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ABSTRACT

This paper deals with modelling of resilience,, ivulnerability of the HSR (High Speed
Rail) transport network affected by the systemterinal and external disruptive events both
acting either individually or together/ The forme&vents can generally be sudden
unpredictable failures of the network’s components, particular facilities and equipment
both on board the HS (High Speed) trolling stocet along the lines (power system, control-
communications and signalling system, etc.). Initead the specific events can be traffic
incidents/accidents and industrial actions of tikvay staff. The latter events can be natural
disasters (for example earthquakes), bad weattren@swind, heavy rain and snow falls,
flooding, etc.) and terrorists; threats and attacks

In all above-mentioned cases, the given impacts arethe intensity to deteriorate
scheduled/planned transport services causing tbaicellations or long delays, thus
imposing additional direct costs on the main adsta&eholders involved such as users-
passengers and rail transport service providers.

In order to enable assessment of resilience vidngrability of a given HSR network already
being or is expected to be likely affected by givdisruptive event(s), and estimate the
overall costs of its impact, a convenient methogplaonsisting of the set of analytical
models is developed with an explanation how it ddaé¢ applied to the particular cases using
the “what-if” scenario approach.

KEY WORDS. HSR (High Speed Rail) network, resilience, ixulnerability, disruptive
event(s), costs, methodology

1 INTRODUCTION

In general, resilience of a physical object canléned as its "ability to recoil or spring back
into shape after bending, stretching, or being aesged”

(http://complexworld.eu/wiki/Resilience_in_air_tsgort). In addition, it can be said that the
resilience of a given technical system generallglies its ability to operate under changing
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unexpected conditions without significant affectiohits planned performances. As such,
resilience can also reflect the vulnerability amdi@bustness of the given system operating
under disruptive conditions (Foster, 1993). Consetjy, both concepts can be considered
together as the resilience, i.e., vulnerabilitylahggawith the response of the given system(s)
to changes, particularly to those caused by diffiedésruptive events. Under such conditions,
it is often needed to identify acceptable levelseasilience, i.e., vulnerability and to maintain
ability of the affected system to respond or resisthe impact(s) of disruptive event(s)
(Nelson et al. 2007). This also raises a questforelevance of the level of resilience, i.e.,
vulnerability for the particular stakeholders/astorvolved (Miller et al., 2010).

The above-mentioned concepts and definitions dfiease, i.e., vulnerability, can also be
applied to the transport systems/networks. Ondedd is HSR (High Speed Rail) network
consisting of nodes-stations/terminuses, links eoting them, supportive facilities and
equipment (power and signalling system at nodesadoth the links/lines) and rolling stock-
HS trains - carrying out transport services betwearticular nodes/stations thus satisfying
passenger demand during specified time.

Dealing with resilience, i.e., vulnerability of aSR network(s) usually implies considering
deterioration of the scheduled/planned transpastices by the impacts of various internal-
the system’s and external disruptive events, winst often result in their cancellations
and/or r delays (Ip and Wang, 2011).

The directly affected actors/stakeholders are ysassengers and operators of given HSR
network, i.e. providers of transport infrastructared services. They are all usually imposed
additional costs associated with deteriorated sesyias well as recovery actions in the
aftermath.

In addition to this introductory section, the papensists of four other sections. Section 2
describes the relevant characteristics of the H&Rark and introduces the concept of
resilience, i.e., vulnerability. Section 3 presemtaethodology for assessing resilience, i.e.,
vulnerability, of a given HSR network(s) affectegdgiven disruptive event(s), and related
costs imposed on particular main actors/stakehsldeolved. Section 4 explains how the
proposed methodology would be applied using theatwti scenario approach. The last
section summarizes some conclusions.

2 RESILIENCE, I. E., VULNERABILITY OF THE HSR NETWO RK AFFECTED BY
DISRUPTIVE EVENT(S)

This section describes the components and opesatbrihne HSR network(s), disruptive
events that can affect it, and the concept of etslience, i.e., vulnerability under given
conditions.

2.1 Components and operations

The HSR network consists of fixed and mobile congmis. The fixed components are those
of infrastructure and supportive facilities and ipguent. The mobile ones are the rolling
stock, i.e., HS (High Speed) trains. The infradtitee components include lines including
stations and tracks connecting them. Each line eféined by the begin and end
station/terminuses equipped by the several traldtgdpms for handling the HS trains. The
number of these tracks/platforms depends on tleasity of arriving and departing transport
services and the train’s turnaround time. In additithe intermediate stations are located
along the lines enabling short stop of particul@nsport services in order to enable
embarking and disembarking of users/passengersidgnaivere their origins and destinations
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there. The number of tracks/platforms at theseostaitis usually two for passing HS trains
and two for those stopping there.

Operations of HS trains along the line(s) is madaged controlled by the signalling system
securing maintaining the minimum space intervalMeen successive vehicles operating in
the same direction equal to their minimum brealdrgjance. This distance in combination
with the maximum operating speed defines the minintume interval between successive
vehicles/trains, and consequently the line’s capabn turn this capacity, in addition to the
volumes of expected passenger demand influencestrémsport service frequency on
particular lines. The rolling stock, i.e., HS traiare electricity-powered vehicles.

The transport services along particular lines candifferent. They usually distinguish
regarding the number of stops and operating splead given route, price, internal comfort
and services, etc... The route is fined by the rbegid end node/station of the particular
transport services, and consequently origins astragions of user/passenger flows, and the
number of intermediate nodes/stations.

The spatial configuration of the HSR networks isiggally the country specific. Figure 1
shows examples for some European countries
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Figure 1 Simplifies spatial configuration of HSR networksparticular European countries
(Crozet,2013; http://www.johomaps.com/eu/europespgied. html)

As can be seen, the spatial configuration of HS&voiks generally differ across particular
countries having star (France), polygon (Germanygnd line (Italy) shape. These
configurations are vulnerable to particular disiuptevents differently. For example,
disruptive vent can affect the line network at aertstation and/or link thus preventing the
transport services between the stations on botbssidl the location of its impact. At the
polygon network, the particular liens can be sinylaaffected, but the remaining stay
operational, At the star network, disruptive veah prevent transport services throughout
the entire network if for example takes place a tltentral station/terminus. As well,
transport services on particular lines can alsafbected similarly as at the line network.
Duration of affection depends on the type of difikgevent, and intensity and duration of its
impact, the number of transport services affeced,the recovery time.

2.2 Disruptive events, their impacts, and relatedasts

In general, disruptive events affecting a given H8Rworks can be internal-the system’s

and external-out of the system-. The former everdiide non-predictable but catastrophic

failures of particular network’s components, trafficidents/accidents, and industrial actions

of the network’s staff,

For example, there have been three severe HSiR tiradfdents/accidents worldwide causing

damages of the HSR network’s components, passamgestaff fatalities and injuries and
3
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temporal closures of the affected parts of theesmonding networks.. Table 1 gives the
main characteristics of these accidents.

Table 1 Some characteristics of HSR fatal accidents
(http://en.wikipedia.org/wiki/Eschede_train_disaster
http://en.wikipedia.org/wiki/Wenzhou_train_collisip
http://en.wikipedia.org/wiki/Santiago_de Compostedal disaster)

Country/System/ Date Cause Passengers| Fatalities | Injuries

No of trains on board

Germany/ICE/1 3/06/1998 Wheel 287 101 88

disintegration

China/2 23/07/2011 Railway signha 1630 40 >210
failure

Spain/Alvia/l 34/07/2013 | Excessive speed 222 >79 139
on bend

As can be seen, the main causes of the above-medticcidents were the internal failures
of the HSR network components.
The latter events include the natural disasterdhgaakes, volcanic eruptions, tidal waves)
usually heavily damaging and/or destroying the oekg infrastructure and rolling stock,
and variety of bad weather usually causing heaolypromising and/or completely blocking
regular operations of the particular network’s comgnts (storm wind, heavy rain or
snowfall, flooding, etc.).
The most illustrative example of the impacts ofunalt disasters was the Great East Japan
Earthquake on March 11 2011 (Magnitude 9.0, thgelstrin the recorded history of Japan),
whose impact severely damaged the concrete stagcalong the Tohoku Shinkansen HSR
line, but not caused their collapse. At that tinfe Shinkansen HS trains on the line were
affected, but without derailment and fatalitieseThatest were avoided also by evacuation of
users-passengers from the impact of the forthcormiohg wave (tsunami). Anyway, the
restoration of regular transport services was pbssifter 49 days (Seino, 2012; Shimamura
and Keyaki, 2013).
The impacts of bad weather in terms of heavy stanaYor snowfalls have mainly affected
the individual HSR services causing their deraiib{gor example TGV Atlantique on 2nd of
January 2001) or operations at reduced maximumdsffee example on the storm wind-
exposed segments of particular lines such as ihdSeandinavia)
(Thomas, 2009; http://www.trainweb.org/tgvpagesrigex.html).
The specific external disruptive events are therotest threats and attacks. One of the
illustrative example impacting the individual HSBngce on the Marseille-Paris route was
terrorist bombing causing five fatalities and 50 njuries
(http://www.trainweb.org/tgvpages/tgvindex.htmbhél' above=mentioned disruptive events
and their impacts occur generally randomly in tiamel space. As such they may affect a
given HSR network almost at any time and differspatial scale, the latter from local
node/station/link/service to global single/sevdiras/services. In some cases, independently
on time, spatial scale, and intensity of impadfedent disruptive events may be interrelated
and occurr simultaneously.
In addition, particular disruptive events and theipacts usually impose additional costs on
particular actors/stakeholders involved. For upassengers these can be the cost of
4
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additional scheduled delays due to cancelled t@hsgervices if they manage to join still
remaining services to be realized, the cost of reahzed trips otherwise, and the cost of
delays of realized but delayed transport servitesnsport operators are imposed the cost of
cancelled and delayed transport services. Theglaceimposed the cost of recovery actions,
(in some cases very substantive), which are natidered in the given context.

2.3 The concept of resilience, i.e. vulnerability

2.3.1 Definition and framework

Resilience, i.e., vulnerability of a given HSR netlw can be defined as its ability to stay
operational safely at the specified level durihg impact of a given disruptive event. This
definition only considers actions aimed at mitiggtimpacts of disruptive vents and not the
recovery actions aftermath. In addition, resilienee, vulnerability of the given network can
generally be considered as static and dynamic.f@tmeer refers to the network’s ability to
maintain its scheduled/planned operations durirgittipact of disruptive events. The latter
implies the network’s speed of recovering up to diesired (specified) operational level in
the aftermath (Chen and Miller-Hooks, 2012, Jar@@l5; Rose, 2007). As well, the
resilience, i.e., vulnerability of a HSR networkndae considered in the short-, medium-, and
long-term (Njoka and Raoult, 2009; TDM Encycloped@@l0).

The resilience, i.e., vulnerability of a given H&8Btwork can be assessed at three layers as
follows (Janic, 2015):

» The physical layer, which deals with the physicapacts on the network’s infrastructure—
odes-stations/terminuses, lines-tracks, rollingclstoand supporting facilities and
equipment;

* The transport service layer, which mainly consideesimpact on the scheduled/planned
transport services between particular nodes/stattong particular lines; and

* The cognitive layer, which relates to the usersgeamgers’ confidence in the affected and
subsequently recovered HSR transport servicesg(J20il5; Len at al., 2010).

2.2.3 Tactics and strategies for mitigating the consequences of disruptive vent(s)

In general, the main consequences of impacts aiftise vents on a given HSR network are
the costs of damages of infrastructure and tramspervices imposed on the above-
mentioned main actors/stakeholders involved - th&RH network’s operators,
users=passengers, and sometimes the third parties.

Therefore, in order to prevent and/or mitigate kdiman of the above-mentioned costs the
network components are constructed and designedsist to the life-cycle wearing and
tearing (with proper maintenance) and to the nhtdisasters (earthquakes, volcanic
eruptions, tidal waves, extremely bad weather,).etdn addition, the main tactics and
strategies for mitigating the impacts of the abowentioned and all other disruptive events
on the scheduled/planes transport services inch&lecancellations and delaying.

The tactics and strategies for mitigating the caftsancelled and delayed HSR transport
services can be as follows (Cox, et al., 2011;c]J&115):

» Conservation implying maintaining operation of tletwork but with a reduced number of
HSR transport services (i.e., mainly due their etlation);

» Production recapture implying filling-in additiomalthe remaining transport services and
scheduling additional ones after the end of disvepévent(s) in order to accommodate
users/passengers from the previously cancelledicesronly in case if the above-
,mentioned components of the HSR network remainextt); and
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* Management effectiveness referring to the strasegiel tactics of restoring the affected
infrastructure and transport services in the netvadier the end of disruptive event*s).

3 AMETHODOLOFY FOR ASSESSING RESILIENCE, I. E.,VULNERABILITY OF
AN AFFECTED HSR (HIGH SPEED RAIL) NETWORK

In particular, a methodology for assessing resikeni.e., vulnerability of a given HSR
network affected by a given disruptive event, anelated costs for particular
actors/stakeholders involved such as users-passerggel transport service providers
represents a continuation of the methodology d@esldor an affected air transport network
(Janic, 2015).

3.1 Some related research

The research on resilience, i.e., vulnerabilityddferent systems have been under focus
mainly over the past two decades and half, primarillue to affection of different systems
usually by unpredictable disruptive vents. In thantext, at the general level, the related
research on general networks, network-based methaat$ transport systems has been
mentioned. As far as the networks are concernediryHand Ramirez-Marquez (2012)
expressed resilience as the ratio of recovery 48 fuffered by the system, implying that if
the recovery is equal to the loss, then the systerfully resilient. Otherwise, without
recovery, there is no resilience.
Garbin and Shortle (2007) proposed measuring tieanlk resilience as the percentage of
network damage versus network performances underai@onditions. The performances of
the network included demand, topology, capacityd asuting. Rosenkrantz et al. (2009)
guantified resilience of the the given service-oigel networks means by node and link
failures, consequently distinguishing between tlwork node and the network link
resilience. In addition, the algorithm to determite maximum tolerable node and link
failures in the given network. Najjar and Gaudib®90) proposed network resilience and
relative network resilience as two probabiligtieasures of network fault tolerance in a
multicomputer system.
The network-based methods have been particuladyg tm analysing the complex structure
of large-scale systems/networks by quantifying tletative importance and mutual
dependency of their nodes and links (Newman, 2004gse methods have been categorized
into topology-based and flow-based methods (Ouyadd4). The latter methods can cover
all resilience capacities, in contrast to topoldgged methods which cover the specific
capacity only. Both types of methods have showbetgarticularly relevant in analysing air
transport networks.
The research on the resilience, i.e., vulnerahilftyail, road, and intermodal freight transport
networks has been relatively exhaustive. This hakided their definition and development
of algorithms for optimizing the cost of recovergtigities within the specified budget
aftermath of the given disruptive events (Berdi202; Chen and Miller Hooks, 2012).
Hughes and Healy (2014) developed a framework fgualitative measurement of both
technical and organisational dimensions of resikeimcluding specific detailed measurement
categories. The framework has enabled determinafidhe context of an initial assessment
of resilience followed by its detailed assessmgnineasures combined to generate a range
of resilience score.
Omer et al. (2013) identified three resilience mstto measure the impact of hypothetical
disruptions on the performance of a road-basedsp@mation system: the travel time
resilience, environmental resilience, and costiessie.
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In addition, Wang and Ip, (2009) and Ip and WaB@1(Q) defined the framework for
evaluating the resilience, i.e., vulnerability bétlogistics and rail freight transport networks,
respectively. This enabled development of the nogfition models and algorithms for
allocation of the available resources guarantesacurity and quality of services in the
logistics, and the optimal design of rail networased on their resilience, i.e., vulnerability.
Gluchshenko & Foerster (2013) proposed a qualgatimeasure for resilience in air
transportation based on recovery time. Janic (2038 developed the methodology for
estimating the resilience, i.e., vulnerability,afrility, and related costs of an air transport
network affected by the large scale disruptive (gniThe methodology has been applied to
the part of U.S. air transport network affectechiogricane Sandy. .

Evidently, it can be said that the research oniease, i.e., vulnerability of HSR networks
have been relatively scarce. The exception has tieemwork of Shimamura et al., (2013),
who elaborated damages of concrete structures dtengohoku Shinkansen line and the
restoration after the impact of the above —mentd2@l1l Great Tohoku Earthquake (Japan).
Consequently, the measures have been proposedigatmithe impacts of the future similar
earthquakes: viaduct reinforcement to resist to gtrengest earthquakes, seismic early
warning system to warn well in advance of the foothing earthquake, and anti-straying
wheel guide mechanism to prevent derailing of Hht during the earthquake. In addition,
Jianhuai et al., (2013) have dealt with the attadkerability of Chinese HSRN (High Speed
rail network) means by graph theory and complexvask theory. It has been shown that the
network has been very vulnerable subject to malgiattacks. The highest mutual node-
based attacks can cause more damages than th&t ldegeee node-based attacks. As well, In
the research of Jaroszweski et al., (2014), thevieather such as heavy rain. wind/storm,
sand now/winter conditions has been identifiedissigdtive events for both conventional and
JSR operations.

Anyway, the above-mentioned research has not ettplidealt with developing a more
generic methodology for estimating resilience,, hlnerability of a given HSR network
affected by some disruptive event(s).

Certainly, one of the strong reasons has beerthbaterious disruptions of the HSR networks
with related consequences have been relativelyc@amgpared to, for example, those of road
and air transport networks, regarding the scalevahagmes of their operations. Despite such
facts, this work, continuing to the previous workJanic (2015) intends to contribute to
filling in this gap.

3.2 Objectives

Regarding the above-mentioned findings from thateel research, the main objectives Of
this paper are to develop a methodology for estigaaind predicting resilience, i.e.,
vulnerability, and cost of a given HSR network,iethhas been, currently is or will likely be
under the risk of being affected by different tyjdghe internal and/or external disruptive
events. In this context, resilience implies resis&ato diminishing the scheduled/planned
level of operations, i.e., maintaining the spedifa@erational level, during and just after the
impact of given disruptive event. Alternativelysileence reflects vulnerability as the scale of
deterioration of scheduled/planned transport sesviof the affected HSR network under
givenconditions,. . In addition, the methodology should enable estilom of the costs due to
the impact of given disruptive event for particutaain actors/stakeholders involved such as
users/passengers and transport service providers.

3.3 Assumptions

The methodology is based on the following assumgtio
7



NECTAR 2015 International Conference on “Smart Bport Planning”, 14-16 June University2015
of Michigan, Ann Arbor, Michigan, US

e The HSR network consists of lines, each constraibgd the begin and end
station/terminus, the intermediate stations andbbstracks connecting them; such
configuration enables performing transport servisgaultaneously in both directions
along the line; the stations are considered aadldes and the double tracks between them
as bi-directional physical links of the network;

» Each station/node along particular lines of thewoet can be an origins and/or
destinations (i.e., O-D) of user-passenger denflovds and related transport services
carried out by the HS trains; consequently, thes®<) intermediate nodes/stations, and
tracks/links between them define the routes whéfferdnt types of transport services,
each characterized by the number of intermediafgssind price are scheduled/planned;

» The passenger demand flows along routes of lines given HSR network are always
fully satisfied by the scheduled/planned transpertices of each type;

» Both internal-the system’s and the external-outhef system disruptive events are of the
stochastic nature in terms of time and locatiowafurrence, and the intensity of impact;
therefore they are represented by the probabildfesccurrence at given intensity at the
specified time; therefore, the probabilities of tpagents, which occurred, is equal to one;
the probabilities of prospective events cariesvbeh zero and one, which can be
estimated either from the past data or by “whatsfenario approach; using “the past
data” implies disruptive events with specified mgy of impacts are expected to likely
occur in the future according to the similar pattas used in the past; using the “scenario
approach” implies predicting occurrence of disruptevents and their impact(s) with
certain previously not experienced probabilities;both cases, predicting can be useful
for planning and implementing the preventive measwo mitigate the costs of damages
during and after the end of impacts; in many cabesexternal disruptive events can
trigger occurrence of the internal-the system’sspbat not vice versa.

» The impacts of particular disruptive events aftbet network’s components and transport
services over the specified time equal to duratibthese events and the time of starting
recovery actions;

» Disruptive events can, depending on the intensity spatial scale of their impacts, affect
different lines and components of the given HSRvoét individually and/or together;

» Disruptive events of given intensity of impacts albyu require cancellation and/or
delaying of the affected transport services asrhigating actions; and

» The methodology for assessing and predicting ieesié, i.e., vulnerabilitypf a given
HSR network is developed for a given type of disug event(s) occurred and lasting
during the specified time; it also estimates theeai costsimposed on particular
actors/stakeholders during the impact and nottlebshe recovery actions aftermath. .

3.4 Structure of the methodology

3.4.1 General

The methodology consists of the models for estingathe resilience, i.e., vulnerability, and
costs imposed on the HSR network affected by gdisruptive event. The network consists
of N lines, each containiniyx routes, where different types of the HSR transpervices are
scheduled/planned during the specified tir)e The simplified schemes of particular spatial
configurations of HSR networks with lines, routesl dypes of transport services there for
developing the methodology are shown in Figure, B)a

This time (z) is defined from the moment of the occurrence afuptive event until the
moment of starting the recovery actions over thecad network and its components. . As
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such it can be of different duration - from a fesubs to one or several days, weeks, months,
and even years. This however depends on the damagsto the HSR network

@ Begin/end node/station
@ Intermediate node/station

m = Line/link

Line 1

Route ij) and (ji)

Polygon network

Line network Star-shaped network

a) Spatial configurations

i @
. ml//

2 /
& /
/
/
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/ /
® e V.
/! \
S \
/ \
/ ! III |
Time

b) Scheduled/planned transport services

Figure 2 Scheme of the HSR network for the purpose of dgmetpthe methodology in
given case

3.4.2 Modd for estimating resilience, i.e., vulnerability
Specifically, the model for estimating the resiten i.e., vulnerability of a given HSR
network affected by the impact of a given disruptigvent is based on the following
assumptions:
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* Resilience, i.e., vulnerability is considered odlying the duration of impact of disruptive
event;

» Direct routes with at least one scheduled/planretsport service of a given type connect
the particular nodes/stations along particularding the network; if one node/station is
closed by the impact, all departing and arriviransport services of all types to/from all
other nodes/stations will be cancelled, i.e. thaneations will be cut-off; the same
happens if the link(s) between particular nodes¢stas closed by the impact; and

* The number of transport services of all types salestiplanned and actually realized on
particular routes is used for measuring their nagaiitmportance, i.e., weight in the network
during the impact of a disruptive event (the otimerasures not explicitly considered can
be the number of passengers on-board of each s gervices).

The model consists of the following components:

i) The node’s/station’s relative importance/weight
The relative importance, i.e. weight, of a givendefstation(i) on the line(k) can be
estimated as follows:

Wy (7) = k(D) (1a)

Z_k: Fii (7)

Similarly, the relative importance/weight of thededstation(i) in the entire HSR network
can be estimated as follows:

w (1) = — D) (1b)

Ny

ZZ Fei (7)

N
k=1 i=1
where

F.(r) s the number of departing and arriving transpervises at the node/station (i) on
the line(k) during time(z);

The transport servicel§ ,(7)in Eq. 1 (a, b) can be determined as follows:

N My

Fk/i(r)zz [fk/ij/m(r)+ fl/ij/m(r)] (1c)
I m
where
fl/ij/mi(r)’ f””i/m(r) is the number of scheduled/planned transport sesvice., the

service frequency, of typdm) on the route(ij) and (ji),
respectively, of lin€k) during time(z).

10
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The service frequencyf;,,(7) and f,;;,,(7) in Eq. 1c can be determined as follows:

fl/ij/mi(r) = T/hk/ij/m(r) and fl/ji/mi ()= T/hxlji/m(r)) where h;,.(r)and h,,;,.(7)are the

average time intervals between successive transporices of typém) scheduled/planned
on the routdij) and(ji), respectively, during time).

i) The line’s relative importance/weight
The relative importance, i.e. weight, of the ligk¢ of a given HSR network containingy
lines can be estimated as follows:

w, (1) = leki (2a)
>R ()
where

F. (r) s the total number of transport services carriatiasong the lingk) during time

(@).
The transport service§, (7) in EqQ. 2a can be determined as follows:

N, Ny My

F ()= ZZ Z[Fk/ij/m(f) + Fllji/m(r)] (2b)

i=1 j=1 me1
j#i

where

Fim@: Fijim(@) is the number of_ actually r_ealized transport sa_&viof typ_e(m) on
the routg(ij) and(ji), respectively, of the lingk) during the timgr)

The transport services, ;,,(r) and F,,;,,(7) in Eq 2 b can be determined as follows:

firjim(T)

Z[l_ Pusjirmr (7]

frijim(T)

Feiim(T) = Z[l_ Pesiimr (D] @and Fy (1) = (2¢)

where

fiim@s i (7) is the frequency of transport services of typ® scheduled/planne
! o on the routgij) and ji), respectively, of the lingk) during the time

(v); and
Besi e (D), is the probability of of cancellation of ti{g)-th transport service of
J type (m) scheduled/planned on the rodijg and(ji), respectively, of
P i (7) the line(k) during the tim&z) due to the occurrence and the intensity

of given disruptive vent,

The other symbols are analogous to those in theque Egs.
The probabilities py;,/r(7) andp,,;,,/r(r) in Eq. 2c are equal to the product of the

probabilities of two events: that the disruptiveetvoccurs and that the intensity of its impact
causes cancellation of the affected transport servihen, from Eqg. 2c follows that the
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fisijim(T)

z Pusij e (7)

j:r:]_

number of cancelled transport services is deterthiag F,:,ij,m(r): and

frjirm(7)

Z P jirmir (1)

j:r:]_

Foim(@) = . The rest of transport services can be on timeedayed, but

realized anyway (in all cases they are considesadtagers).

Equation 1(a, b) indicates that the relative im@oce/weight of a given node/station

increases with increasing of the share of its degaand arriving transport services in their

totals at a;; nodes/stations of a given line(s) démose of the entire HSR network,

respectively, all during the specified period ofi¢i and under given conditions. .

Similarly, Eq. 2a indicates that the relative intpace/weight of the given line increases with
increasing of the share of its transport servioetheir total of the entire network, during the

given period of time under given conditions, . bidaion, Eqs. 1 and 2 indicate that both

departing and arriving transport services at paldicnode(s)/station(s), i.e., those carried out
in both direction along the particular route(s) &ken into account in determining their

weights, respectively. As mentioned above, thespart services along particular routes are
scheduled to satisfy the expected passenger deoratet given conditions. In this context,

their number at both nodes/stations and routesalvisys lower or at most equal to the

corresponding capacities. These are usually egpdely the maximum number of services
(i.e., HS trains), which can be accommodated tleireng the given period of time under

conditions of constant demand for service.

i) The node’s/station’s self-excluding importane/weight

The self-excluding importance, i.e. weight, of thede/station(i) on the line(k) with Nk
routes of a given HSR network implies that its otb@nnected nodes/stations do not include
it. Thus it can be estimated as follows:

Ui () = N, Fn (1) (3a)
Z Fei (1) = F i (7)
i=1

where all symbols are as in the previous EQs.

Similarly, the self-excluding weight of the nodetsdn (i) of the HSR network containingyl
lines each witiNxroutes can be estimated as follows:

u (r) = Feii (7) _ (3b)

N

Z Foi (7) = Fi (7)

1i=1

M=

=~
1l

where all symbols are as in the previous EQs.

Equations 3a and 3b indicate that the self-exclyaveight of a given node/station increases
more than proportionally with increasing of the rehaf its weight in the total weight of the
given line and entire network, respectively, ungigen conditions.

iv) The line’s self-excluding importance/weight
Similarly as in case of nodes/stations, the setheding weight of a given line of a given
HSR network can be estimated as follows:
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uk(r) = N Fk (Z-) - IBC
> F(@)-F@

where all symbols are a in the previous Egs.

Equation 3c indicates that the self-excluding \ueigf the given line increases more than
proportionally with increasing of its share in ttegal weight of the HSR network, under
given conditions.

V) The node’s/station’s resilience, i.e., vulnerabiy

The resilience, i.e., vulnerability, of the nodafgin (i) on the line(k) can be estimated as
the sum of the product of all self-excluding impoite/weights except the one for the
node/station (i) and the number or proportion of transport serviaetsially carried out as
follows:

Mk/l]

R.i(7) = Zkuk/, (1) Z[Fk/u/m(r) + Fk/l]/m(r)] (4a)

=L

Similarly, the resilience, i.e. vulnerability ofemode/statiori) of the entire HSR network
can be estimated as follows:

Mk/l]

R()= z Zuklj (1) Z[Fk/ij/m(r) + Fk/ij/m(T)] (4b)

k=1 j=1;j#i

where all symbols are as in the previous EQs.

Consequently, Equation 4 (a, b) indicates thatrésdience, i.e., vulnerability, of a given
node/station at the level of it belongs and thell®f entire HSR network is proportional to
the sum of the product of the corresponding setfweling weight(s) and the number of
actually realized transport services to and frolmepiconnected nodes/stations under given
conditions. In addition, it increases with increasof the number of sustained, i.e. actually
realized transport services. .

vi) The line’s resilience, i.e., vulnerability
The resilience, i.e., vulnerability of the givendi(k) of the HSR network can be estimated as
follows:

k Mk/u

R(7) = Zuk(r)zk Z Z[Fk/ij/m(r)+Fk/ij/m(T)] (4c)

i=1 j-Lj#i m=1
where all symbols are as in the previous Equations.

vii) The HSR network’s resilience, i.e., vulnerabity

The resilience of the HSR network consisting\béach withNx nodes/stations lines can be
estimated as the sum of the resilience of eaclvishaial node/station or line, based on Eg. 1la
and 4a, and 2a and 4c, respectively, as follows:
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R(N,7) = i_,\lzkwk/i(r) R.i(7) (5a)
or
R(N,7) :iwk(r)a(r) (5b)

where all symbols are as in the previous Egs.

Equation 5(a. b) indicates that the resilience, mMalnerability of the HSR network is
proportional to the sum of the weighted resilienae, vulnerability of each station/node or
the line belonging to it.

Alternatively to Eq. 5(a, b), the resilience. ixulnerability, of the HSR network consisting
of N lines, each withNx routes can be measured by an indicator based ernntierent
network properties and the set of actions for rattigg costs and maintaining the required
safety level of operations. The mitigating actiomglude delaying, rerouting and/or
cancelling affected transport services. In suchegashis indicator can be defined as a
proportion or the ratio between the on-time antd&tween the actually realized on-time and
delayed, and the total number of scheduled/plartredsport services during tin(e). The
indicator of the network’s resilience, i.e., vulability, can be specified as follows (Chen and
Miller-Hooks, 2012):

N N My

ZZ Z[Fk,ij,m(f) + Fk/ji/m(T)]
R(N,7) =— i’;l Moy ©)
ZZ 2 Ficiim(@) + fjium(@)]

j#

where all symbols are as in the previous Egs. Edndécates that the resilience, i.e.,
vulnerability, of the given HSR network increasesline with the actually realized and
scheduled/planned transport services at all itsost® lines, and routes during the given
period of time under given (disruptive) conditions.

Sep-by-step algorithm for estimating the resilience, i.e., vulnerability of given HSR network

STEP 1| Calculate the weight and self-excluding weight atle node/station or line of the
given HSR network by Eq. 1, 2, and 3, respectively;
STEP 2| Calculate the resilience of each node/station ared bf the HSR network by Eq.
4,

STEP 3| Calculate the resilience of the entire HSR netwiyeq. 5 or 6; and
STEP 4| Repeat STEPS 1, 2, and 3, as necessary, if thatiomséimpact, configuration
and service performance of the network, and sgetifime, change.

3.4.3 Themodel for estimating the number affected transport services

In general, the time of occurrence and the intgnsitimpact of most disruptive events is
actually exactly unpredictable. Therefore, it canrnportant to estimate the number of HSR
transport services (trains) simultaneously opegatinthe given network during the specified
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time, when the disruptive event(s) can happen wghain probability. This number is
estimated as follows:

d:
N, N My Frii( D * [ S + Qi 7) * Digijym(7)] +

Viksijrm
F@=222 O; ._ (7)
i P B Ferjid D * [M"'Qk/ji/m( 1) * Dy jiym(7)]
ki ji/m
where

Is the length of routéj) and(ji), respectively, of the ling), where
the transport service of tygm) is scheduled/planned;

is the operating speed of the transport servicemd (m) along the
route(ij) and(ji), respectively, of the ling);

Grm(T)» G jm(7) 1S the probability of delaying transport servicetppe (m) on the
route(ij) and(ji), respectively, of the line (k), during tingg; and

dk/ij/m” dk/ji/m

Vicriiime + Vi jirm

Beiynd®): Dyign® is the average delay of transport services of tgpg on the
route (ij) and(ji), respectively, of the line (k) during time
(7).

The delaysD,;,(r) and D;;(7) in Eq. 7 can be imposed on particular transpartises with
certain probabilitiesq,;;;(7) ,.and ¢, ;,,(7). These are the product of the probabilities of

two events: that the given disruptive event oceund that its intensity of impact causes
delays of the affected HS transport services. @&ample, these can be extremely bad
weather such as strong cross or head wind suddawy hain, intensive snowfalls, etc.,
usually compromising operation speed of HS traioagasegments of the entire routes. In
case of wind, the above-mentioned delays can lraasid as follows:

1 1
N ) (8a)
K/ Kt |:Vk/ij/m_vvk/ij/m(z—) Vk/ii/m}
and
1 1
D ji m(T) =Ad ji/m B (8b)
Kl ji/ kliil l: wriirm — Wi jism(T) Vk/ji/mj|

where

Ady i m(T) s Ady ) 5im(T) is the average distance along the rdijjeand(ji), respectively,
of the line(k) where the scheduled/planned operating speed of
the transport services of tyden) is affected/reduced, during
time (7)

Wi m(T) s Wi ji/m(T) is the average head or cross wind affecting the
scheduled/planned speed of transport servicepef(ty) on the
route(ij) and(ji), respectively, of the lingk) during time(z).
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The other symbols are as in the previous EQs.

3.4.4 Themodel for estimating the direct costs of affected transport services

The costs of the HSR network consistingh\bfines affected by the given disruptive event
can be estimated as the sum of i) the cost of ase@ schedule delays for users-passengers
due to additional waiting for transport servicebjch will be realized; ii) the costs of users-
passengers of the non-realized trips due to clgcehnsport services, iii) the cost of delays
of affected but realized transport services imdose both users-passengers on board and
transport operators; and iv) the cost of canceltadsport services imposed on transport
operators (this is actually a loss of profit as thikerence between revenues and costs of
cancelled services assumed to be at least zerdage). Under such conditions, the total
above-mentioned costs can be estimated as follows:

ak/ij/m( n* D, i (1) +ak/ji/m( n* S Dy (r)+
0 FI:/ij/m(T) * sk D) Negiyym() = }_'_

* ma)sgk“j/m(r){— Fsijsn D) * 1= A D1 Niym(7)

N Y O;Fk*/ji/ * Atk D) * Ny jiym(T) =
C(N,T):;jj;fi ; +ma)g8k,iji,m(r){_F " r:('(z*[l_/]m(én(g]*m(é (T)}+ 9)
+F ik D Qi D ™ Dtk D * Vit D ™ B0 +
+Fiiek D) * Qi D * Dk D Vs sk D Bus (@)
+ G 1) * FI:/ij/m(T) +C il D ™ FI:/ji/m(T)
where

DD, Dy, jim(7) Is the additional schedule delay for passengerdalgancellation of
transport services of tygen) on the routeij) and(ji), respectively,
of the line(k) during the tim€x);

Gyl Ay im(T) is the average unit cost of passenger time wadirgto cancellation
of transport services of typém) on the routes(ij) and (ji)
respectively of the lin€k) during time(z);

BiielD s Biim(T) is the cost of non-realized trip of a passenger tiueancelled
transport services of typen) on the routdij) and(ji), respectively,
of line (k) during time(z);

YaiiindD)s HijeeD) is the average cost of unit delay of transport iserof type (m)
realized on the rout@j) and(ji), respectively, of the lin€), during
time (z) (this cost includehe average unit time cost of both transport
operator and passengers on-baoard)

Bk D gD is the delay multiplier of transport service of éyfm) on the route
(i) and(ji), respectively, of the ling) during time(z);

Cesijm(T) s Csjism(T) is the average cost of cancellation of the trartsgmwice of typdm)
on the routegij) and(ji), respectively, of the lingk) during time(z)

Nim(T) s Ny jum(™) 1S the number of seats per service tym on the routgij) and ji),
respectively, of the lingk), during time(z); and

Aim(T) s Agjm(T) IS the average load factor per service typg on the routeij) and
(ji), respectively, of the lingk) during time(z).
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The other symbols are analogous to those in theque Egs.

In Eq. 9, it is assumed that the passengers fraroetiad transport services first fill in empty
seats of the services to be realized. If their nemnb greater, then the number of empty seats
on the services to be realized, some of them vatl nealize their trips and consequently
suffer corresponding cost. In addition, delays t@nimposed on the realized transport
services either at departure or while being oneadite to many causes. Then, they can
propagate through the HS trains’ daily itinerari@hjch is taken into account by the delay
multipliers.

The additional passenger schedule deldyg, (1) and SD,,;,,(7) in Eq.9 can be estimated

as follows:

- 1
S:)k/Ij/m(z-) T Qdu/m( )|: k/”/m( ) fk/ij/m(z_)j| (10a)
and

L 1
g:)k/“/m(r) T Qk/“/m( )|: k/]l/m(r) fk/ji/m(r):| (10b)

where

Quim(T), Quim(@) IS the passenger demand flows, i.e., the numbgasengers on
the routeqij) and(ji), respectively, of the linék), requesting and
getting the service typ@n) during time(z).

The other symbols are as in the previous EQs.
When the above-mentioned passenger demand is egpeot be satisfied by the
scheduled/planned transport services, the followorgditions are fulfilled:

Q</ij/m(7) = fk/ij/m( n* /]k/ij/m( n* nk/ij/m(r) (11a)
and
Qu/iim(D = ik D * Ay i D * Ny jiyn(7) (11b)

where all symbols are as in the previous Egs.

4 HOW THE METHODOLOGY WOULD BE APPLIED

As mentioned above, the application of the propasethodology has been described as a
process rather than using the particular case study

4.1 Inputs
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The models contained in the methodology for assgsmesilience, i.e., vulnerability and
related costs of a given HSR network affected wemgidisruptive events use the following
inputs:

i) Configuration of the network
Configuration of the given HSR network is represdrty the following inputs:

* Number of nodes (-)

* Number of lines (-)

* Number of routes per line (-)

* Number of different types of transport servicesnopeite of given lines (-);

* Length of routes along given lines (km)

» Scheduled/planned operating speed of different stypke transport services along
routes of given lines (km/h); and

» Speed of cross or headwind affecting given typdsamisport services along routes of
given lines (km/h).

i) Characteristics of transport services on routef given lines
Characteristics of transport services in the giv#8R network are represented by the
following inputs:

» Specified time (hour, day, week, month, year,eov {ears);

» Scheduled/planned frequency of transport servitegven types (departures/period
of time);

* Average seat capacity and load factor per givenegdypf transport services
(seats/departure; -);

* Number of users/passengers requesting given typestransport services
(passengers/specified time);

» Delay multiplier for given types of transport sees (-);

» Probabilities of cancellation of each transporveer of given types (between 0.0 and
1.0); and

» Probabilities of delaying given types of transysmtvices (between 0.0 and 1.0).

iil) Costs on routes of given lines
Costs of transport services imposed by disrupteat(g) on the actors/stakeholders of given
HSR network are represented by the following inputs

 Average cost per unit of delay of particular types transport services
(€/min/service);

* Average cost per cancelled transport serviceswagiype (€/service);

» Average cost of passenger time due to extendeddskhealelays from cancelled
transport services of given type (€/min/passengen

» Average cost of non-realized passenger trips dusateelling transport services of
given types (€/passenger-trip).

4.2 Results

Using the above-mentioned inputs in the correspandmodels, the resilience, i.e.,
vulnerability of the given HSR transport networksed on the resilience, i.e., vulnerability of
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its nodes or routes, and related costs for padiadtors/stakeholders can be estimated in two
ways: i) a priory, i.e., predictive when disruptivent is still expected to occur; and ii) a
posterior, when the disruptive event has alreadyiwed.

In both cases, the corresponding above-mentionaatsrfor the selected lines, their routes,
and services can be used. In particular, the itgstys analysis of resilience, i.e.,
vulnerability of the network can be carried outpessting to changes of the following inputs:
The size and content of the already or prospegtiaéiected part of the network by given
disruptive events characterized by the numbemefsli routes, and types of transport services
scheduled/planned during the specified time.

Probabilities of cancelling and/or delaying par@uscheduled/planned transport services in
the already or prospectively affected part of taevork; and

Speed/time of propagating of the given disruptivents across the network implying
changes of size and related content of its affegtagtiover time (this mainly depends on type
of disruptive events).

In this case it is reasonable to expect that ifsike of the affected [art of the network and the
probabilities of cancelations and delayed transpenvices increase the resilience, i.e.,
vulnerability of the given network will decreasendareach its minimum when the
corresponding probabilities are equal to one. &nfdrmer case, when these probabilities are
less than one, the resilience, i.e., vulnerabibtythe network has predictive character, if
disruptive events occur simultaneously in the foothing specified time, cancellations of
some and delays of other remaining transport sesvare likely to expect. In the latter case,
the disruptive event(s) has already occurred andexh cancellation or delaying of all
affected transport services. In this case the pisr@ events causing cancellation and delays
exclude each other. .

With propagation of the disruptive events acrossrbtwork the number of nodes/stations,
lines, routes, and services to be prospectivelyeen already affected changes- some new are
coming under impact some others have been relievedis influencing changes of the
network’s overall resilience, i.e., vulnerabilityn general, resilience, i.e., vulnerability of
given HSR network decreases with increasing ok seizits affected part regardless the type
of disruptive events.

The sensitivity analysis of the costs of impactsdadfruptive vents affecting given HSR
network under given conditions can be carried especting changes of the following inputs:
Above-mentioned inputs influencing resilience,, ivelinerability of the network; and

Average unit costs of cancelled and delayed tramspgervices of particular
actors/stakeholders involved — users/passengetramsport operators.

In general these costs and their particular compisnare expected to increase with the
number of affected — cancelled or delayed — tramispervices, which is in line with
increasing of probabilities of impacts of corresgioy disruptive events. In addition, in case
when disruptive events have already happened thydar cost components exclude each
other, i.e., if disruptive vent caused cancelatbrall transport services, the corresponding
costs will be maximal, and the cost of delayeddpant services will be zero, and vice versa.
As well, if disruptive events are expected to happbe share of particular cost of
prospectively cancelled and delayed transporticeswvill depend on their corresponding
probabilities. Anyway each cost component will teladincrease with increasing of the
corresponding above-mentioned unit cost, giverother inputs constant.

The above-mentioned discussion has indicated #siliance, i.e., vulnerability of the given
HSR network affected by given disruptive event(s®reegatively correlated, i.e., decreasing
resilience, i.e., vulnerability reflects greatermther of affected transport services and
consequently increasing of the particular cost comepts under given conditions.
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5 CONCLUSIONS

This paper has developed a methodology for estnmdke resilience, i.e., vulnerability and
costs of a given HSR network, which can be affedigddifferent disruptive events. The
network has consisted of lines each containing sistltions and links connecting them.
Along particular lines the routes have been esthbll, each defined by the begin and end
node/station as the origin and destination of psssenger lows and HS (High Speed) train
services of different types scheduled/planned effrigxquency to fully serve them during the
specified time

The particular types of HS train services have beearacterized by the service frequency,
the number of intermediate stops between origin @estination nodes/stations, operating
speed, and cost/price for transport operator(sQuarts/passengers.

In such a context, resilience, i.e., vulnerabifis been considered as the network’s ability to
sustain its planned operations during the impaca aisruptive event. Consequently, the
resilience has reflected the network’s operatidéea! under given conditions. The disruptive
events categorized as internal-the system andnextbave been assumed to individually
simultaneously affect the HSR services on partictdates, lines, single or more lines, and
the entire network, depending on their type anditivensity of impact. The consequences
have been cancelled and/or delayed affected intpacsport services. In this context, the
disruptive events have assumed to affect partidusarsport services in the network with
certain probability during the specified time. Thigs enabled estimation of resilience, i.e.,
vulnerability, and cost of their impact on the giveetwork both a priory (when the event is
expected to likely occur) and a posterior (whenghent has event occurred).

The costs of impacts of disruptive events haveustetl the costs of cancelled and delayed
HS transport services imposed directly on transpperators and users=-passengers, In
some sense, these costs have reflected the HSRriitveconomic (in)-efficiency under
given conditions.

The way how the proposed methodology could be epias contained an elaboration of the
necessary inputs and a qualitative analysis oé¥pected results, both in the general terms.
The results have indicated that the resilienee, vulnerability of give HSR network would
decrease with increasing of the probabilities ofusence and intensity of impacts, and
spatial scale of disruptive events. In addition,e tltosts imposed on particular
actors/stakeholders would increase.

What remains for the further research is to dermmatestapplication of the proposed
methodology to the real-life case or by using “wiffascenario approach related to the real-
life HSR network. After that, the judgement of thmeal usefulness of the proposed
methodology could be made. At this moment, it retaan the theoretical domain
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