4.8.10.11 4.8.10.11

Table A7. Level Partitioning (Conventional Method)—4th Iteration.

Barrier Reachability
Set Antecedent Set Intersection Level

1 1.2.3.4.8.10.11 1 1

2 2.3.4.8.10.11 1.2 2

3 3.4.8.10.11 1.2.3 3

4 4.8.10.11 1.2.3.4.8.10.11 4.8.10.11 IV

8 4.8.10.11 1.2.3.4.8.10.11 4.8.10.11 IV

10 4.8.10.11 1.2.3.4.8.10.11 4.8.10.11 IV

11 4.8.10.11 1.2.3.4.8.10.11 4.8.10.11 IV

Table A8. Level Partitioning (Conventional Method)—5th and 6th Iteration.

Barrier Reachability
Set Antecedent Set Intersection Set Level

1 1.2.3. 1 1 VII

2 2.3. 1.2 2 VI

3 3. 1.2.3 3 V
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Table A9. Conical Matrix.

Level VII VI V IV IV IV IV III II I I I
Level

Barrier G1 G2 G3 G4 T1 T3 T4 S3 S1 S2 T2 T5

G1 1 1 1 1 1 1 1 1 * 1 * 1 * 1 1 VII
G2 0 1 1 1 * 1 * 1 * 1 * 1 1 1 1 1 * VI
G3 0 0 1 1 1 1 1 1 * 1 * 1 * 1 1 V
G4 0 0 0 1 1 1 1 1 1 * 1 * 1 1 IV
T1 0 0 0 1 * 1 1 * 1 1 * 1 * 1 * 1 1 IV
T3 0 0 0 1 1 1 1 1 1 * 1 * 1 1 IV
T4 0 0 0 1 1 1 * 1 1 * 1 * 1 * 1 1 IV
S3 0 0 0 0 0 0 0 1 1 1 0 0 III
S1 0 0 0 0 0 0 0 0 1 1 0 0 II
S2 0 0 0 0 0 0 0 0 0 1 0 0 I
T2 0 0 0 0 0 0 0 0 0 0 1 0 I
T5 0 0 0 0 0 0 0 0 0 0 0 1 I
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