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Estimates on the importance of nodes in transportation networks provide guidance on the allocation of resources to
preventive maintenance. As a rule, those nodes whose disruptions would most affect the level of service provided
by the network are particularly important and, as a consequence, merit more attention in maintenance planning.
Conventionally, measures of node importance have been generated based on structural properties (e.g. degree
centrality, betweenness centrality). However, these properties do not account for the extent to which the network is
capable of providing its intended level of service, such as enabling the planned traffic volume between terminal pairs
that are defined by relevant origins and destinations in the network. In this setting, we extend well-known measures
of probabilistic risk importance to prioritize nodes in support of preventive maintenance planning. Specifically, we
adapt the risk achievement worth (RAW) measure to assess how much the planned traffic volume between terminal
pairs of the network would be compromised due to disruptions at different nodes.

To support the applicability of our methodological advances, we develop a systematic, data-driven, semi-automated
approach that makes but modest assumptions about the quality of underlying data. We illustrate this approach with
a case study on the prioritization of switches at a representative railway station in Finland, based on an analysis of
the reliability of the connections that this station offers to the adjacent railway track segments. We also compare the
proposed RAW measure with structural importance measures and elaborate on how these two kinds of measures can
be jointly examined to produce complementary sources of information.

Keywords: Importance measure, Probabilistic risk importance measure, Transportation networks, Critical infrastruc-
tures, Railways industry, Risk assessment, Risk management, System reliability, Probabilistic risk assessment

1. Introduction capital’s main railway station would receive the
same amount of maintenance resources as the
railway switches located on a side railway track
in a peripheral city. As a result, time-based main-
tenance strategies can lead to comparatively high
costs (Kim et al., 2016) when the goal is to main-
tain the level of service provided by the network.
As a remedy to this situation, disruptions in the
network should be prevented where the resulting
impact on the level of service provided by the
network is the greatest.

Estimates of the importance of nodes in trans-

Time-based strategies for maintaining infrastruc-
tures, such as transportation networks, are com-
mon in the management of real-world assets (Ah-
mad and Kamaruddin, 2012). However, deriving
maintenance decisions solely from a purely time-
based maintenance strategy is problematic be-
cause all components of the infrastructure would
require the same amount of maintenance, regard-
less of their importance to the level of service
provided by the network. For example, key rail-
way switches on the main railway tracks at a
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portation networks can be generated to guide
maintenance decisions, for example, through rec-
ommendations toward allocating most resources
to the nodes that matter most or monitoring the
condition of such nodes more closely. However, it
is not straightforward to assess the importance of
nodes. For example, it can be difficult to agree on
a single measure that is suitable across many situa-
tions and makes modest data demands, allowing it
to be computed without resorting to impractically
onerous elicitation of expert judgments. In this
setting, the development of automated, system-
atic, and transparent importance measures holds
promise.

Several relevant measures of node importance
for transportation networks have been proposed in
the literature, based on alternative interpretations
of “importance”, which, as an abstract concept,
needs to be elaborated on. For example, degree
centrality is the number of edges connected to
a node; betweenness centrality is the number of
shortest paths between all nodes of the network
that pass through a given node; closeness central-
ity represents the average of shortest distances to
all other nodes.

In many cases, these measures have been ap-
plied to networks in which nodes represent rela-
tively large entities, such as cities or stations. For
example, degree, strength (i.e., weighted degree),
and betweenness centralities have been associated
with China’s high-speed railway network (Cao
et al., 2019) and the European international rail-
way network (Calzada-Infante et al., 2020). Based
on their systematic review on the analysis of mar-
itime traffic as complex networks, Alvarez et al.
(2021) note that degree, betweenness, and close-
ness centralities are quite common. Chopra et al.
(2016) analyze the structural vulnerability of the
connections between stations in the London metro
network with a measure of “redundancy”. In the
same vein, Erath et al. (2009) employ the degree,
betweenness, and “efficiency” centralities to an-
alyze Swiss road and railway networks. Li et al.
(2023) utilize a modified PageRank algorithm to
analyze an urban transportation network consist-
ing of bus, metro, and taxi networks in Shenzhen,
China. Importance measures such as these have

often been computed at a relatively high level of
aggregation, without paying close attention to the
required performance level in different parts of
the network. Thus, such measures would need to
be tailored to situations in which nodes represent
smaller constituent parts of the network, such as
road intersections or railway switches.

A generic limitation of these types of topo-
logical importance measures (for example, degree
centrality) to the analysis of nodes in transporta-
tion networks is that they only account for the
structure of the network (Cheng et al., 2015),
but do not convey what impact changes in the
operational status of nodes, such as node disrup-
tions, have on the expected level of service that
the network provides. This limitation has spurred
research on alternative perspectives into charac-
terizing the importance of nodes in transportation
networks and, more broadly, in other types of
networks as well.

For example, component-specific resilience-
based importance measures have been proposed
in the context of critical infrastructure networks
(see, e.g. Barker et al., 2013; Fang et al., 2016).
Resilience-based importance measures for net-
work nodes are typically used to assess how
quickly and to what extent the level of service
provided by a network can be restored after a
disruption event. In this sense, resilience-based
importance measures for components view time as
a crucial relevant factor, in contrast to topological
importance measures. Yet, many resilience-based
component importance measures assume that the
disruption event has already occurred, and thus
they do not guide preventive maintenance deci-
sions before the disruption event based on a priori
estimates of relevant uncertainties.

Probabilistic measures of node importance have
also been explored. One such example is the ter-
minal pair reliability, which measures the proba-
bility that there exists a path between two nodes
(Satyanarayana and Hagstrom, 1981) and which
can be calculated for a given pair of nodes (e.g.
Yoo and Deo, 1988) or, more generally, by consid-
ering the probability with which there exists a path
from one node to all other nodes (also referred
to as source-to-multiple-terminal reliability; see
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Satyanarayana and Hagstrom, 1981). However,
because transportation networks are rarely con-
structed for the purpose of providing adequate
service between a single terminal pair only, or
between a single node and all other nodes, the
terminal pair reliability needs to be adapted to
meet the specific needs that arise in particular
planning contexts.

In the context of safety-critical systems such as
nuclear power facilities (e.g. Vesely et al., 1983;
Mancuso et al., 2017), risk importance measures
based on probabilistic risk assessment (PRA)
are widely used and, in many cases, required
by regulatory authorities. Furthermore, given that
many transportation networks are critical infras-
tructures, PRA-based importance measures are
promising as a basis for assessing the importance
of nodes in transportation networks. Examples
of PRA-based measures include, among others,
risk achievement worth (RAW), risk reduction
worth (RRW), Birnbaum importance, and Fussell-
Vesely importance (see, for example, Aven et al.,
2024). For example, for a given component of a
system, the RAW measure indicates by how many
times greater the probability of system failure
becomes due to the failure of this component.
Consequently, components with large RAW val-
ues merit particular attention for guiding actions
that serve to ensure that the probability of failure
for a given component does not increase from its
present level.

Because PRA-based measures are built on bi-
nary logic, adapting them to the context of trans-
portation networks requires that one can spec-
ify whether or not the network is operational
for any combination of binary statuses (oper-
ational/disrupted) of all relevant network com-
ponents. Furthermore, the computation of PRA-
based measures presumes that one is able to obtain
usable information about the disruption probabili-
ties of all its components (Di Mauro et al., 2010).
This information does not have to be precise, be-
cause even incomplete information on these prob-
abilities may give rise to useful insights into which
components matter most for the performance of
the network as a system (see, e.g. Toppila and Salo
2017).
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In this paper, we analyze transportation net-
works by proposing PRA-based risk importance
measures that reflect the impact of uncertain node
disruptions on the level of service of the network,
which is measured by the aggregate expected traf-
fic volume for terminal pairs defined by relevant
origins and destinations. The resulting importance
measures help identify the nodes whose disrup-
tions would cause the largest relative degradation
in the level of service. As a result, they provide
guidance for planning decisions and, specifically,
support the allocation of maintenance resources
to those nodes where the impacts of preventive
actions are likely to be most effective. The de-
velopment of these measures has been motivated
by the need to provide risk-informed guidance
on the maintenance of railway switches, because
their maintenance is crucial in responsible asset
management. The proposed PRA-based risk im-
portance measures are illustrated by presenting a
case study on the analysis of railway switches at a
representative railway station in Finland.

This paper is structured as follows. Section 2
presents the methodological development. Section
3 illustrates the methodology with a case study.
Section 4 concludes and summarizes the main
findings.

2. Modelling Framework

A transportation network can be modeled as a net-
work of (i) nodes that represent subsystems within
this transportation network (e.g., railway switches,
road intersections) and (ii) undirected edges that
represent connections between these subsystems
(e.g., railway tracks, road segments). In this paper,
we consider a network whose purpose is to enable
traffic volumes between a set of pairs of terminal
nodes located at the boundaries of the network.
For each terminal pair, there is a corresponding
traffic volume which is to be enabled by the net-
work.

Formally, such a transportation network is rep-
resented as a graph N = (V, E), where V is the
set of nodes and E C {(vy,v2) | v1,v2 € V}is
the set of edges. The nodes V = VS U VT are
either subsystem nodes V° or terminal nodes V7.
There are at least two terminal nodes; [VT| > 2.
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The set of terminal pairs is 7 = {(v1,v2) | v1 €
VT vy € VT vy # vy}. The edges represent con-
nections between nodes. For the given terminal
pair t € T, the planned traffic volume is f; € R™.

In this paper, a path in the transportation
network is a sequence of nodes that are con-
nected by edges and enable transportation be-
tween two distinct terminal nodes. Formally, a
path m; € P of length n; is a sequence of nodes
i = (V1,042 ey Vi n;—1,Vin, ) such that v; ; €
VT,vi,j ceV,j=2..,n —1Lvy, € VT and
(vi,j,vi,jﬂ) € E,jg =1,...,n; — 1. We limit
our attention to simple paths on which any node
appears only once (i.e., all nodes along a path are
distinct). The set of paths for the terminal pair ¢
is denoted by P, C P. Thus, if m; € F;, then the
first and last nodes of the path 7; are the same as
those of the terminal pair ¢. The number of such
paths is denoted by n: = |P|.

Technically, the set of feasible paths P; that
enable the traffic volume between the nodes in the
terminal pair ¢ € T can be a proper subset of the
set of all paths that can be constructed from the
edges of the network for the nodes in the terminal
pair. For example, there may be constraints on the
number of nodes along the path or on the total
physical length of a path. In this case P; would not
contain sequences that violate such restrictions,
given that the set of feasible paths can be limited to
those that comply with the specific requirements
of the application context (see an example in the
case study presented in Section 3).

In this paper, we denote the operational status
of anode v € V by

1,if v is operational,
OW) =9, o M
0, if v is disrupted.

The path 7; € P is operational if all its nodes are
operational. Thus, we have

(@)

O(’]TZ) _ 1,0(1)1‘&) = ].,j = 1,..,7TL1‘,
0, else.

In the same vein, the terminal pair ¢ € T is

operational if there exists at least one operational

feasible path between the terminal pair, in other

words,

o(t) = {1’ > omep, Omi) >0,

0, else.

3

Finally, the transportation network is operational
if there exists at least one operational feasible path
for all terminal pairs ¢ € T'. Thus, the operational
status of the transportation network N is

O(N) = 1, O(t)>0,VteT, @
B 0, else.

Figure 1 shows a fault tree representation of
an illustrative transportation network with three
terminal pairs, each with a varying number of
feasible paths. The top event represents the case
where the network is disrupted. As a rule, the
probabilities of path disruptions are not indepen-
dent because there can be nodes that belong to two
or more paths, in which case the probabilities of
path disruptions are correlated.

We model uncertainties regarding the occur-
rence of node disruptions with probabilities.
Specifically, the probability that subsystem node
v € V¥ is disrupted is

P[O(v) = 0], Vv € V7, )

which is a parameter that can be estimated based
on the use of statistical data analysis or the elicita-
tion of expert judgements, for example. Thus, the
probability that the path m; € P is disrupted due
to the disruption of a node is

PlO(m;) = 0] =1— [] P[O(vi;) = 1)]. (6)
Vi, €T

The terminal pair ¢ € 7" is disrupted if and only if
all paths m; € P, are disrupted. This event occurs

with probability
PO(t) =0]=P[ /\ O(m)=0],

T EP

which is commonly referred to as the terminal pair
reliability and can efficiently be computed, for ex-
ample, with the modified Dotson algorithm (Yoo
and Deo, 1988) . Another approach to calculate

2The modified Dotson algorithm considers edge disruptions
rather than node disruptions. However, this difference does not
matter for the present development, as the disruption of every
node is equivalent to the disruption of all its adjacent edges.
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O(m) =0

Fig. 1.

the probability for the disruption of a terminal pair
is to use exhaustive enumeration of the operational
statuses of all nodes, even if this is computation-
ally tractable only when the number of nodes is
relatively small.

In the absence of evidence to the contrary, one
may assume that node disruptions occur indepen-
dently of each other. This would be the case,
for example, if the disruptions can be attributed
primarily to local technical failures that are not
catalyzed by disruptions at other nodes of the
network. Still, this assumption would not account
for the fact that the remaining operational nodes
might have to carry a greater traffic volume be-
cause of rerouting decisions which, in turn, could
lead to a higher probability of disruption at these
nodes.

Based on the probabilities of disruption for ter-
minal pairs, PRA-based risk importance measures
can now be associated with the subsystem nodes.
Although several risk importance measures can be
adapted, we focus on the well-known risk achieve-
ment worth (RAW). Specifically, given the need
to ensure the traffic volume for the terminal pair
t € T, this RAW measure can be defined as

PO(t) =0] O(v) = 0]
P[O(t) = 0]

For a given terminal pair ¢ € 7T, the ratio (8)

also represent the relative increase in the expected

RAW, (v) = ®)

traffic volume that is obstructed for ¢ due to the
disruption of node v. This ratio is independent of

Fault-tree visualization of a transportation network with three terminal pairs.

the planned volume of traffic for ¢.

To characterize the importance of the node v €
V' in the transportation network NN, the measure
(8) can now be extended further to account for
(i) the planned traffic volume associated with one,
several, or all terminal pairs, and (ii) underlying
uncertainties that are represented by the proba-
bilities of node disruptions. The advantages of
this joint approach are twofold. First, it makes
it possible to derive an importance measure that
reflects the performance of the network in terms
of changes in the expected aggregate traffic vol-
ume. Second, it also allows such information to
be pooled into a single scalar importance measure
that has a concrete meaning and is therefore easy
to interpret.

Specifically, to account for the aggregate per-
formance of the network, the measure (8) can be
extended by summing over all terminal pairs to
obtain the total importance measure

D ier [t xP[O(t) = 0] O(v) = 0]

f
RV ) = s e Fo PO =
(C))
which gives the relative increase in the aggregate
expected traffic volume that is obstructed due to
the disruption of node v.

3. Case Study

In this case study, we illustrate the above mea-
sures RAW, (v) and RAW/, (v) in evaluating the
importance of switches at a representative railway
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station located in eastern Finland. Figure 2 shows
the network structure at this railway station, con-
sisting of switches (small squares for subsystem
nodes), terminal nodes (large squares) and lines
for railway tracks (edges). Switches are physical
devices that allow the train to proceed along the
railway track and, depending on the position of
the switch, also to move from one railway track
to another.
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Fig. 2. An illustrative railway station network.

At this station, there are three terminal pairs
that enable traffic volumes between the three di-
rections represented by the terminal nodes: south-
west (SW), south-east (SE) and east-west (EW).
The feasible paths of the south-west direction are
shown in Figure 3 (figures for the feasible paths
of the other directions are omitted due to space
limitations). For technical reasons relating to train
operation, only paths in which the maximum turn-
ing angle does not exceed 90 degrees are feasible;
but there are no other constraints on the feasibility
of paths.

For the sake of illustration, we assume that the
probability of disruption of switches is 1% and
that of terminal nodes is 0%. Thus, P[O(v) =
0] = 1%,Yv € VS P[O(v) = 0] = 0%, Vv €
VT, This assumption can be readily revised to
account for other assumptions about the disruption
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Fig. 3. Feasible paths for the south-west (SW) termi-
nal pair.
Table 1. Illustrative traffic volumes for the termi-
nal pairs.
Terminal pair Planned number of trains
South-west (SW) 7547
South-east (SE) 1373
East-west (EW) 3035
probabilities.

Table 1 lists the planned traffic volumes for
each terminal pair, measured in terms of the num-
ber of trains. For example, there are more trains
for the terminal pair south-west than for the two
other terminal pairs combined. Table 2 reports the
RAW measures RAW; for each node and termi-
nal pair, as well as the overall traffic volume-
weighted measure RAWtJ;t, calculated from (8)
and (9). In the second, third and fourth column, the
RAW,,t € {SW, SE,EW} value of 1.00 indicates
that the disruption of a node does not impact the
operational status of the corresponding terminal
pair. For example, node v5 does not belong to
any path in the south-west direction, and hence its
disruption does not affect this terminal pair.

For the sake of completeness, the table also re-
ports importance measures for the terminal nodes.
This is instructive in that it reflects the how sig-
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Table 2. The RAW-based importance measures

for terminal pairs and the aggregate traffic volume.

Id RAWgw RAWgg RAWgyw RAW/
vl 32.82 1.00 4753 2843
V2 .00 16.90 4753 1237
v3 32.82 1.00 4753 2843
vé .00 16.90 4753 1237
v5 1.00 1.00 3.67 1.45
v6 1.00 1.00 3.67 1.45
v7 100 16.90 1.87 4.59
v8 32.82 1.00 1.87  20.66
v9 1.61 1.00 1.87 1.52
v10 2.4 1.00 1.00 1.76
vil .00 16.90 1.87 4.59
vi2 1.61 1.00 1.87 1.52
vi3 1.01 1.62 1.87 1.29
vi4 1.00 1.15 1.00 1.03
vi5 1.02 1.46 1.00 1.11
v16 1.01 1.31 1.00 1.07
v17 1.00 1.00 1.00 1.00
vi8 2.24 1.00 1.00 1.76
v19 1.00 1.00 1.00 1.00
v20 1.01 1.31 1.00 1.07
v21 1.01 131 1.00 1.07
v22 1.61 16.90 1.00 4.82
v23 1.61 16.90 1.00 4.82
v24 3282 16.90 .00 23.95
v25 3282 16.90 .00 23.95

nificant an impact the loss of a given direction
might would be for the planned traffic volume. For
example, the largest RAW[/ot values are associated
with nodes v1 and v3, which are crucial for the
large traffic volume associated with the connec-
tion to the west.

Figure 4 shows a plot of the degree centrali-
ties and overall importances RAW{:,t in (9) for all
nodes. In particular, we note that the correlation
(-19.33%) between the volume weighted overall
importance RAW{, in (9) and the centrality of the
degree is negative. This suggests that, in this con-
text, degree centrality is not a particularly mean-
ingful measure of risk because many switches
have roughly same number of edges connected
to them, and that this measures does not conse-
quently reflect the more significant consequences
that the position and operational status of a switch
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Fig. 4. Scatter plot of the overall traffic volume-

weighted importance RAW{;t and the degree centrality
of the nodes (correlation -19.33%).

has for the possibility to enable the traffic volume
for a given terminal pair.

4. Conclusions

In this paper, we have proposed importance mea-
sures for transportation networks by adapting
a commonly used probabilistic risk importance
measure, risk achievement worth, and augmenting
it by using information about the planned traffic
volume. The numerical results of our illustrative
case study on the analysis of switches at a rep-
resentative Finnish railway station suggest that
the proposed measures are instructive and help
identify switches that merit particular attention in
preventive maintenance. We have also compared
these importance measures to degree centrality
and presented evidence which suggests that the
proposed PRA-based risk importance measures
may be more suitable for risk-informed decision
making in this planning context, where nodes
represent switches and edges represent railway
tracks.

Further work can be pursued by adapting other
risk importance measures (e.g., risk reduction
worth, Birnbaum, Fussell-Vesely) to networks
such as the one considered in our case study, for
example in view of planning situations where the
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aim is to fortify the network through significant re-
ductions in the disruption probabilities. Although
the relative ranking of nodes is not very sensitive
to the assumption about the magnitudes of these
probabilities, the characterization of these proba-
bilities also merits attention: here, techniques of
statistical data analysis can be combined with pro-
cedures for structured expert judgment elicitation.
Multiple concurrent disruptions may also have to
be addressed, especially if the disruption events at
nodes are correlated, for instance, due to common
causes such as challenging weather conditions. In
summary, we contend that the parallel consider-
ation of multiple importance measures may offer
important insights for risk-informed planning.
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