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Abstract. Public service infrastructure will increasingly be
impacted by climate change and has therefore to become
more resilient against extreme weather events and other
climate change-related effects. A central part of urban in-
frastructure is public transit, often mainly consisting of in-
teracting light-rail as well as express and community bus
networks. To increase such a system’s resilience against
small disturbances and larger outages — as they might re-
sult from climate change - service providers need a
toolbox of potential measures to mitigate such incidents’
impact and to re-establish services as soon as possible af-
ter an outage. This paper presents a bi-modal urban
transit simulation system covering both light rail and (ex-
press and community) bus networks. Central aims of the
system are to enable operators to evaluate measures
against small disturbances and larger outages as they
happen, and to evaluate what combination of disaster risk
management and resilience-building strategies shows
most potential to help increasing the resilience of urban
transit systems against extreme weather events resulting
from climate change as well as other disasters.

Introduction

To protect their long-term utility against the increasing
impact of climate change, urban infrastructure compo-
nents have to become more resilient against extreme
weather events like pluvial and fluvia flooding, heat
waves, draughts, and windstorms [1]. Such urban infra-
structureincludesall types of publically and privately op-
erated communication, electricity, and water networks,
waste treatment, industrial facilities, as well as urban
transportation.

Over the last decades, infrastructure systems that
were perceived up until then as isolated services have
transformed to connected ecosystems; tightly organised
networks provided by a multitude of actors, involving a
myriad of physical and digital structures, and offering
services to society through all sorts of physical and digi-
tal channels. That includes the different modes of urban
transit, including light rail systems, express and commu-
nity buses, and at least partially integrated individual
transportation services like taxi cabs, Uber, and Lyft. Out
of al commonly available public transit modes, light rail
and bus transit have the highest transit performance [2].

In case of sudden disastersimpacting transit systems,
including extreme weather and human-made events, op-
erators have to be able to make decisions fast to a) trans-
fer the infrastructure components into a pre-planned dis-
aster mode and b) to be able to re-establish services as
soon as the immediate event has passed. These operators
can be assisted with a simulation application covering
both light rail and bus transit that executes simulation
runs sufficiently fast to enable evaluation and compari-
son of potential decisions and strageties, thereby contrib-
uting to increase the resilience of the transit system.

This paper presents a bi-modal simulation model rep-
resenting an urban ared’s integrated light rail and bus
transit network, designed to assist with increasing the
transit infrastructure system’s resilience againt extreme
weather events and human-made distasters. A specificfo-
cus is put on a) fast execution and b) the representation
of operating decisions necessary in disaster risk manage-
ment situations.

Many models representing urban transit are devel-
oped as an extension of aready established models of in-
dividua traffic [3][4][5]. Many of the more recent simu-
lation models including bus transit use microscopic
agent-based modeling approaches [3][4][6][7], the
mesoscopic approach to bus transit simulation proposed
by Toledo et a. [5] extends a mesoscopic simulation
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model for individual traffic based on queuing theory pro-
posed by Burghout in [8], which represents the street net-
work as agraph of interconnected queues and vehicles as
individual entities traversing these queues based on
speed/density functions.

Especially models utilizing a fine-grained modeling
approach generally necessitate the availability of an ex-
tensive data basis, including detailed information on
origin-destination matrices, vehicular dynamics, signal-
ing strategies, and lane changing rules [9], and include
many components which are not immediately interesting
for public transit resilience management. This often leads
to long runtimes [10][11], thereby rendering those mod-
els inadequate for the use case described above. There-
fore, this paper builds upon the work presented by
Lickerath [12] by extending a runtime-efficient bus
transit model to include light rail transit.

The paper continues by sharing some background on
the core components and concepts of urban transit sys-
tems (Section 1) and then introduces the developed bi-
modal transit simulation model (Section 2). It examines
afirst round of experiments, specifically concerning ex-
ecution speed (Section 3), and concludes with an outlook
on necessary further research steps (Section 4).

1 Urban Transit Components

Urban transit usually consists of a number of interacting
networks, e.g., a light rail system, express and commu-
nity bus networks, often connected at specific hubsto na-
tional rail systemsaswell asto individua transit systems
like taxi cabs, Uber, or Lyft. For the presented model in-
dividua transit as well as national rail stations/airports
are parameterized and not part of the core model itself.

A mixed light-rail and bus network consists of a net-
work of street and rail segments aswell as stops and sta-
tions where passenger exchanges take place. These stops
and stations are served by a set of transit vehicles execut-
ing service trips, i.e., pairings of starting times and se-
guences of stops, according to atimetable. Each individ-
ual vehicle executes several service trips, interspersed
with deadhead trips, over the course of an operational
day, which is called a rotation. Such a rotation usualy
begins with a deadhead trip from the vehicle's depot to
thefirst stop of itsfirst service trip and, after anumber of
service trips, ends with a returning deadhead trip to the
depot. The vehicle schedule defines the assignment of
specific vehicles to rotations.
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While some stops, mainly bus stops, include a bay
with capacity for morethan one vehicle, many other stops
can contain only one vehicle at any given time. Some
stops are marked as control points, i.e., locations in the
network where control strategies may be employed, e.g.,
purposely delaying early vehicles until the scheduled de-
parturetime is reached. At other stops, vehicles depart as
soon as the passenger exchange is completed. Each stop
belongs to exactly one station, a geographically grouped
collection of stopswhich usually share acommon name.

Directed paths through the network, connecting two
successive stops are called connections. They usually con-
sist of severa street and/or rail segments, junctions, and
signals, that in turn can be shared by several connections.

Signals control accessto individual segments, usually
at junctions. Often, two or more signals constitute a sig-
nal group with a common scheduling strategy.

Urban transit vehicles generally follow pre-defined
line routes, consisting of sequences of stops to be ser-
viced. Often, aline consists of a number of line variants:
while amain variant might be served by a mgjority of ve-
hicles, some variants might contain only stops in the city
center but not in the suburbs or might branch off the trunk
route to connect to acommercia area or business park.

In most public transit systems, daily operations are
managed by an operations center, with dispatcher per-
sonnel managing procedures for the mitigation of small
disturbances and larger outages. While the number and
intensity of the smaller disturbances might increase from
the impacts of climate change, e.g., changing precipita-
tion patterns, many will originate from everyday inci-
dents, like street segments blocked by accidents, or fail-
ing transit vehicle doors. Larger outages might result
from extreme weather events, like pluvia or fluvia
flooding, high storms, or excessive heat waves — or from
human-caused events like protests or terrorist attacks. In
case of any of these events, transit operators have a num-
ber of remedies at their disposal to keep services running
aslong as possible, and to restore them as soon as possi-
ble. These include the authority to short-turn or cancel
trips, to re-route vehicles, and to deploy extra vehicles.

2 Modelling Urban Transit

To represent the described entities and behavior that con-
stitute urban light-rail and bus networks, a bi-modal sim-
ulation model based on the event-based approach [13]
has been designed.
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A description of its design and mechanics are shared
inthefollowing sections, highlighting partial model s rep-
resenting physical network components, the logical net-
work, vehicle behavior, operational management, and the
necessary randomization. All of these partial models are
based on the bus transit model described by L tickerath
and Ullrich [14].

2.1 Physical Network Model

The basis of the model is the representation of the physi-
cal transit network as a directed graph. Stops, connec-
tions and segments are modeled as nodes of this graph,
with their neighborhood relations modeled as edges.
Each node has a geographic position, identifying attrib-
utes, and amaximum vehicle capacity. Furthermore, each
node represents an entity in the sense of the event-based
simulation paradigm, i.e., it can be producer and con-
sumer of events. Thus, temporary changes of attribute
characteristics, e.g., for modeling disruptions, can be
mapped in asimple way via events and activities.

Stops are nodes in the model graph where transit ve-
hicle entities — i.e., busses and light rail cars — stop for
boarding and disembarking processes. They always be-
long to exactly one station and have time-of-day and lo-
cation-specific stopping times. Different capacity or spa-
tial dimensions of stops are modelled by a maximum
number of vehicle entities they can service sim-
ultanioudly. For example, at alarger stop within abus sta-
tion, severa vehicles can usualy stop at the same time.
Whereas at a stop without a separate bay on a busy road,
an arriving vehicle may have to wait for an already stop-
ping vehicle before it can approach the stop.

Stations group together geographically related stops
and give them a uniform name. They form an additional
information layer within the model.

Connections are directed paths in the model graph
that link two stops. They have a specific length aswell as
time of day and location specific average travel times. In
addition, they are assigned a planned travel time by the
timetable. Depending on the transit system to be model ed
and the level of detail of the available data, connection
nodes also manage model components of the segments,
switches and signals belonging to their connection.

Segments represent subsections of connections, rep-
resenting road or rail segments between two road junc-
tions or between two switches of arail transport system.
Consequently, their corresponding model components

have a specific length, a scheduled travel time and man-
age empirical data on their average travel time. In addi-
tion, they have an allowed maximum traversal speed,
which can be used, e.g., for microscopic simulation of
driving behavior. To represent overlaps between different
connections, segment nodes can be part of several con-
nection nodes.

To represent the driving behavior of different traffic
modes, the model distinguishes between two types of
segment nodes. roads and tracks. Road nodes are seg-
ment nodes that are used by entities of individual traffic,
have an unrestricted vehicle capacity, and do not enforce
a fixed vehicle sequence. Without (detailed) information
about lanes, it isassumed that there is sufficient space for
overtaking maneuvers on each road node, i.e., travel
times of individual vehicle entities can be calculated
without considering other entities traveling on the node.
A more detailed modeling can be achieved by a simple
extension of the model by a speciaized road node (e.g.,
based on the modeling of the Mezzo system [5][8]).

In contrast to road nodes, track nodes are used exclu-
sively by rail vehicle entities and enforce both compli-
ance with a maximum vehicle capacity aswell asafixed
vehicle sequence. The latter prevents inadmissible over-
taking maneuvers between vehicle entities traveling on
the same track node and is realized via the travel time
calculation (see Section 2.5): If available, the entity trav-
eling directly ahead isalways considered to determinethe
travel time of a vehicle entity newly arriving on a track
node. The calculated simulation time at which the new
vehicle entity arrives at the end of the track node can
never be earlier than that of the entity directly in front.
Without possibilities for overtaking maneuvers, the for-
mation of backlogs— even across neighboring nodes—is
considered in the model using the vehicle capacity of
nodes. The combined length of all vehicle entitiesdriving
on thetrack node at a given time must always be less than
or equa to the track length. If the combined vehicle
length would become greater than the track length due to
anew entity arriving on the track node, the arriving vehi-
cle entity must wait on the neighboring node upstream of
the track node until sufficient space is available.

Switches are locations in rail-based transit systems
where track crossings take place without interrupting the
journey, i.e., they have a unique geographical position
and are related to at least three tracks — at least one each
incoming and outgoing.
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They are modeled as transfer points without spatial
extension and are traversed in zero time. Switches can
merge several tracks and must be activated to target the
correct incoming/outgoing track before an entity can
cross them. This is represented in the model by vehicles
reserving switches before crossing them and releasing
them after a successful transfer.

Signals represent traffic lights of road traffic aswell as
light signal systems of rail traffic. They usualy formasig-
nal group with other signals and have attributes such as
switching time or signal status (e.g., green, yellow, red).

Both switches and signals are modelled as additional
information layer and not as nodes of the model graph.
They can only be found at start or end positions of seg-
ment nodes in the model and can be associated with the
corresponding nodes based on these positions.

2.2 Logical Network Model

In addition to the physical network components pre-
sented so far, logical components such as lines, trips and
timetables have to also be considered to model public
transit.

Lines consist of an ordered set of stops, which speci-
fies the route to be followed during regular operation. In
the simulation model, this is represented by a reference
to a set of corresponding nodes of the model graph. To
avoid time-consuming dynamic path finding during the
simulation run, lines are additionally supplemented by an
ordered set of connection nodes. Furthermore, each line
can be assigned to a specific transit mode (e.g., bus or
train) and may additionally only be served by vehicle
types permitted for it. E.g., alow-floor train may not serve
a line whose stops are designed for high-floor trains. Ac-
cordingly, lines in the model manage references to their
transit mode and the vehicle types permitted for them.

Trips combine ordered sets of stops and connections
with a start time and are differentiated into service trips
and deadheads. In the model, trips manage references to
sets of stop and connection nodes, similar to lines. Ser-
vice trips additionally refer to the line they serve. Dead-
heads do not follow a predefined route and therefore do
not refer to aline in the model.

2.3 Vehicles

Vehicles are represented astransient entities [13] that en-
capsulate asignificant portion of the event-based simula-
tion logic and move across the model graph during asim-
ulation run. Each vehicle entity has areference to the trip
itiscurrently serving, i.e., at each simulation timeit only
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has access to the information that is directly relevant for
itscurrent activity. All additional information, e.g., about
the timetable and the vehicle fleet, is administered by
specialized management modules (see Section 2.4).

Inthemodel, vehiclesare classified according to their
transit mode, their vehicle type, and their individua ve-
hicle characteristics. While transit mode discerns light-
rail and bus vehicles, the vehicle type is used for amore
detailed subdivision. For example, various types of Voss-
loh Kiepe GmbH vehicles arein usein the Cologne light
rail network, including low-floor vehicles of type K4000
[15] and K4500 [16] and high-floor vehicles of type
K5000 [17]. The most detailed classification is based on
individual vehicle characteristics. They encapsulate at-
tributes such as passenger capacity, vehicle length, max-
imum speed, minimum stopping time or boarding rate.
This type of modeling allows the representation of vehi-
cle entities of the same type with uniform equipment on
the one hand, and on the other hand it allows the represen-
tation of disturbances of individua vehicles (e.g., an in-
creased minimum stopping time due to a defective door).

A later extension of the simulation model by further
traffic modesis possible in asimple way by creating new
vehicle model sderived from the generic vehiclemodel and
providing them with individua vehicle characteristics.

Nine simulation event types represent the behavior of
bus and light rail vehicles (see Table 1). For a detailed
description of the bus-related simulation events see [14].
Figure 1 shows the relationships between the individual
event and activity types for light-rail vehicles, based on
the associated event process chains.

2.4 Operational Management

The model components presented so far are sufficient
for the representation of elementary functions of public
transit systems, but they neglect all higher-level manage-
ment activities that contribute to the functioning and re-
silience of transit systems. To allow for management on
ahigher level than individual trips, the timetable must be
supplemented by a rotation schedule, which combines
trips into groups (so called rotations) [ 18] that can be ex-
ecuted by individual vehicles within an operating day.
These and other management activities are encapsul ated
in three management modules. the fleet manager, theline
manager, and the dispatcher. Thus, changesto the model-
ing of individual administrative activities do not affect the
modeling of other areas of the simulation model. Work in
progress on these modules has been reported in [19].
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ROTATION_START

Prepare first
deadhead trip

h 4

DEADHEAD_START &

Prepare next
service trip

XOR

ROTATION_END

Inform dispatcher

SERVICE_TRIP_START

Prepare first
passenger
exchange

BOARDING_START

Passenger
exchange

BOARDING_END

Finish service trip

i

SERVICE_TRIP_END

Transfer to next
node

DRIVING_END

{Attempting to)
Drive

DRIVING_START

Inform
dispatcher

Figure 1: Relationships between the individual event and
activity types for light-rail vehicles (based on the
associated event process chains).

Simulation event type
ROTATION_START
ROTATION_END
DEADHEAD_TRIP_START
SERVICE_TRIP_START
TRIP_END
BOARDING_START
BOARDING_END
DRIVING_START
DRIVING_END

Table 1: Simulation event types for the light rail and
bus vehicles.

Fleet manager

The fleet manager administrates the vehicle fleet and al-
lows other components of the simulation model to access
the vehicle fleet via defined interfaces, manages which
vehicles are currently in use, and is responsible for gen-
erating and managing the initial rotation schedule.

If no rotation schedule is specified by the user, the
fleet manager uses a rotation schedul e generator to create
an (artificial) rotation schedule. Initialy, the ssimulation
model is accompanied by avery simple generator, which
is able to create schedules with the following properties:

i.  Vehicles only make trips that are allowed for

their type.

ii.  Successive trips must belong to lines with iden-
tical line numbers.

iii. End and start stops of successive trips must be
part of the same station

iv.  Trips assigned to vehicles follow a permissible
time order, i.e., the last trip assigned must end
before the next trip starts; and

V. A user-definable minimum turntimeis observed
between successive trips assigned to avehicle.

As Algorithm 1 shows in pseudocode, the procedure
traverses the given set of (service) trips (line 03) for this
purpose and, for each trip, searches the set of vehicles
with permissible vehicletype (line 05) either for avehicle
whose last assigned trip (line 06) satisfies conditions ii.
to v. (lines 09 to 11) or, if no such vehicle exists, for a
vehicle that has not yet been assigned atrip (lines 07 and
08). If more than one vehicle is suitable to complete a
trip, the vehicle whose most recently assigned trip hasthe
earliest scheduled completion time is selected (lines 13
and 14).
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If agiven vehiclefleet isnot suitable to cover al trips
under these conditions, or if no information is given
about the vehicle fleet, the procedure generates (artifi-
cial) vehicle entities and adds them to the vehicle fleet
(lines 18 to 22).

INPUT: Set of service trips B, vehicle fleet F, minimum

turnaround time tw

OUTPUT: Rotation schedule

01 procedure createRotationSchedule(B, F)

02 begin

03 forallbeBdo

04 Vehicle fopt :=0

05 for all f e F with type(f) n type(b) # @ do

06 ServiceTrip bf := last(trips(f))

07 ifbf=0then

08 fopt:=f

09 else if lineNumber(bf) = lineNumber(b)

10 and stop(end(bf)) = stop(start(b))

11  and startTime(bf)+travelTime(bf)+tw < startTime(b) then

12 ServiceTrip bopt := last(tryps(fopt))

13  if startTime(bf) + travelTime(bf) < startTime(bopt) +
travelTime(bopt) then

14 fopt:=f

15 fi

16 fi

17 od

18 if fopt =0 then

19 Vehicle fnew := createVehicle(type)b))

20 F:=FuUfnew

21 fopt:=fnew

22 fi

23 trips(fopt) := trips(fopt) U b

24 od

25 end

Algorithm 1: Rotation schedule generator.

Line manager

The line manager administratesthelines served as part of
atimetable and associates their outward and return direc-
tions with each other. In addition, it provides uniform in-
terfaces for accessing individual lines as well as sets of
lines. Thisallows, for example, accessto all lines serving
a specific stop or a specific connection.

Dispatcher

The dispatcher is the most important and comprehensive
management module and can be understood as a model
of the operator’s decision processes. It holds al the data
required for the operational process, such as the current
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timetables and rotation schedules at a specific point in
time. In addition to managing regular operations, the dis-
patcher also includesthe simulation logic required for traf-
fic management. Four different event types address the
modul€e’ s behavior during regular operation (see Table 2).

Simulation event type

OPERATIONAL_DAY_START
OPERATIONAL_DAY_END
BOARDING_END
SERVICE_TRIP_END

Table 2: Simulation event types concerning the
dispatcher module.

The event type OPERATIONAL_DAY_START models
the start of the operating day. As a result of this event
type, the dispatcher assigns to the vehicle entities of the
vehicle fleet, based on the rotation schedule, the first trip
to be served by them. A subsequent event of the type RO-
TATION_START issent to each assigned vehicle entity.

The end of the operating day is modeled by the event
type OPERATIONAL_DAY_END. It signalsthat all ser-
vice trips have been performed and all vehicle entities
have returned to the depot.

Vehicle entities send events of the type BOARD-
ING_END, which signa the end of the pure boarding
process, to the dispatcher during the simulated operating
day. The dispatcher then makes further decisions on traf-
fic management measures based on thisinformation. For
this purpose, the dispatcher can resort to different strate-
gies (see[14] and [19] for detailed descriptions of differ-
ent statregies).

For determining the departure time of a vehicle dur-
ing regular operations, a location-based departure strat-
egy is employed. Under this strategy, selected stops are
defined as control stops at which vehicles always have to
wait until their planned departure time, as defined by the
timetable, has been reached (e.g., to alow transfers be-
tween bus and light rail systems). At all other stops of the
network vehicles always depart as soon as the boarding
process has been completed, regardless of whether the
planned departure time has already been reached or not.
If the dispatcher receives an event of the type BOARD-
ING_END, it checks whether traffic management
measures are to be applied or not. Depending on the re-
sult of this check, the waiting time to be added to the en-
try/exit time is determined.
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Thiswaiting timeis communicated to the affected ve-
hicle entity by sending it a subsegquent event correspond-
ing to the end of the waiting time. This subsequent event
can be either of the type SERVICE_TRIP_END or
DRIVING_START. The former is the case when the ve-
hicle entity is at the last stop of its current trip. The latter
issent to tell the entity to move to the next node specified
in the line route. In addition to traffic management used
under ‘normal operating conditions’, the dispatcher also
contains an arsenal of ‘emergency traffic management
strategies' (as described in [19]), e.g., dynamic rerouting
of vehiclesin case of blocked segments, shortturning of
trips in case of high delay, or temporary splitting of
routes.

The last event type relevant for regular operation is
SERVICE_TRIP_END. It represents the end of a service
trip and the subsequent signaling of the control center. As
aresult of this event, the dispatcher assigns the next ser-
vice trip to the vehicle entity according to the current
schedule and initiates the previously required deadhead.
It is ensured that the minimum turnaround time specified
by the user is observed between the end of one service
trip and the start of the next one. If the finished service
trip was the last planned trip of the vehicle entity for the
simulated operational day, the dispatcher instructs it to
end itsrotation. If al trips to be performed on this oper-
ating day are completed at the end of the service trip, the
dispatcher ends the operating day by scheduling an event
of type OPERATIONAL_DAY_END.

2.5 Randomization

Two randomized elements are part of the proposed
model: the vehicle's traversal time for connections, and
the passenger exchange times at stops. Both are directly
adapted from [14] with only slight adaptation.

A lognormal distribution is assumed for thetraver sal
times for a connection ¢ [20]. Lacking detailed data, the
parameters of thisdistribution, i.e., expectancy value and
standard deviation, have to be approximated from the
planned traversal timest, (c). These traversal times usu-
ally comprise the planned driving time t;(c) and the
planned passenger exchangetimet, (¢), whichinturnare
comprised of average observed driving/passenger ex-
change times, standard deviations, and unknown terms
(see Equation 1).

t,(c) = ta(c) +t,(c)
= (ué + ol +€f) )

+ (ue + 0l +el)

It can be assumed that the planned traversal time
tp(c) is greater than the average observed traversal time
ué to avoid systematic delays. The average traversal time
can then be roughly approximated as follows:

¢ =t,(c)*y,VvceeC,0<y<1 )

Theratio y hasto be determined by the user. The standard
deviation ¢ can be approximated in the same way. It can
be assumed that the standard deviation isonly asmall frac-
tion of the planned traversal time. Thisyields Equation 3.

6e=1t,(c)*nVceC,0<n<ln<Ky (3

The passenger exchange times for busses and light-rail
vehicles can be modeled following the method first pro-
posed in [21]. This method is suitable for high frequency
transit systems like urban light-rail and bustransit, where
it can be assumed that passengers arrive randomly during
the inter-arrival time of two successive vehicles, instead
of arriving in bulk shortly before the planned departure
time. Furthermore, the method facilitates the modeling of
vehicle bunching, i.e. the effect that two vehiclesform an
undesired platoon because the vehicle in front takes on
more passengers than planned and subsequently suffers
longer passenger exchange times, while the rear vehicle
takes on fewer passengers as planned and thus catches up
to the vehiclein front.

If the number N, ; of passengers entering avehicle b
at a stop s, and the average time I, a passenger takes to
enter vehicle b are known, the passenger exchange time
T}, s can be determined as follows:

Tys = T + 1, + Nps 4)

Here T™™ describes a vehicle specific minimum time,
e.g., for opening and closing the vehicle's doors. If the
passenger arrival rate a; at stop s is known, N, ; can be
modeled dependent on the basic interval T, of line
L(b) currently served by vehicle b. With N}, ; = T} () *
a, the passenger exchange time can then be approxi-
mated as shown in Equation 5.

Tys = TJ"™ + I, + Trpy * as ©)

If instead of the basic interval between vehicles of the
same line, simulated headway's between successive vehi-
cles servicing the same stop are used, the model becomes
dynamic and thus suitable for a simulation model.
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If tgep(b — 1,5) describesthetimeavehicle b's pre-
decessor has serviced the stop, the passenger exchange
time T}, s (ts:,,) Can be determined by Equation 6.

Tb,s(tsim)
_ Tmin, b is first vehicle at s (6)
T+ (tsim — taep(b — 1, s)) * ag * I, else

3 Results and Discussion

For the model to be practically applicable in the use case
described above, transit operators have to be able to exe-
cute it quickly: When disaster hits, it is not feasible to
wait many hours for first simulated data on the impact of
mitigation strategies to to comein.

To estimate its execution time, the model was imple-
mented as a Java application [12], and a number of ex-
periments were conducted with representations of the
transit network of the authors' hometown of Cologne,
Germany. Table3 depicts the number of simulation
events executed per simulation run, while Table 4 depicts
the runtime in seconds of the various phases of the simu-
lation run, each for amodel of the urban light-rail and the
bus network. The preprocessing stage is mainly con-
cerned with reading the model from a database and build-
ing up data structures, it has to be run only once inde-
pendent of the number of simulationsrunsto be executed.
Following each model execution itself a short postpro-
cessing phase serializes the resulting data and releases
memory. After all simulation runs have been successfully
completed, the application engages in a final and more
comprehensive postprocessing phase, reading the results
of the individua runs, calculates statistics, assigns them
to the relevant entities, and constructs Excel sheets with
graphical overviews and detailed reports.

Simulation event type Lightrail  Bus network
DEADHEAD_TRIP_START 1,827 4,080
SERVICE_TRIP_START 1,800 4,080
TRIP_END 3,585 8,150
BOARDING_START 50,470 89,015
BOARDING_END 50,470 89,015
DRIVING_START 60,746 84,951
DRIVING_END 62,913 84,961

Table 3: Average number of main simulation events per
simulation run for the light rail and bus networks.
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Execution stage Light rail  Bus network
Preprocessing 6.19 9.31
Model execution 6.77 12.88
Postprocessing per run 0.15 0.30
Postprocessing final 1,270.72 2,229.28
Total runtime (1 run) 1,283.83 2,251.77
Total runtime (100 runs) 1,968.91 3,556.59
Runtime per run (100 runs) 19.69 35.57

Table 4: The simulation application’s run time in seconds for
the bus and light-rail models, broken down to the common
preprocessing step executed only once, the duration of an
actual simulation run itself, the postprocessing phase for
each run, and the final postprocessing phase only executed
once. Assuming the application is used to execute 100 runs,
the run time per run amounts to 19.69 seconds for the
light-rail model and 35.57 seconds for the larger bus net-
work model.

As seen, the timing reguirement is only partially met:
While the core model execution itself is concluded in un-
der 7 secondsfor the light rail network and under 13 sec-
onds for the much larger bus network, the postprocessing
phase with its 1,270 and 2,229 seconds is much too long
for the envisioned use case.

Here, instead of compiling comprehensive statistics
on all involved model entities, the application has to be
reworked to only collect and depict only the statistics
most relevant to the operators.

4 Conclusions

This paper presented abi-modal transit simulation model
aimed at supporting public transit operators to increase
theresilience of public transit infrastructure. Central aims
include to enable operators to evaluate measures against
small disturbances and larger outages as they happen, as
well as to evaluate what combination of disaster risk
management and resilience-building strategies shows
most potential to help increasing the resilience of urban
transit systems against extreme weather events resulting
from climate change as well as other disasters.

The paper discussed the components of public transit
infrastructure systems and then went on to present the de-
veloped simulation model, focusing on modelling physi-
cal components, the logical network, vehicle behaviour,
operational decisions, and the necessary randomization.
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The discussion of firgt results showed that the model —
implemented as a Java application — works well and exe-
cutesthe coremodel quickly enough for the stated use cases.
However, the currently employed analytical post-processing
engine collects a much too comprehensive set of statistics
and has to be adapted to priorize information that is most
relevant to trangit operatorsin case of emergencies.

In further research and development steps, after over-
hauling the statistics engine, the model will be applied to
evaluate what combination of disaster risk management
and resilience-building strategies shows most potential to
help increasing the resilience of urban transit systems
against extreme weather events resulting from climate
change as well as other disasters.
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