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A B S T R A C T

A key consideration during a large-scale incident that affects a community, is how and when to notify the 
population regarding what protective actions to take. The effectiveness of a notification method is dependent on 
many factors, such as the medium used, message content, repetition frequency and target area. Therefore, 
choosing the optimal warning system, or a combination of them, necessitates careful consideration of these 
factors. Typically, evacuation models do not represent or consider the notification procedures explicitly and 
hence cannot determine how the specifics of a given notification method, or a combination of them, may affect 
the evacuation process. Large-scale evacuation tools incorporate the authorities’ notification procedures 
implicitly by incorporating their effect by increasing the duration of the agents’ response phase. In this work a 
framework is outlined that allows for the specification of notification methods to be defined within an evacuation 
model, considering parameters such as the notifications’ initial success rate, their subsequent success rates, in 
conjunction with time dependent notification areas and a percentage coverage. Using these parameters, a 
method is outlined that is flexible enough to cover a wide range of notification techniques, from mass notification 
systems such as location-based SMS and auto diallers, to area specific personnel-based systems, such as door- 
knocking or mobile loud hailer systems. The proposed notification model is incorporated into the urban-
EXODUS large-scale simulation tool and demonstrated through a practical application during an actual tabletop 
exercise. The study found that incorporating notification procedures in an evacuation model has the potential to 
aid emergency managers in assessing the outcomes of different notification strategies. The innovation relates to a 
methodology that enables subject matter experts, such as emergency practitioners, to define notification response 
profiles within evacuation models. Furthermore, a novel approach for visually summarizing and presenting the 
simulation results related to the notification scenario and evacuation outcomes has been developed to facilitate 
communication to a wider audience.

1. Introduction

Urban-scale evacuations in response to major incidents are often 
partially spontaneous, but they are not normally conducted in isolation 
from the emergency services (Chen et al., 2012; NFPA, 2020). Once an 
incident has been brought to the attention of the emergency services, 
they will employ a variety of emergency procedures and strategies to 
identify and control the situation and to reduce risk to life, property, and 
the environment (usually in this order of priority) (Chen et al., 2012; 

Marsella et al., 2019; NFPA, 2020). To achieve this, they will draw on 
established practice and any pre-planned procedures that have been 
drawn up in advance of the event. Therefore, public authorities, civil 
protection organisations, and emergency services are key actors during 
any emergency. They drive the emergency service’s response phase, 
have the means to influence and guide how people respond, and are 
responsible for deciding on what procedures should be followed and 
whether a partial or full evacuation should take place (Chen et al., 2012; 
Mileti and Sorensen, 1990; NFPA, 2020).
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Urban-scale evacuation simulation tools have been developed to 
assist emergency planners (Bayram, 2016; Veeraswamy et al., 2015; 
Ronchi et al., 2017; Ronchi et al., 2019) and have been extensively 
reviewed by other researchers (Intini et al., 2019; Ronchi et al., 2023; 
Senanayake et al., 2024). However, none of these models can consider 
the notification actions of the emergency services when making de-
cisions to protect the population (e.g., whether to order a mass evacu-
ation or to recommend sheltering in place), and in overseeing and 
managing the evacuation process. For example, existing models do not 
represent actions such as the door–to–door warnings, the use of loud-
speakers, or automatic messages or phone calls over progressively varied 
regions, together with the impact on the simulated agents. This limits 
the effectiveness of these models in accounting for how different 
emergency notification strategies may impact outcomes such as the time 
taken for the simulated agents to start evacuating, to reach a place of 
safety or the exposure of the population to a given hazard.

Some models incorporate notification actions together with diffusion 
profiles (Needham et al., 2016; Zhang et al., 2024). These notifications 
serve as triggers, initiating evacuations in specific regions at pre-
determined times. This approach allows for controlling when and which 
groups of people should begin to evacuate. However, these models 
restrict the notifications to simple regions, defined by a single event time 
or, at best, a diffusion curve derived from detailed data analysis that 
indicate both when an agent is notified and responds initiating their 
evacuation process.

Other models also utilize a single trigger time employ a decision 
model to determine individual evacuation behaviour. However, these 
models typically define the notification method as a region with a single 
event time (Harris et al., 2022). This limitation precludes the consid-
eration of scenarios where the actions of authorities could influence 
notification effectiveness within an area, such as the introduction of 
additional notification methods or the deployment of personnel. 
Furthermore, these models fail to account for notification strategies 
where notification prioritisation is crucial, such as situations demanding 
that individuals closer to the incident be notified first, followed by a 
gradual expansion of the notification zone as the situation evolves 
(Bayram, 2016).

This paper examines a set of notification procedures as identified by 
the Italian Department of Fire Corps, Public Rescue and Civil Defence 
(Dipartimento dei Vigili del Fuoco, del Soccorso Pubblico e della Difesa 
Civile) (Marsella et al., 2019; CNVVF, 2011; Decreto Legislativo, 2006). 
Using these notification procedures as a basis, a method of encoding 
these procedures for use by an evacuation model, namely urbanEXODUS 
(Veeraswamy et al., 2015; Filippidis et al., 2023; Filippidis et al., 2024), 
is outlined. An evaluation framework is provided that includes quali-
tative and quantitative simulation results and evaluation criteria, based 
on factors such as population evacuation time, travel distance and 
exposure to hazards. This framework aims to provide a tool for evalu-
ating different notification actions, taking into account all the afore-
mentioned factors, in order to evaluate the effectiveness of a given 
protection strategy. Therefore, explicitly modelling the notification 
procedure, including the initiation time, the evolving coverage area, and 
the notification rate, effectively represents the implicit actions of the 
emergency crew or notification device.

A use case is presented that formed part of a tabletop exercise (TTX) 
for the EU Horizon 2020 project IN-PREP (Marsella et al., 2019; IN- 
PREP, 2021). In this exercise, an evacuation model was used to fore-
cast the likely evacuation performance of an area of Spoleto, Italy, due to 
a chlorine (Cl) spill. As a preparation for the TTX a total of 32 different 
scenarios were evaluated, where a door knocking, and autodialled 
strategy were used to notify the population. During the TTX, one sce-
nario was selected and executed. The selected scenario is further 
examined in this work to provide a detailed analysis that goes beyond 
the summary evacuation results that were presented during the TTX as 
well as to provide an indication of model variability. This is followed by 
an investigation into the impact that the notification methods employed 

during the TTX had on the evacuation scenario and whether an alter-
native strategy could have produced a better outcome offering greater 
levels of safety to the affected population.

This paper outlines a method that allows the notification procedures 
to be represented explicitly within the evacuation model rather than 
implicitly by using a pre-evacuation time model (Lovreglio et al., 2019; 
Bernardini et al., 2019) that incorporates the notification times of the 
simulated agents as part of their overall response time. The outlined 
strategy is flexible enough to cover a wide range of notification tech-
niques. These range from mass notification systems such as SMS and 
auto diallers to area specific personnel-based systems, such as door- 
knocking or mobile loud hailer systems. The proposed framework con-
tributes to several stakeholders (AL-Fazari and Kasimm, 2019), 
including emergency managers, decision makers, and model developers, 
by providing a method for defining notification specifications that can 
be integrated into large-scale evacuation simulation software. Emer-
gency managers and decision makers can use the simulation results to 
inform their planning and resource allocation strategies, while model 
developers can incorporate this framework into their models to enhance 
their capabilities. Also, as the ultimate benefactor of the proposed sys-
tem is the public and the community. They benefit from a detailed 
representation of the strategies and processes involved during large- 
scale evacuations as this improves preparedness and planning that can 
result in enhancing the confidence and trust of the public in the actions 
of the authorities. The results generated, can be visually summarised, 
condensing a high volume of complex information in graphical form 
regarding a proposed notification response to a possible hazard threat. 
This condensed information could be utilised by crisis management 
authorities to evaluate a given response or to formulate educational 
material for the wider public.

The study presented in this paper addresses gaps in the literature 
related to simulating notification procedures in evacuation models by 
focusing on how to represent the notification time as a separate time 
distribution together with time-dependent variables. The variables 
considered are related to notification rates, notification sequence and 
operational area. The proposed solution provides a practical way in 
which a subject matter expert can provide estimates in situations when 
formal data may or may not available. Furthermore, in collaboration 
with emergency practitioners, a novel evacuation process graph and key 
summary information have been developed. These facilitate the under-
standing that the impact of various notification methods have on an 
evacuating population and provide a summary of key data for 
comparing and communicating simulation results.

A key consideration associated with human vulnerability at an urban 
scale is the assessment of the population’s possible reactions and be-
haviours in case of an emergency evacuation (Haghani et al., 2022). 
These will inevitably be impacted by the notification techniques 
employed by the emergency services. It is therefore important to un-
derstand the emergency response processes, including the methods of 
early warning and notification of the public of an incident. For example, 
if we exclude direct experience of the hazard, people may become aware 
of incidents through a number of cues (Mileti and Sorensen, 1990; Ryan, 
2018). These cues may include emergency warning systems, alarms, 
warning and diversion signs deployed near the incident area, coverage 
from mass and social media, the use of loud hailers and public address 
systems, communication between members of the public and emergency 
responders, witnessing the incident or observing people’s reactions to 
the incident.

Emergency managers can issue warnings to the public in various 
forms, such as loudspeakers, public address systems, telephone (mobile 
or landline), radio, or television, as well as more direct methods where 
groups of people deliver individual warnings, such as emergency staff 
knocking on doors. When considering the available warning methods, 
the emergency services will need to decide not just on the message to 
convey, but also the communication approach and where appropriate 
the frequency with which the warning will be given (Mileti and 
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Sorensen, 1990; Sorensen, 2000). Furthermore, the various communi-
cation strategies may have different success rates and may be used to 
target different areas or regions. Hence a combination of warning stra-
tegies will often need to be utilised to ensure an efficient notification 
procedure for the population at risk. In addition, due to the hazard 
evolution and the availability of emergency personnel, which could vary 
over time, the area over which the notifications operate is likely to 
change during the incident. In turn, the notification strategy may also 
need to be adapted to the new hazard conditions or availability of 
emergency personnel.

The primary objective of a successful notification system is to 
maximise the number of people who will receive and respond to au-
thorities’ messages. The effectiveness of such a notification system is not 
solely determined by the chosen method, but also by factors like mes-
sage content, repetition frequency and target area. Therefore, choosing 
the optimal warning system necessitates careful consideration of these 
factors. The success rate of a notification method depends on how many 
people or households can be contacted within a given time period, how 
many will comprehend the message, and how many will subsequently 
respond (Sorensen, 2000). The combined effect of these factors de-
termines the number of people initiating their evacuation phase or take 
alternative protective actions. Furthermore, the repetition of the warn-
ing message is expected to have different success rates to that of the 
initial warning. Additionally, the area over which the notification is 
active, should be taken into consideration, as well as how it may evolve 
as a result of the hazard evolution and the actions of emergency 
personnel. Consequently, these factors are a key consideration for 
deciding on what notification methods to employ, along with how 
different combinations of notification methods may operate in unison.

Since computer modelling is a valuable tool for evaluating emer-
gency procedures and their impact on evacuation processes (Bayram, 
2016; Veeraswamy et al., 2015; Ronchi et al., 2017; Ronchi et al., 2019), 
it stands to reason that factors related to the notification methods should 
also be considered within the evacuation model. Furthermore, utilising a 
computer model will allow emergency planners to evaluate the effec-
tiveness of selected notifications methods in conjunction with other 
factors such as population response times, travel times and hazard 
characteristics. It should be noted that where computer models have 
been employed previously their focus has been to represent the pop-
ulation’s pre-evacuation times, movement rates and evacuation behav-
iours, the routes taken, travel times, and in some cases the impact of the 
hazards. More recently coupled vehicle and pedestrian models have 
started to be utilised (Ryan, 2018).

Several modelling tools and approaches exist to perform analysis of 
urban scale emergency evacuation, such as WUI-NTY (Ronchi et al., 
2019; Wahlqvist et al., 2021; Ronchi et al., 2017), ASERI (Könnecke and 
Schneider, 2011), Pedestrian Evacuation Analyst (Jones et al., 2002), 
and MATSIM (Lämmel et al., 2010). The majority of these large-scale 
evacuation models (Ronchi, 2020; Ronchi and Nilsson, 2016) repre-
sent the main phases of the evacuation process, namely the time elapsed 
before the agents purposively move towards a safe place, called pre- 
movement or response time, and the agents’ movement phases (Purser 
and Bensilum, 2001). The pre-movement time of people responding and 
starting to evacuate is often achieved using sampling from a predefined 
time distribution to account for behavioural uncertainties (Jullien et al., 
2020; Ronchi et al., 2014; Smedberg et al., 2021). For example, the 
cumulative evacuation response curves are assumed to follow several 
distributions, typically of the form of a sigmoid curve or S-curve 
(Bayram, 2016). Researchers studying urban scale evacuations have also 
observed that the response distribution will typically have a long tail and 
found that their data could be best approximated by an exponential 
family of Cumulative Distribution Function (CDF) distributions, such as 
a Rayleigh distribution (Hobeika and Kim, 1998; Solís and Gazmuri, 
2017; Takabatake et al., 2017; Mas et al., 2012).

Other approaches have adopted an evacuation decision-based model 
(Kuligowski, 2020; Kuligowski et al., 2022; Lovreglio et al., 2015, 2016) 

to represent pre-movement evacuation behaviour and their associated 
durations. However, such techniques require comprehensive and 
detailed behavioural datasets which are often scarce or difficult to 
obtain (Kuligowski, 2020). Despite the advancements in large scale 
evacuation simulation models, they do not take into account how the 
notification method can evolve or alter as a result of the actions or 
procedures put in place by the authorities (Wahlqvist et al., 2021).

A method for the integration of various notification methods within 
an agent-based computer model, namely urbanEXODUS (Veeraswamy 
et al., 2015; Filippidis et al., 2023; Filippidis et al., 2024), is outlined 
next. The input parameters for the notification methods will utilise 
factors that are familiar to emergency personnel and crisis managers. 
This innovation goes beyond what has been performed in previous 
studies and offers a detailed representation of notification strategies in 
large-scale evacuation modelling. This enables simulation tools to model 
the effects of the notification methods employed and generate summary 
data about their effectiveness. In addition, the work sheds light on the 
importance of considering notification procedures in evacuation 
modelling and how to summarise evacuation modelling results in a 
format which can be communicated to a wider audience.

2. Method

Typically, the response time (or pre-evacuation time) profile for a 
population defined within existing evacuation models incorporates both 
the notification time to the affected community (e.g., from the author-
ities) and the time that each individual eventually responds to the call to 
evacuate from the affected area. This response time signifies the start of 
their purposeful movement towards a safe location or a location outside 
the impacted area. In these models, the notification time is therefore 
only implicitly represented as it is part of the population’s overall 
response time profile (see Fig. 1a) (Kinateder et al., 2015; Wahlqvist 
et al., 2021; Galea et al., 2013) However, the proposed notification 
model presented here, separates the time to receive the notification from 
the population response time profile. Thus, the time that a person is 
notified is explicitly represented (see Fig. 1b).

The implemented methodology utilises a technique that enables the 
modelling of the characteristics of a given notification method and 
thereby its impact on how people respond. This is based on the 
assumption that the notification methods follow a cumulative distribu-
tion function (CDF) for an S-shape curve, such as an exponential or 
Weibull distribution (Needham et al., 2016; Hou et al., 2024; Hou et al., 
2020). This approach was selected since previous research (Mileti and 
Sorensen, 1990; Needham et al., 2016) has demonstrated that the cu-
mulative proportion of people receiving warning information can be 
expressed as an S-curve. Furthermore, it was found (Hou et al., 2020) 
that a Weibull, distribution was suitable for representing the cumulative 
proportion of the number of people receiving warning information.

The proposed notification model as illustrated in Fig. 1b divides the 
response phase into two parts: a pre-notification time and a response 
time which is applied after the person has been notified to evacuate. 
During the response phase, a person may perform actions such as 
comprehending the information, collecting personal belongings, or 
gathering people in the household and forming groups prior to engaging 
in evacuation. Therefore, from now on, in this paper, the time between 
the start of the simulation and a person responding will be referred to as 
pre-evacuation time and the time between being notified and starting to 
evacuate as their response time.

The design of the notification specification focuses on how to model 
the communication aspects of the emergency plan related to alerting the 
citizens of the existence of the risk or hazard. These strategies are related 
to two key factors, namely (1) the physical area where the notification is 
communicated, and (2) data parameters, such as the expected/estimated 
success rate and percentage of people notified in a specified time in-
terval. Furthermore, a key consideration was to choose a flexible spec-
ification format that allowed a subject-matter expert to specify the 
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Fig. 1. (a) Typical evacuation timeline employed by evacuation models where the evacuation timeline is split in two broad phases, the response and the evacuation 
phases (b) proposed modified evacuation timeline that explicitly represents the Notification Stage as a subcomponent of the Response Phase.

Fig. 2. XML Structure of Notification Specification.
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notification method characteristics using their expert judgement and 
integrate those within the evacuation model.

In Fig. 2 the hierarchical structure of the XML notification specifi-
cation format is shown, which is initially split into regions and notifi-
cation rates. Key parameters of the notification method specification are 
outlined in Tables 1 to 8.

The Notification Method is the top level of the hierarchical structure 
(see Fig. 2). It includes basic information about the method of notifi-
cation (see Table 1), such as its unique ID and name, for example, 
Loudspeaker. Additionally, the Population Type enables the people 
receiving the message to be defined. This can be specified as all people 
within the specified notification region, or it can be narrowed down to 
only those within streets or buildings (residential) within the region. 
Furthermore, the order in which the people are notified within the 
notification area can be specified as either random or distance based. In 
the distance-based approach, the notification method is disseminated 
first to those closest the centre of the currently active notification region, 
progressively notifying locations further from the centre over time.

The next level of the notification method structure includes both the 
Notification Regions and Notification Rates. Each Notification Method can 
potentially be time dependent, with the area within which agents are 
notified potentially changing over time. Hence, each Notification Method 
consists of a number of areas called Notification Regions (see Table 2). 
Each Notification Region can have one or more geographical polygon 
zones, called Notification Zones, where each polygon is simply defined by 
a list of corresponding coordinates (see Table 3).

Each Notification Region will have associated activation times, con-
sisting of several Activation Periods (see Table 4), representing the evo-
lution of the area being notified. For example, the notification area may 
change as the hazard evolves or as more personnel arrive to manage the 
situation. Each Activation Period directly references the Notification Re-
gion to which it applies via the region’s corresponding unique ID, shown 
as a dashed line in Fig. 2. The link between Activation Periods and Noti-
fication Region is represented by the dotted line in Fig. 2. If a Notification 
Region has no associated Activation Periods defined it is assumed inactive 
throughout the simulation.

Each Notification Method is also associated with the Notification Rates 
(see Table 5), which are specified in two ways. Firstly, the initial rate, 
which specifies an initial success rate and secondly, the subsequent 
success rates. These two rates allow for the case when the initial impact 
of a notification system may differ from subsequent activations. For 
example, in the case of a public announcement system, the initial mes-
sage may be expected to have a greater impact than any repeated 
message that follows.

The Notification Method parameters that specify the time interval 
between notifications (i.e., how often the notification is sent) and a 
percentage coverage and/or notification order (see Table 7 and Table 8). 
Then any further additional rates can be specified, which simply consist 
of a start time, relative to the start of the simulation and a new success 
rate, (see Table 6). These additional rate specifications allow for more 
complex notification patterns to be defined, for example, the addition/ 
reduction of resources to perform a given notification method, such as 
by the arrival or departure of emergency personnel.

It is important to note that the Notification Rates are not directly 
associated with a given Notification Region. Hence, when the Notification 

Rates are applied within a given simulation, they are assumed to relate to 
the currently active Notification Region. The notification rates and re-
gions are associated by being defined within the same Notification 
Method parent tag. Both notification rates and regions have their own 
active time ranges. Thus, the model applies the current active rate to the 
current active region(s). This means the area over which a notification 
method is active is independent of the notification rate. For example, 
while a notification area may remain static, the notification rates may 
change as more emergency personnel arrive on the scene. Conversely, a 

Table 1 
Notification method.

Parameter Description

Method ID A unique identification number associated with the Notification 
Method.

Name Name Associated with the Method e.g., Dialler, Ring the Intercom.
Order The order in which locations will be notified, can be random or 

distance based (nearest first).
Population 

type
Location of people that will be notified, i.e., in the street, inside 
buildings (residential) or all locations.

Table 2 
Notification region data.

Parameter Description

Region ID A unique identification number associated with the Notification Region.
Name A user-defined name identifying this region.

Table 3 
Notification zone data.

Parameter Description

Zone ID A unique identification number that is associated with the 
Notification Zone.

Units The coordinate format used to define the region, for example, 
metres or latitude/longitude.

List of 
coordinates

List of locations identifying the active region. Note there can be 
several lists of coordinates defining multiple zones with can be active 
simultaneously.

Table 4 
Activation period data.

Parameter Description

Region ID The ID of the Notification Region these times apply too.
Unit Time unit utilised, e.g., seconds, minutes
Start time The activation time of the region, relative to the start of the simulation.
End time The time at which this region is no longer active. If set to -1 then once 

activated, it remains active for the duration of the simulation.

Table 5 
Notification rates specification.

Parameter Description

Rate ID A unique identification number associated with the notification rate.
Name A user-defined name or other attribute identifying this notification 

rate.

Table 6 
Success rate basic parameters.

Parameter Description

Start Time 
(Optional)

Start time when this rate is active relative to the start time of the 
notification method. Used to specify when this particular rate is used 
after the notification method is activated. If not specified assumed to 
start when the notification method is activated. Used when multiple 
notification rates are used which vary over time.

Coverage 
(optional)

Percentage of the population that will receive the notification each 
time it is activated. Used in conjunction with the Start Time parameter to 
specify a rate change from the initial rate specification. If not specified 
coverage is 100%

Table 7 
Initial success rate parameters (specified for the initial notification rate).

Parameter Description

Units Either a rate or percentage, i.e., residency/minute or 
percentage

Initial success rate 
(optional)

Rate or percentage of the population that receives the 
notification at which notification method is first activated. If 
not specified it assumes 100% of people notified will respond.

P.J. Lawrence et al.                                                                                                                                                                                                                            Safety Science 187 (2025) 106854 

5 



notification region may remain static while the notification rates change 
as additional notification methods are employed.

To examine how this notification specification can be used in prac-
tise, three types of notification methods will be considered (1) Emergency 
Personnel-Based Notification – where the first responders and emergency 
personnel visit a number of locations contacting residents and issue 
evacuation instructions, (2) Area Notification System – such as a tele-
phone automatic diallers or SMS messaging system, and (3) Spontaneous 
– to account for people responding on their own, for example after 
witnessing the incident or observing others evacuating (Lindell et al., 
2011).

2.1. Emergency personnel-based notification

During an incident, the first people to reach the scene, other than the 
civilians experiencing and reporting the incident to the authorities, are 
normally the first responders (e.g., the fire service, police, paramedics). 
The emergency personnel establish an emergency cordon, which is used 
to keep people and vehicles away from the incident. Their duties also 
include communicating with their control centres to report the situation, 
possibly escalate the response and request additional resources, if 
required. Furthermore, their duties also include warning the population 
of any hazard and instructing the population to take appropriate pro-
tective measures (Chilcott, 2014). As a result, the process of notifying 
people in the surrounding buildings does not start immediately. The 
most basic method of notifying the population in the immediate vicinity 
of the incident is by going door to door, for example, knocking on doors, 
ringing the bells or intercom.

Processes based on a door-to-door notification method may involve 
officers being assigned buildings to notify in the form of a priority list. 
The sequence of alerting residents would depend on the nature of the 
hazard and could thus prioritise those nearest, those downhill (e.g., in 
the case of a heavy gas release), those uphill (e.g., in the case of a WUI 
fire), those in the direction of the wind, or those in the line of sight (e.g., 
in case of an imminent explosion) (Marsella et al., 2019; Decreto Leg-
islativo, 2006). Here a Ring the Intercom notification method is repre-
sented using an initial and subsequent notification rate, see tables 7 and 
8. In circumstances when further officers join the scene, they may assist 
in the alerting of people. To accommodate this factor the notification 
rate can vary over time, using the rate and starting time, as specified in 
Table 6. It should be noted that the current system can represent a 
random notification pattern, or one based on notifying people from the 
centre of the region outwards.

Another common notification method is the use of loudspeaker sys-
tems (Mileti and Sorensen, 1990). These systems could include existing 
public address systems as well as portable systems as used from a vehicle 
to warn the nearby population. The repetitive nature of these kinds of 
message systems fits well with the proposed initial success and subsequent 
success rate method as outlined earlier. Similar to a phone or SMS based 
notification method, outlined next, the loudspeaker or PA system would 
have a similar but smaller corresponding notification area.

2.2. Voice and text message area notification systems

The area notification system such as the telephone automatic diallers 

and SMS messaging systems have the potential to reach a considerable 
number of people in a relatively short time frame (Mileti and Sorensen, 
1990). In most cases, current technology could allow simultaneous call 
messaging to the local landlines or mobiles using the local phone or cell 
network. Sometimes the operators may limit message delivery to avoid 
system overload. Advanced systems can automatically hang up phones 
that are currently in use or block out all incoming calls (Mileti and 
Sorensen, 1990). These systems can deliver a massive number of 
warning messages to pre-defined zones using either voice or text 
messages.

A voice-based system has a defined rate at which it can call people 
and a maximum number of people it can call within a specific time 
period. For this type of system, the message is assumed to be acknowl-
edged once the call is answered, even though it is impossible to verify 
whether the recipient understood and would act on the information 
received. Once the voice system has attempted to call all numbers in the 
target area, it repeats the process for those numbers that did not answer. 
When modelling a voice-based message system, an initial success rate is 
assumed, and a subsequent success rate is defined.

For a text-based messaging system, an initial message burst would be 
sent out. This initial burst of messages would be expected to have the 
most impact, with the majority of people receiving it, and once their 
response time elapses, acting on it. This process of receiving the warning 
message and responding to it is represented by an initial success rate. 
The effect of the text-based messaging system is expected to diminish as 
the number of people acting on any subsequent message or responding 
to the initial message is expected to be lower. This would be represented 
by a subsequent success rate that is lower than the initial success rate.

The area over which the message is broadcast is defined by a 
geographical polygon region. The messaging system may have a number 
of regions defined, as the area being contacted could change over the 
course of the emergency as the hazards evolve, or the environmental 
conditions change. The system would have an initial success rate and a 
time interval based on how quickly the system can contact phones and 
mobile devices within the area. The maximum number of calls and 
messages sent could be represented by a specified rate which could be a 
percentage of people in the area or a household rate per a given time 
interval. The selection of locations may be based on a random choice.

2.3. Spontaneous (or autonomous) evacuation

An additional notification method can be included to account for 
people who evacuate without, or prior to, being notified by the au-
thorities. This method is used to represent all those who decide to 
evacuate without receiving a formal notification instruction to evacuate, 
e.g., after having witnessed the incident or after observing others 
evacuating. For modelling purposes, a spontaneous evacuation profile 
can be defined with a start time equivalent to that of the time of the 
incident (i.e., at time zero) that covers the entire population.

This spontaneous evacuation behaviour can be modelled in an 
analogous way to the formal notification procedure mentioned previ-
ously. The spontaneous response initial success rate, which is hazard 
dependent, would be specified representing the initial impact of the 
situation on the population. For example, an explosion may have more 
of an initial response compared to a slow evolving incident involving a 
hazardous gas release. The subsequent success rate would then represent 
how people may react on observing other responding to the event or 
being informed by other members of the public about the situation. The 
area over which the spontaneous notification specification would cover, 
would be dependent on the type and extent of emergency conditions. An 
example of this will be covered in the Case Study and TTX section out-
lined later in the paper.

It should be noted that many external factors influence evacuation 
decisions, such as social or economic, which may affect an individual’s 
decision to act or not. For example, a person may choose to stay and 
defend their property, distrust the information provided by the 

Table 8 
Subsequent rate parameters (specified for the initial notification rate).

Parameter Description

Subsequent interval 
(Optional)

Indicates how often the notification method is repeated. If 
not specified, notification is only fired once at the specified start 
time.

Subsequent rate 
(optional)

When the notification is repeated this value defines the 
proportion of locations that are subsequently notified once 
the first notification is sent. If not specified uses the Initial 
success rate parameter (see Table 7).
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authorities, choose to evacuate using their own means or take public 
transport (Labhiri et al., 2024; Zhang et al., 2024; Katzilieris and Wang, 
2022). Modelling this kind of behaviour in detail requires the collection 
or inclusion of comprehensive behavioural data, such as (Vaiciulyte 
et al., 2021, 2022; Hulse et al., 2020; Gallego et al., 2019). Therefore, if 
such information is available and is transferable to the area being 
modelled, it could be utilised to inform parameter settings, as described 
in this section.

2.4. Integration into an urban scale simulation tool

The proposed notification modelling methodology is incorporated 
into urbanEXODUS. urbanEXODUS is a rule-based evacuation model 
utilising the EXODUS Agent Based Model (ABM). Within the model each 
agent has its own distinct physical, psychological, and experiential 
characteristics, with some being fixed and other being dynamic. The 
software takes into consideration people-people, people-hazard(s), and 
people-outdoor environment interactions. The behaviour and move-
ment of each agent is determined using a set of rules. These rules are 
grouped into distinct sub-models, namely the Agent, Movement, Behav-
iour, Hazard, and Toxicity sub-models. The model is stochastic in nature 
due to the randomisation of the population’s demographic characteris-
tics, starting locations, as well as the decisions that those individuals 
may make during the simulation and their interaction with others, such 
as in congested areas (Galea et al., 2017).

urbanEXODUS can concurrently utilise all the spatial representations 
developed in EXODUS, i.e., continuous, fine-node and coarse 
(Chooramun et al., 2018) representations of the space that the agents 
and vehicles can use and navigate. This spatial data is typically imported 
from OpenStreetMap (Lawrence et al., 2016). The road and foot-path 
network are meshed using a fine grid of nodes. The structures 
included within the area are represented as coarse regions with only the 
occupancy and flow out of the structure being modelled. If hazard data 
(e.g., fire data) has been included in the model then the software de-
termines the physiological response to the hazard based on each agent’s 
attributes. This ability to represent hazards, such as wildfires or other 
toxic agents allows urbanEXODUS to measure the impact of that hazard 
on the simulated population. This allows different scenarios to be 
evaluated not just based on travel times, congestion, or distance trav-
elled, but also on how many agents are exposed to danger. Users can 
then rate the results based on an estimate of the predicted number of 
injured or fatally injured individuals including the number of people 
that may need further treatment by the emergency services post evac-
uation, such as hospitalisation (Filippidis et al., 2023; Filippidis et al., 
2024).

Furthermore, urbanEXODUS can simulate both linear scenarios 
(where all the input parameters are known and are specified prior to the 
simulation) and non-linear scenarios (where scenario parameters can 
also be specified during run-time). The simulated scenario can thus be 
dynamic and can be modified during runtime (e.g., assigning new itin-
eraries to a group of agents, closing of exits, blocking of exit routes or 
regions to accommodate for decisions made by the user (i.e., crisis 
managers) or as a response to information related to the incident (e.g., 
building collapse, the presence of a hazard at a particular location, etc.). 
This makes urbanEXODUS suited to applications for evaluating emer-
gency procedures, such as during a tabletop exercise (TTX) (Filippidis 
et al., 2024).

The urbanEXODUS model is based on the EXODUS (Galea and Perez 
Galparsoro, 1993) evacuation model which has undergone and con-
tinues to undergo continuous validation and behavioural enhancements 
based on extensive data/behavioural studies since 1993. This has 
involved direct comparison of model predictions with historic experi-
mental data, comparisons of “blind” model predictions with experi-
mental data and comparing the nature of predicted human behaviour 
with expectations. The urbanEXODUS behavioural model has been 
developed based on a number of behavioural studies, related to large 

scale evacuations (Vaiciulyte et al., 2021, 2022; Hulse et al., 2020; 
Gallego et al., 2019).

An overview of the key input and output data files for urbanEXODUS 
is depicted in Fig. 3. These include the Area Information map data file 
obtained from OpenStreetMaps (OSM), the Population Distribution and 
Characteristics file, the Hazard Information file and, and the EXODUS 
Model Data that defines the pedestrian space. The Notification Data 
specification file adds one additional input file to the existing set of input 
files, and it fulfils the needs of the notification model presented in this 
work.

The urbanEXODUS model outputs both qualitative (e.g., evacuation 
paths, congestion contours) and quantitative data (e.g., numerical data 
that represent the evacuation performance, evacuation times, exit route 
usage). Numerical data representing all aspects of the evacuation per-
formance is produced in three different formats. The first, a human 
readable text-based data file, which can also be processed further for 
statistical analysis. Secondly, an XML data file containing details about 
urban scale time dependant pedestrian data, that can be utilised by third 
party applications to visualize evacuation related information, for 
example, in a Command-and-Control platform as demonstrated during 
the EU IN-PREP project (IN-PREP, 2021). If more specific data is 
required, the user can select to generate specific simulation time 
dependent data in a comma-separated values file for further analysis. 
For example, this data may include the time that each location was 
notified and by which method, the time that the agents at those locations 
responded and the time that those agents that responded reached safety 
or evacuated from the area.

The notification functionality presented in this work is directly in-
tegrated into the urbanEXODUS model, which loads a notification 
specification (in XML format) that specifies the various notification 
techniques. This information is used during the simulation runs as an 
instruction set that specifies when to notify the agents to evacuate, thus 
triggering their response phase (see Fig. 2). At each time step urban-
EXODUS identifies which notification methods are currently active and 
the areas over which they are active. For each active notification 
method, urbanEXODUS determines whether the notification method 
should be applied at the given time step based on its defined notification 
rate. If the notification method should be applied, it then identifies all 
the non-responding agents or households within the specified area. 
From this set of non-responding agents, it selects a subset of agents, 
based on the specified notification rate. These are the agents that will be 
notified in the current time step. This is performed either on a random or 
distance-based criteria, as specified by the order parameter (see 
Table 1). Based on the success rate specified (see tables 7 and 8), a 
percentage of this subgroup is then identified as successfully notified. 
These successfully notified people are then assigned a response time, 
based on the response profile assigned at that location.

Typically, multiple notification methods can be applied at the same 
time over a region, and their combined effect on the resultant response 
of the population can be examined. However, the model is flexible 
enough to allow the user to examine and compare a single or arbitrary 
number of notification strategies with each other. It should be noted that 
the model functionality was verified during development and reported 
during the IDIRA and IN-PREP projects (Veeraswamy et al., 2015; IN- 
PREP, 2021).

2.5. Hazard model

Large-scale hazards, such as fire, smoke and other hazardous sub-
stances are represented in urbanEXODUS using ground-based polygons, 
or isochrones (Filippidis et al., 2023). The urbanEXODUS model can 
import hazard-model data from a variety of models including FARSITE 
(Finney, 2004), Sparks (Miller et al., 2015), PHOENIX (Tolhurst et al., 
2008), Prometheus (Tymstra et al., 2010) and Wildfire Analyst 
(Monedero et al., 2019).

Each isochrone depicts a zone with uniform hazard concentration or 
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intensity at roughly head height or at ground level. For example, a 
wildfire is represented by a series of time-dependent isochrones repre-
senting how the fire front propagates and therefore indicating the evo-
lution of the burned area. In the case of smoke or other airborne hazards, 
similar isochrones depict varying concentration levels across the 
affected area, with each zone representing an average concentration (e. 
g., PM2.5, NOx, etc.) within its boundaries. Since the hazard will be 
evolving during the simulation, each hazard isochrone is associated with 
a time period, controlling when it is active and therefore possibly 
impacting the population it encompasses.

For hazards related to fire products (e.g., PM10, PM2.5) or chemical 
spills (e.g., Chlorine, LPG) the urbanEXODUS model can calculate the 
duration of exposure of the population at risk, for those hazards 
(Marsella et al., 2019; Filippidis et al., 2023). A level of exposure is then 
calculated for each agent, during a simulation, based on the individual’s 
exposure time within the time-based hazard isochrones (i.e., concen-
trations). The Acute Exposure Guideline Levels (AEGL) method (US EPA, 
2025) for a given hazard is then used to categorize the exposure time of 
each individual at each AEGL level.

For example, the AEGL levels used for chlorine in urbanEXODUS are 
set out in Table 9, which is defined by the U.S. Environmental Protection 
Agency (US EPA, 2025). It is worth noting that the same exposure level 
can be achieved by different combination of chlorine concentrations and 

exposure durations. This is shown in Table 9, where there are two 
chlorine concentrations and exposure durations for AEGL-2, AEGL-3 and 
LCLO. For example, an exposure duration of up to 240 min to a chlorine 
concentration of 1.0E-6 kg/m3 or an exposure duration of more than 
240 min to a chlorine concentration of 1.0E-7 kg/m3 leads to the same 
end point, i.e., an exposure level of AEGL-2. Note an exposure of 1.0Е-6 
kg/m3 for more than 240 min, would result in an AEGL-3 exposure level.

The data generated by urbanEXODUS regarding the agents’ AEGL 
during a given simulation; is the number of agents exposed at each AEGL 
exposure level, and the time spent by each particular agent at each AEGL 
exposure level. The agents’ movement rates or behaviour is currently 
not altered during exposures ranging from AEGL 1 to 3. However, if 
during a simulation, an agent is exposed to an LClo exposure level they 
are then removed from the simulation, as this level of exposure is 
considered to be potentially fatal. Information on AEGL levels can be 
used as an estimate of how many people may need follow-up care, such 
as requiring further observation or possibly hospitalisation.

Some hazard modelling tools may consider weather conditions 
(Oliveira et al., 2021) (i.e., wind, extreme temperatures, or heavy rain) 
as part of their hazard propagation calculation. Hence, the propagation 
of a hazard (e.g., chemical spill, flood waters, wildfire) can be directly 
affected by the assumed weather conditions. However, the direct impact 
of weather conditions on an individual’s behaviour is currently not 
modelled in urbanEXODUS.

3. TTX case study

As part of the EU Horizon 2020 IN-PREP project (IN-PREP, 2021) a 
formal tabletop exercise (TTX) was conducted by the Italian National 
Fire Corps in collaboration with the Municipality of Spoleto, in Spoleto, 
Italy. The aim of the TTX was to provide first responders and emergency 
managers with a more efficient emergency planning platform while 
contributing to improving preparedness and response to complex di-
sasters in sensitive environments. For this training exercise, a scenario 
involving a HazMat leakage in an urban environment was selected.

Since during the preparedness phase of an emergency crisis man-
agers are meant to explore and prepare for a variety of different but 
plausible eventualities (Chang et al., 2008; CNVVF, 2011; GSCP, 2020), 
the TTX considered 32 scenarios in total. The 32 scenarios included a 
traffic accident involving an overturned truck, releasing either chlorine 
or LPG, with various release rates. Furthermore, three different weather 

Fig. 3. System input and output data. The Notification Data is added as an additional input to the urbanEXODUS OSM, in conjuction with the Model and Population 
Data files.

Table 9 
AGEL bands for chlorine.

Exposure 
level

Clorine 
concentration 
(kg/m3)

Duration 
(minutes)

Injury level

AEGL-1 Above 1.0E-7 0 to 240 Non-disabling effects. 
Noticeable discomfort, 
irritation, effect transient and 
reversible upon cessation of 
exposure.

AEGL-2 Above 1.0Е-7 
Above 1.0E-6

> 240 
0 to 240

Impaired ability to escape. 
Irreversible and long-lasting 
adverse health effects.

AEGL-3 Above 1.0E-6 
Above 1.0E-5

> 240 
0 to 240

Life-threatening health effects 
or death.

LCLO Above 1.0E-5 
Above 1.0E-4

> 240 
> 0

Lethal Concentration(LO) 

(LCLO) The lowest 
concentration to cause death 
in test animals
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patterns were considered affecting the spread of the leakage. These 
scenarios also differed in regard to both the time of year and time of day 
(i.e., day or night). Three specific days were considered, namely the 1st 
of November 2017, and the 11th and 19th of July 2018. The 1st of 
November 2017 was included as this was a winter public holiday. In 
contrast, the July dates represented two summer peak season days. The 
variation in the time of year and time of day affected the population 
distribution in the area and their response to the notifications. While 32 
scenarios were defined and simulated in preparation for the TTX, only 
one scenario was executed during the day of the TTX. The TTX coordi-
nator selected this case at random, and it is the case reported here.

3.1. Scenario overview

The proposed incident selected for the TTX was specified as a road 
accident involving a truck carrying chlorine (Cl) that leaks into the 
surrounding area for 80 min at which point the leak is assumed to be 
contained. The area is assumed to be safe for the population at 90 min at 
which point the TTX was terminated. The area of Spoleto represented in 
the TTX and therefore selected for modelling is shown in Fig. 4. This part 
of Spoleto covers an area of approximately 1.82 km2, with an approxi-
mate length and width of 3.25 km and 1.37 km, respectively (see Fig. 4). 
The exit points from the area, the refuge locations and the incident 
location are shown in Fig. 5.

3.2. Population specification

The date selected for the simulated scenario was during the day, on 
the 19th of July 2018. Based on data from 2009 collected by the Mu-
nicipality of Spoleto (Marsella et al., 2019) the resident population of 
the modelled area on the selected day was estimated to be around 6876 
people. Similarly, the number of people working in the area was esti-
mated at 1108, i.e., approximately an additional 16 % of the overall 
population. The estimated possible visitor numbers were based on the 
hotel capacity within the region and were estimated at a further 1182 

people. Since the exact distribution of the population was not known, 
the TTX committee assumed that the hotels were at 70 % occupancy, 
approximately 827 people. It was also assumed that 55 % of the resi-
dences, 75 % of workers, and 10 % of hotel guests would be inside. 
Approximately 4696 people would be inside the buildings. For the 
people in the street, it was assumed that 40 % of residents and 90 % of 
hotel guess would be outside, which was approximately 3495 people.

The demographics of the population assumed that 50 % were males 
and 50 % were females. The agents’ ages ranged between 20 to 60 years 
old (average 40). The agents’ unimpeded travel speeds ranged from 0.8 
m/s to 1.5 m/s (average 1.15 m/s). When encountering congestion, the 
agents’ impeded travel speeds ranged from 0.72 to 1.35 m/s (average 
(1.03 m/s). This population information was coded and imported to 
urbanEXODUS in the form of an XML Population Specification file. 
Further to the population’s demographic information the Population 
Specification file also includes information of the initial location of the 
agents that will reside within buildings. It should be noted that the 
agents initially residing within buildings are not created prior to the 
simulation run but are generated during run-time once the simulation 
has started and once the agent’s notification and response time has 
elapsed. The initial distribution of those agents is defined in the Popu-
lation Specification file and is depicted in Fig. 6. The agents that are 
deemed to start from an outdoor location, are generated by the user 
prior to the simulation run. The boundary of the evacuation area of 
Spoleto is also highlighted. It is assumed that once the simulated agents 
reach the exit points or the refuge locations (see Fig. 5) that they have 
reached safety and are thus removed from the simulation. As part of the 
population is generated at run-time the XML Population Specification file 
acts only as a guide as to where and when the model’s agents should be 
generated. Therefore, when the simulation ends the number of agents 
generated may not be equal to the number of agents specified in the 
Population Specification file. As the TTX scenario ends at 90 min the 
number of agents generated are less than the number of agents specified Fig. 4. The shaded area represents the region of Spoleto that was modelled in 

urbanEXODUS.

Fig. 5. The exit roads are highlighted with green circles, the gathering/refuge 
locations with light blue and the event location with a yellow circle. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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in the Population Specification file.

3.3. Scenario hazard

For the TTX the selected hazard was based on a chlorine gas release 
from a truck with a capacity of 8000 L. The chlorine gas was assumed to 
leak at a rate of 0.15 kg/sec from 0 to 80 min. The weather conditions 
identified for the TTX scenario were as those recorded on the 19 July 
2018 with a weak southwest wind.

Using the weather patterns as specified for the TTX, a kinematic 
spreading of the toxic hazards was simulated using FARSITE (Finney, 
2004) by IN-PREP partner IESC (IESC, 2018). The resulting hazard data 
was generated from 15 min to 90 min. The FARSITE hazard data was 
then converted to a set of isochrones at 15-minute intervals. In total, this 

consisted of 20 Isochrones (Finney, 2004), with each time interval 
having multiple isochrone regions. At any one point, more than one 
isochrone can be active. Concentration levels in these isochrones have 
two values 10-4 or 10-6 kg/m3. It is assumed that for each isochrone the 
chlorine levels are uniform throughout the hazard area. Fig. 7 shows the 
chlorine hazard spread at three different time steps for the TTX scenario 
influenced by the assumed weather conditions of 19 July 2018.

It should be noted that the hazard isochrones generated by IESC for 
the purposes of the TTX only included isochrones with two chlorine 
concentration values of 1.0E-6 kg/m3 and 1.0E-4 kg/m3 which corre-
spond to the upper levels for AEGL-1 and AEGL-3 exposure values, 
respectively. For the other AEGL exposure levels to be triggered (i.e., 
AEGL-2) the exposure time would need to be greater than 240 min, see 
Table 9.

3.4. Hazard stand-off distances

The results from the hazard simulations were used by the emergency 
managers to define the standoff distances (US EPA, 2025) that were 
applied during the TTX. The standoff distances for the scenarios were 
determined based on this hazard spread data. For the chlorine scenarios 
the distances were derived using a Level of Concern set equal to the 
AEGL-1 value was used (US EPA, 2025). The standoff distances for 
chlorine is shown in Fig. 8 and indicate the areas that need to be 
sequentially cleared of agents. For example, from 12 to 45 min the re-
gion shown in Fig. 8a will need to be cleared of agents. Conversely, the 
region shown in Fig. 8b needs to be cleared of agents from 45 to the end 
of the TTX (i.e., 90 min). An explanation of why these times were 
selected is provided in the next section that covers the response to the 
chlorine hazard during the TTX.

3.5. Emergency response to the hazard

As a response to the chlorine leakage, the authorities deemed it 
necessary that the area is evacuated. While in cases of chlorine leakage, 
it is more advisable to evacuate vertically (i.e., move to higher floors 
within the same building, if indoors, or to higher ground, if outdoors), in 
cases involving extreme chlorine concentrations horizontal evacuation 
is also a viable option. Nevertheless, during the TTX only horizontal 
evacuation was considered, as the requirements of the TTX included the 
provision of a training environment for managing horizontal 
evacuations.

For the purposes of the TTX a four-stage incident timeline was 
identified (see Table 10). The actual TTX only covered the response 
phase up to 90 min, after which the focus is expected to switch to the 
recovery of the hazard. By 90 min the chlorine hazard has been 

Fig. 6. The boundary of the evacuation area of Spoleto highlighted in red. The 
dark blue dots represent the initial population location. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 7. Snapshots of chlorine hazardous gas spread at 15, 45, and 75 min past the start of the incident.
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contained, and the evacuation of Spoleto has been called off as no longer 
necessary. Hence during the TTX only 90 min are simulated by 
urbanEXODUS.

During these four-stages the emergency services utilised a range of 
methods to notify the local population that include Ring the Intercom, 
Automatic Dialler and Spontaneous. The specifics of each notification 
method that were utilised during the TTX are described in the next three 
sections.

3.6. Notification method: Ring the Intercom

For the first few moments, during the simulated incident, the only 
way to warn people residing within buildings is the most basic, i.e., ring 
the bell or intercom. However, before warning people in buildings the 
officers in place (i.e., first responders) are assumed to engage in several 
tasks. These tasks include establishing a virtual cordon to keep people 
and vehicles away from the accident, communicating with their control 
centres to report the situation, escalate the response, and request 

additional resources required. Thus, the process of notifying people in 
the surrounding buildings cannot start immediately.

From around 12 min the fire chief in place, having received situation 
from other officers in place via communication with the control centre, 
directs the evacuation. The fire chief provides instructions to the 
available officers, assigning them tasks to clear the buildings/area that 
are most exposed. Initially (i.e., at 12 min) three officers are assigned to 
notify the public. However, from 20 min onwards the number of officers 
on the scene increases, as detailed in Table 11. The 12 and 20 min are 
scenario injects (Filippidis et al., 2024) and were decided on the day by 
the TTX committee using their expert judgment and familiarity with the 
area.

The assumed notification process requires officers to receive confir-
mation from the notified citizen stating that they understood the alert 
message and instructions. The nature of this notification method re-
quires that the households within buildings are notified in sequence and 
not concurrently to avoid confusion. The time to alert each family was 
determined by the experts and was deemed to vary throughout the 
simulation roughly in accordance with the number of officers available 
(see Table 11). The region notified by the officers also varies during the 
simulation. In total, two notification regions were defined correspond-
ing to the stand-off distances (see Fig. 8). It is important to note that the 
action of the officers are modelled implicitly by the variation in both the 
notification regions and rates, in conjunction with a distance-based 
notification pattern. The distance-based notification pattern involves 
notifying residences within a specific notification region from the centre 
outwards.

3.7. Notification method: Automatic dialler

The second notification method employed during the TTX is the 
automatic calling system for landline telephones which can deliver 
massive pre-registered vocal messages to pre-defined zones. This system 

Fig. 8. Stand-off distances (a) from 12 to 45 min and (b) from 45 min till the end of the incident at 90 min. The yellow circle indicates the epicentre of the accident. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 10 
Four phases of the TTX.

Stage Time Description

First T0 Start of incident, no emergency service personnel are in 
place.

Second T0 + 12 
min

The first emergency service personnel arrive at the scene. 
One fire truck in place with five officers. It should be noted 
that only three of these officers will be responsible for 
notifying the public, while the other two will be in charge of 
maintaining the cordon.

Third T0 + 70 
min

Arrival of the CBRN team. CBRN fire truck from Perugia in 
place with four officers.

Fourth T0 + 360 
min

Hazmat is decanted into an emergency tank and cloud is 
dispersed.
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takes 30 min on average to initiate. It is assumed that 50 % of the 
households can be notified by the system every 5 min. For this system, 
an initial success rate of 15 % is assumed, with a subsequent success rate 
of 15 % every 5 min (i.e., the success rate remains fixed). This low 
success rate was chosen as the best estimate by the TTX committee since 
it is expected that in most cases either the call will go unanswered or 
when answered, the message may be ignored as originating from an 
untrusted source. While the model is also capable of representing the 
impact that SMS messages (see Section Voice and Text message Area 
Notification Systems) have on the evacuation process this was not 
examined during the TTX.

For the TTX scenario, it is assumed that the system needs 30 min to 
complete the calls and then it starts again calling the ones that did not 
answer. The sequence in which locations (i.e., telephone numbers) 
within the notification region are called is selected at random. The 
message content was not specified during the TTX as the intention was 
only to represent the effect that the automatic dialler would have in 
notifying the population. Following the same format as the other noti-
fication methods, the transmission and receipt of voice messages are not 
simulated in the model. What is simulated is the effect that such a system 
is expected to have when notifying the recipient population.

3.8. Spontaneous self-evacuation

The Spontaneous notification method was included to account for 
people responding on their own, for example after observing incident 
cues or seeing others evacuating. A spontaneous evacuation profile was 
thus defined with a start time of zero minutes that covers the whole 
modelled area and therefore the entire population. The evacuation 
profile was defined in such a way because at any given time, any resident 
within the effect area may receive information or other cues, which 
could cause them to commence evacuation without being notified by the 
authorities. This may occur, for example, when seeing others evacuate. 
It is assumed that all agents within the evacuation area have a chance of 
spontaneously evacuating. Therefore, this method has a notification 
coverage of the entire population.

The TTX committee choose this method to have an initial success rate 

of 5 %, i.e. 5 % of the entire population would evacuate immediately, 
with a subsequent rate of 5 % every 5 min. This covers all people located 
within buildings and in the street network. A summary of the notifica-
tion rates used for the stand-off distances at various times during the 
simulation is shown in Table 11.

3.9. Population response once notified

A population response time, representing the time between being 
notified and then starting to evacuate, was defined based on expert 
consensus from the IN-PREP expert panel.1 Two response distributions 
were provided, both corresponding to a likely daytime response (7 am to 
11 pm). These two response distributions corresponded to the response 
of people initially located within buildings, or within the streets.

The distribution for the day case response times as used in the TTX, is 
outlined in the first two columns of Table 12 that respectively list the 

Table 11 
Summary of notification profiles and zones of notification methods used during the TTX.

Ring The Intercom

Notification Region: Varies depending on time, based on the stand-off distances (see Fig. 8). 
Alerting order: Distance based starting from the centre of the area. 
Coverage: Notifies all the residential locations in the area, together with people in the street network. 
Start time: 12 min into the simulation. 
Initial success rate: 90 % 
Subsequent success rate/Interval: 90 % at a rate of 5 to 35 residencies, every 5 min. 
This increases overtime as more emergency crew arrive, based on number of officers available at the scene of the incident. 
Initial rate from 12 min is 5 residences/minute every 5 min: 3 officer available to notify. 
Rate increase at 20 min to 11 residences/minute every 5 min: 7 officers available to notify. 
Rate increase at 25 min to 13 residences/minute every 5 min: 11 officers available to notify. 
Rate increase at 30 min to 15 residences/minute every 5 min: 13 officers available to notify. 
Rate increase at 40 min to 17 residences/minute every 5 min: 15 officers available to notify. 
Rate increase at 45 min to 25 residences/minute every 5 min: 23 officers available to notify. 
Rate increase at 60 min to 32 residences/minute every 5 min: 26 officers available to notify. 
Rate increase at 70 min to 35 residences/minute every 5 min: 29 officers available to notify.

Auto Dialler
Notification Region: The complete shaded area as shown in Fig. 4

Alerting order: randomly assigned within the area. 
Coverage: Notifies 50 % of the residential locations in the area. 
Start time: 30 min into the simulation. 
Initial success rate: 15 % 
Subsequent success rate/Interval: 15 % every 5 min

Spontaneous
Notification Region: The complete shaded area as shown in Fig. 4

Alerting order: randomly assigned within the area. 
Coverage: Notifies all the residential locations in the area, together with people in the street network 
Start time: 0 min into the simulation. 
Initial success rate: 5 % 
Subsequent success rate/Interval: 5 % every 5 min

Table 12 
Population specification and model allocation.

Building Residents’ Response Times (Daytime Case)
Response Time 
Ranges (minutes)

Percentage 
Specified

Number 
Allocated in 
Model

Percentage 
Allocation 
in the Model

0–1 1 % 47 1 %
1–4 9 % 423 9.01 %
5–10 55 % 2583 55 %
10–15 15 % 704 14.99 %
15–20 9 % 423 9.02 %
20–30 1 % 47 1.00 %
30–60 10 % 469 9.98 %
Street/Road Response Times (minutes)
2–10 100 % 3495 100

1 The expert panel consisted of members from Corpo Nazionale dei Vigili del 
Fuoco and the Civil Protection of Spoleto.
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response time range in minutes and the percentage of people that will 
adopt a particular range. The second and third columns of Table 12
shows the actual number of people and their percentage of the overall 
population assigned a specific response time band for the actual TTX 
model. The difference between the specified percentage and the allo-
cated percentage in the model is because it was assumed that all resi-
dences at the same address would respond at the same time, i.e., they 
would leave the building at the same time. Hence, this resulted in slight 
differences in model allocation in conjunction to rounding to the nearest 
person. The response time of those initially located on the roads (as 
pedestrians) are also shown in the same table (see Table 12). It is 
important to note that once individual people are randomly assigned to a 
given response time range, their individual response time is then in turn 
randomly determined within that range according to a random uniform 
distribution.

The building residents’ response time values were used for all people 
initially located within residential buildings. All residents in a single 
occupancy unit (e.g., flat or house) are considered to respond at the 
same time. While this is a simplification, it is reasonable to suppose that 
once a member of a household becomes aware of the need to evacuate, 
they will notify other members of that dwelling. Furthermore, in 
strongly affiliated groups (i.e. family groups) it is common for the 
household to wait for all members to be ready prior to jointly 
commencing evacuation. Pedestrian agents that are initially located in 
the street/road network have their own individual response time. Group 
behaviour is not considered for either agents initially located within 
buildings or agents initially located in the streets.

In the model, an agent’s personal response time is added to their time 
of notification. The resultant value represents the time that the agent 
starts purposefully moving towards either their nearest safe location (i. 
e., refuge area) or exit point from the affected area via the shortest 
available route. The overall response time for that agent is therefore 
relative to the start of the simulation. It is important to note that agents 
do not take into account the location of the hazard when determining 

the routes to take for their selected target location (i.e., agents will not 
attempt to reach their selected target via longer routes and will similarly 
not redirect to alternative refuge locations/exit point in order to avoid 
the hazard). Upon reaching a given exit point or refuge area the agents 
are assumed to be safe and hence are effectively removed from the 
simulation. As a result, agents can no longer be exposed to the toxic 
effects of the chlorine hazard.

3.10. TTX scenario results

One of the aims of the TTX was to fully test the participants’ response 
to the assumed emergency conditions and their emergency procedures 
while utilising new technological tools. Therefore, it was deemed 
necessary to also assume a full evacuation of the affected area as indi-
cated by the TTX scenario. During the TTX only one evacuation simu-
lation was performed that represented the events unfolding during the 
selected TTX scenario. The simulation covered the period from the start 
of the incident till the time that the hazard was contained at 90 min. As 
the participants were following and responding to specific scenario 
related events and scenario injects it was necessary to have the pre- 
simulated evacuation results available when the TTX participants 
demanded them. Two snapshots of the evacuation simulation depicting 
the current location of the population at 30 and 60 min once the evac-
uation started are shown in Fig. 9. Once again, it is assumed that exit 
routes are not blocked due to the hazard and that the agents do not alter 
their path, in an attempt to avoid being exposed to chlorine. The agents 
are assumed to adopt the shortest routes to either an exit point or a 
refuge location, whichever is closer to them. All exit points and refuge 
locations are depicted in Fig. 5. When an agent reaches an exit point or a 
refuge location they are assumed to have reached safety. At that point 
they are effectively removed from the simulation while their experiences 
and exposure levels are recorded for further analysis.

The summary results produced from the single simulation that was 
run during the TTX can be seen in Fig. 10. These summary results were 

Fig. 9. Evacuation process at (a) 30 min and (b) 60 min depicting the location of the evacuees at those times. The yellow circle indicates the epicentre of the accident, 
green circles indicate exit locations from the area and light blue circles denote the gathering/refuge locations. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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presented when the evacuation modelling results were requested during 
the TTX. As can be seen in Fig. 10, 38 people were exposed to a higher 
level of chlorine at AEGL-3, which would indicate that these people 
would need immediate attention by medical services. The lower level of 
AEGL-1 exposure, which impacted 828 agents, means that these people 
may need some minor medical assistance at the scene, before leaving the 
area (Chang et al., 2008; Gant et al., 2018; US EPA, 2025). It should be 
noted that the hazard isochrones generated for the TTX only included 
isochrones with two chlorine concentration values of 1.0E-6 kg/m3 and 
1.0E-4 kg/m3 which correspond to the AEGL-1 and AEGL-3 exposure 
values respectively (see Table 9).

In Fig. 11 the evacuation process profile of the population is shown. 
This graph presents a novel way of displaying the evacuation process as 
it provides enhanced information over what is typically presented in the 
literature i.e., simply the number of agents that reached safety over time. 
This figure illustrates the impact that the various notification procedures 
have on the agents being notified, their subsequent response time, and 
eventually their evacuation time (i.e., moving outside the impacted 
area) or the time they reached a place of safety (i.e., reached a shelter 
within the impacted area). It thus links the time an agent is notified to 
the time they respond and then to the time they reach safety. Therefore, 
for each agent, there are three data points (i.e., dots on the graph) that 
correspond to that agent’s evacuation process (see Fig. 11a). For each 
agent, the first, left most dot (coloured green) represents the time when 
that agent was notified, on its right, the second dot (coloured orange) 
represents that agent’s response time, finally, the dot further to the right, 
i.e., the third dot (coloured blue) represents the time that that agent 
evacuated the area or reached safety. In Fig. 11b, a section of the graph 
shown in Fig. 11a is zoomed in, showing specifically the actions of the 
Ring the Intercom notification and the subsequent agents’ response and 
evacuation times.

It is worth noting the unique characteristics of the data shown in 
Fig. 11. Firstly, the data presented is sorted by notification time. In 
essence, the notification time corresponds to a local zero-time for the 
notified agents as that is the time that the agents become aware of the 
danger. The Automatic Phone Call notification for each agent appears as a 
vertical line. This vertical line includes the Spontaneous notification 

process since it is assumed that the notification to multiple agents takes 
place concurrently at set times. However, the Ring the Intercom notifi-
cation for multiple agents appears as a sloped line. This is because the 
Ring the Intercom notification is a sequential process, only one household 
can be notified at any one time by one emergency staff, and it takes time 
to notify a household. The slope of this line indicates the rate at which 
the emergency personnel can notify the residents. Finally, as the data is 
sorted by notification time the final evacuation graph is not continuous 
but is fragmented into smaller, sub-evacuation, graphs. Each fragment 
corresponds to the evacuation graph of the sub-population that was 
notified during a specific notification period. These sub-evacuation 
graphs appear to follow the S-curve shape that is typical of evacuation 
graphs. The graph depicted in Fig. 11 condenses a high volume of in-
formation that exceeds the conventional evacuation graph representa-
tions that are often utilised, that just show the number of agents 
reaching safety over time. When combined with summary information, 
such as that displayed in Fig. 10, crisis managers may better visualise the 
impact of their designed emergency procedures in terms of persons 
responding against the number of people reaching safety.

3.11. Further analysis

The TTX utilised a single simulation result corresponding to the 
executed scenario. However, additional analysis was performed post- 
TTX to gain further insights related to that specific scenario. This anal-
ysis reveals the variability that the selected TTX scenario could produce 
if simulated multiple times. For that purpose, a batch run of 50 simu-
lations was performed. For reference, the average time it took to run one 
simulation was 241 s (5.9 SD) with an average memory usage of 50 GB 
(0.06 SD) on an i7-6950X CPU 3 GHz PC with a total memory of 64 GB 
running Windows 10. It was established that 50 simulations would 
exceed the number of simulations required to obtain a 95 % confidence 
interval with a 5 % accuracy (Winston, 2000; Grandison, 2020) for the 
key simulation outputs used during the TTX. These include the number 
of agents notified by the notification systems employed during the TTX, 
the average evacuation time, the average distance travelled by the 
agents, and the agents’ average pre-evacuation time (see Table 13). 

Fig. 10. Evacuation Simulation – Summery Information listing the main results of the simulated TTX scenario.
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Fig. 11. (a) Evacuation process graph: Green: notification time, Orange: population response time, Blue: Evacuation time, (b) detail depicting a notification by the 
Automatic Dialler and Spontaneous, and a notification by Ring the Intercom. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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Furthermore, the impact level that chlorine had on the simulated agents 
is also reported (see Table 14).

Furthermore, to assess the impact that the formal notification stra-
tegies had on the evacuation performance, additional analysis is un-
dertaken. A new scenario was configured, and a further batch of 
simulations was conducted where the formal notification protocols (i.e., 
Ring the Intercom and Automatic Dialler) were not used. This is to remove 
the influence of such methods from the overall evacuation process and 
outcome and assess the effect of the Spontaneous notification method on 
its own. Secondly, considering the nature of the hazard, and the physical 
characteristics of how chlorine flows in the environment, the potential 
benefits of conducting a vertical evacuation strategy, compared to the 
full (horizontal) evacuation employed in the TTX, are investigated. 
These additional scenarios are intended to demonstrate how a com-
parison can be made between different strategies using the summary 
data and evacuation process graphs. In addition, these two scenarios are 
then compared with an alternative vertical evacuation strategy. In all 
the following scenarios the population starting locations will remain the 
same between simulations and scenarios. This is so that the impact of 
changing the notification methods can be compared across scenarios 
using the same population distribution.

3.12. TTX scenario variability

A summary of the variability for key simulation parameters is shown 
in Table 13. It is important to note that the average evacuation data (i.e., 
pre-evacuation time, evacuation time and distance travelled) are only 
for those who have left the evacuation area or reached a place of safety. 
As stated in the previous section, these results are based on 50 simula-
tions, this was sufficient to achieve a 95 % confidence interval with a 5 
% accuracy on the simulation outputs. It should be noted that the 
number of people notified by the emergency crews, shown in Table 13, is 
higher than the value shown in the summary results reported during the 
TTX (see Fig. 10) labelled as Notified by FRs (First Responders). The dif-
ference arises because the TTX summary information reported only the 
number of residential locations notified by emergency crews (i.e., the 
first responders), while the analysis presented in Table 13 includes those 
individuals who were notified within residences and the street network. 
The variability of the hazard exposure levels is shown in Table 14.

As can be observed, the variability is low, since the route taken by 
first responders is identical between simulations, as they visit the same 
houses in the same order in every simulation (based on distance from the 
centre of the notification area). Therefore, the main source of variability 

comes from locations notified by the “automatic call system” and the 
Spontaneous notification methods. Also, the response time of individuals 
at each given location is derived from the same response time range, 
which does not vary between simulations. When a location is assigned a 
response time taken from one of the ranges listed in Table 12 for 
example, between 5 and 10 min, then for every repeat simulation a 
random value is chosen between those two extremes for that location. 
This reduces the response time variability. Furthermore, other factors 
that keep variability low include the relatively low population densities 
and therefore the low number of interactions between the agents, and 
the behaviour of the agents that are assumed to have good familiarity 
with the town and are thus aware of the shortest paths to refuge loca-
tions and exit points.

3.13. Impact of no formal notification method

To study the impact of the formal notification methods a base case is 
useful to establish the consequences if the authorities did not intervene 
and only relied on the spontaneous evacuation, which is modelled by the 
Spontaneous notification method. The results from 200 simulations 
where only the Spontaneous notification was utilised are shown in Ta-
bles 15 and 16. It is important to note that in this case 200 simulations 
were performed to achieve the required accuracy for all key parameters. 
This was due to the large size of the standard deviation of the AEGL-3 
relative to its average value.

As can be seen when comparing Tables 14 (TTX) and 16 (no formal 
notification), there is a clear difference between AEGL exposures, with 
approximately 390 fewer people exposed to the hazard when no formal 
notification strategy is employed. This indicates that the formal notifi-
cation methods, as utilised in the TTX, negatively impacted the 

Table 13 
TTX Scenario simulation results.

People Notified by 
Emergency Crews

People Notified by 
Automatic Dialler

People Notified 
Spontaneously

Average 
Pre-evacuation time 
(minutes)

Average Evacuation 
time (minutes)

Average 
Distance (m)

Mean 
(min – 
max)

1143.9 
(1075 – 1274)

1317.7 
(1262 – 1393)

3368.6 
(3281 – 3471)

44.0 
(43.6 – 44.5)

58.0 
(57.6 – 58.5)

653.0 
(648.9 – 657.2)

Standard 
Dev

31.6 28.4 46.1 0.2 0.2 2.0

Table 14 
TTX scenario chlorine exposure data.

Total People 
Notified

People 
Evacuated

AEGL-1 (People 
Exposed)

AEGL-2 (People 
Exposed)

AEGL-3 (People 
Exposed)

LCLO 

(People 
Exposed)

Total People 
Exposed

Mean 
(min – 
max)

5830.2 
(5758 – 5904)

4872.9 
(4792 – 4962)

855.1 
(813 – 898)

0 30.6 
(22 – 40)

0 885.7 
(844 – 924)

Standard 
Dev

34.5 34.8 17.9 0 4.2 0 16.5

Table 15 
No formal notification evacuation simulation results.

People Notified 
Spontaneously

Average 
Pre- 
evacuation 
time 
(minutes)

Average 
Evacuation 
time 
(minutes)

Average 
Distance 
(m)

Mean 
(min – 
max)

3927.4 
(3847 – 4000)

43.2 
(10.5 – 44.3)

56.7 
(55.7 – 57.8)

639.7 
(628.1 – 
653.5)

Standard 
Dev

28.8 0.4 0.4 21.7
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population. This is because approximately 1903 more people were 
notified to leave in the TTX case (see Tables 14 and 16), and hence 
approximately 390 more people passed through the hazardous plume.

Depicted in Fig. 12 is the notification/response graph for the spon-
taneous evacuation. This graph shows how the 5-minute time interval of 
the spontaneous notification method impacts the population and how 
they subsequently respond in the model. The groups of vertical green 
dots represent people simultaneously recognising the need to evacuate 
(i.e., being notified) and then subsequently responding (orange dots). 
Since it can be assumed that some people will respond the moment the 
incident occurs, this spontaneous notification method has an immediate 
effect from time zero. It is recognised that in reality, people self- 
responding to events would not be limited to a fixed time-step, and 
that the notification/response process would have a continuous profile, 
as mentioned previously in the Method Section. However, the TTX 
committee considered this approximation appropriate for the needs of 
the TTX.

3.14. Vertical evacuation

In the previous section, it was identified that the formal evacuation 
notification procedures prompting the population to evacuate from the 
area has a negative impact on the population as it exposes more people 
to the hazard compared to the scenario that inhibited the notifications. 
Therefore, this raises the question of what the authorities could have 
done differently.

As the hazard modelled in the TTX is chlorine, which is a heavy gas 
and tends to remain at ground level (Bauer, 2013), an alternative pro-
tective measure could have been to use a vertical evacuation strategy 
(Dou et al., 2019). This is where residents notified within a building are 
informed to move to a higher level within their residence, when 
possible. Such an evacuation strategy is implemented within urban-
EXODUS. In this case when a person or group of people are successfully 
notified within a building, urbanEXODUS will assign the agents a 
response time associated with vertical evacuation. An assumed travel 
time to the higher floor is then added to the agent’s response time 
indicating the arrival time to the higher floor. Once the agent’s response 
time and travel time to the higher level has elapsed, they are assumed to 
have reached safety and are then subsequently removed from the 
simulation and added to the vertical simulation data list.

Tables 17 and 18 show the results from such a scenario, based on 50 
simulations. In this scenario, the agents that are initially located within a 
building who are notified to evacuate are assumed to vertically evac-
uate, i.e., move to a higher floor. However, any agent which is initially 
located within the street network will evacuate in a similar fashion as in 
the TTX scenario (i.e., move to their nearest exit point or refuge area). 
Furthermore, it should be noted that the number of people notified by 
the emergency crews, shown in Table 17, includes both the individuals 
that were notified within residences and those located within the street 
network.

On examination of Tables 17 and 18, the use of a vertical evacuation 
procedure, reduces the overall exposure of the population to chlorine. 

Table 16 
No formal notification chlorine exposure data.

Total People 
Notified

People 
Evacuated

AEGL-1 
(People 
Exposed)

AEGL-2 (People 
Exposed)

AEGL-3 (People 
Exposed)

LCLO 

(People 
Exposed)

Total People 
Exposed

Mean 
(min – 
max)

4160.9 
(3139 – 4233)

3221.7 
(3139 – 3305)

479.4 
(221 – 530)

0 15.8 
(0 – 32)

0 495.2 
(435 – 549)

Standard Dev 21.6 30.8 20.5 0 5.4 0 21.6

Fig. 12. Spontaneous only evacuation process.
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The number of agents exposed to the AEGL-1 level is lower in the ver-
tical evacuation scenario (mean 342.7, SD 10.7) when compared to the 
no notification scenario (mean 479.4, SD 20.5) or the TTX scenario 
(mean 855.1, SD 17.9). However, the number of agents exposed to the 
AEGL-3 level is higher in the vertical evacuation scenario (mean 24.5, 
SD 3.9) when compared to the no notification scenario (mean 15.8, SD 
5.37) but it is lower than the TTX scenario (mean 30.6, SD 4.2). Thus, 
approximately 31 people are predicted to incur life-threatening effects 
during the TTX scenario compared to 25 for the vertical evacuation and 
16 for the no formal notification scenario. This is because in the Vertical 
Evacuation scenario, people in the street and within the stand-off dis-
tances are still responding to the emergency personnel and thus evacu-
ating. Hence, more people are responding near the incident, compared 
to the no formal notification scenario, and therefore have a higher 
chance of being exposed to chlorine. However, there is a noticeable 
reduction in the AEGL-1 level exposure when compared to either the no 
formal notification or the TTX scenarios. This in turn means the total 
number of agents exposed to chlorine was on average 367.1 (SD 10.8) 
agents, compared to the no formal notification scenario mean of 495.2 
(21.6 SD), and the TTX scenario mean of 885.7 (16.5 SD). In all exam-
ined scenarios, the simulations predicted exposure to chlorine at only 
AEGL-1 and AEGL-3 levels. The simulations did not predict any exposure 
to chlorine at AEGL-2, or more critically, at LCLO levels.

3.15. Summary of results

To summarise, the key results of the TTX, the No Formal Notification, 
and the Vertical Evacuation scenarios are presented in Table 19. A key 
observation is, that in the absence of formal notification, awareness of 

the need to evacuate primarily relies only on the spontaneous notifica-
tion method, leading to lower evacuation rates compared to the TTX and 
Vertical Evacuation scenarios. The Vertical Evacuation scenario has the 
lowest overall chlorine exposure. However, the no formal notification 
scenario presents the lowest exposure to high levels of chlorine. This is 
attributed to the fact that in the vertical evacuation scenario, individuals 
on the street are still notified to evacuate by emergency personnel, 
potentially directing them to areas with higher chlorine concentrations 
while on route to the assembly locations.

It should be noted that during the actual TTX, the project partners 
understood that a full horizontal evacuation was likely to cause higher 
exposure rates to the population as chlorine being a heavier than air gas, 
spreads near the surface or sinks to lower areas, increasing the risk of 
exposure. In those circumstances, a vertical evacuation may be more 
advisable as the population is instructed to move to a higher floor or 
higher ground. However, since one of the objectives of the TTX was to 
evaluate the full evacuation procedures, it was decided to proceed with a 
full horizontal evacuation as this would have been the most challenging 
scenario to manage. Furthermore, this was to ensure that all partner 
tools and capabilities were utilised to the maximum possible level at the 
time of the TTX. However, there is an additional educational element in 
the findings presented in this article. The authorities do not have to 
simply rely on expert opinion regarding the exposure level of a popu-
lation, depending on the adopted evacuation procedure, but can obtain 
quantitative results based on simulation tools. The post-analysis per-
formed here, confirms the opinions of the project partners stating that a 
vertical evacuation is overall the better option in the circumstances 
posed by the examined scenario.

Table 17 
Vertical evacuation simulation results.

People Notified by 
Emergency Crews

People Notified by 
Automatic call system

People Notified 
Spontaneously

People Vertical 
Evacuation

Average 
Pre-evacuation 
time (minutes)

Average Evacuation 
time (minutes)

Average 
Distance (m)

Mean 
(min – 
max)

1149..0 
(1067 – 1204)

1312.9 
(1251 – 1364)

3370.7 
(3282 – 3453)

3722.8 
(3637 – 3814)

46.0 
(45.2 – 46.9)

51.9 
(51.2 – 52.7)

259.3 
(252.7 – 
268.3)

Standard 
Dev

30.7 25.2 37.4 33.5 0.3 0.3 3.1

Table 18 
Vertical evacuation chlorine exposure data.

Total People 
Notified

People 
Evacuated

AEGL-1 (People 
Exposed)

AEGL-2 (People 
Exposed)

AEGL-3 (People 
Exposed)

LCLO 

(People 
Exposed)

Total People 
Exposed

Mean 
(min – 
max)

5833.1 
(5726 – 5897)

1796.0 
(1756 – 1852)

342.7 
(321 – 373)

0 24.5 
(16 – 33)

0 367.1 
(345–404)

Standard 
Dev

31.8 23.2 10.7 0 3.9 0 10.8

Table 19 
Summary information highlighting the key parameter differences between the scenarios.

Total People 
Notified

People 
Evacuated

Average Evacuation time 
(minutes)

Average 
Distance (m)

AEGL-1 (People 
Exposed)

AEGL-3 (People 
Exposed)

Total People 
Exposed

TTX Case 5830.2 4872.9 44.0 653.0 855.1 30.6 885.7
Spontaneous 

Only
3927.4 3221.6 56.7 639.3 479.4 15.8 495.2

Vertical 
Evacuation

5833.1 1796.0 51.9 259.3 342.7 24.5 367.1
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4. Discussion

The approach taken here was to focus on how a subject matter expert 
could provide estimates regarding details on a given notification strat-
egy for an urban scale evacuation model, using parameters which are 
familiar to them. Therefore, the actual response profile for a given 
notification strategy is only based on their expert judgment. The 
approach used to implement the notification procedures does not 
require comprehensive data from a detailed data study, which is in 
general almost impossible to obtain and unlikely to be available. How-
ever, even if a detailed study was performed, its transferability to other 
locations and scenarios might be difficult to justify, as the results may 
not be generalisable. The 32 scenarios prepared for the TTX were 
selected to be representative of possible incidents that could occur in the 
Spoleto area, not of disasters in general. Nevertheless, by including a 
flexible method of specifying notification procedures, the proposed so-
lution can be tailored to accommodate notification procedures based on 
empirical data provided by practitioners for a plethora of scenarios and 
regions.

The proposed technique for representing notification methods within 
urbanEXODUS, while promising, presents certain limitations as its 
notification success rates are based on expert judgment rather than 
empirical data. A key advantage of explicitly representing notification 
methods is the ability to directly assess and compare the impact of 
various notification strategies, along with generating data on their 
performance during the evacuation process. While other modelling tools 
might indirectly account for notification strategies by adjusting the pre- 
movement times, the proposed methodology demonstrates that the in-
dependent representation of the notification phase allows for multiple 
notification strategies to be factored into the model. This offers insights 
that allow emergency managers to assess the impact of various notifi-
cation strategies that would otherwise be difficult to obtain if the noti-
fication phase was represented implicitly as part of the response phase. 
This is especially true when multiple notification methods are employed.

The inclusion of hazard exposure data into an urban-scale evacuation 
model enables a deeper understanding of the impact of a given evacu-
ation notification procedure on the evacuation process and the affected 
population. The insights gained can provide exposure information for 
individuals and thus the potential need for follow-up medical care. For 
example, in the TTX case presented, further analysis showed that 
switching to a vertical evacuation/stay-put strategy significantly 
reduced the number of people exposed to the hazard, particularly within 
residential buildings. This finding supports the common knowledge 
among practitioners suggesting that a full horizontal evacuation is not 
the optimal course of action for the scenario examined during the TTX. 
The proposed methodology aids in the communication of the benefits of 
alternative evacuation strategies, depending on the scenario, as the 
simulation tool provides both qualitative and quantitative data. Com-
plex ideas can be communicated to crisis management authorities or can 
be used to educate the wider public with regard to the best course of 
action, which can be hazard-specific. An additional educational value 
that can benefit both authorities and the public is how the public per-
ceives the authorities’ actions. Depending on the circumstances a 
reluctance to instruct for a full horizontal evacuation should not be seen 
as underacting as it may offer the safer option.

The vertical evacuation strategy resulted in a substantially lower 
number of exposed individuals compared to the TTX scenario. This re-
inforces the crucial concept that evacuation carries risks that need to be 
balanced against the dangers of remaining in place (Velotti et al., 2013). 
Therefore, integrating hazard exposure data into simulation tools is a 
critical factor for evaluating emergency response plans and ranking 
various notification procedures and scenarios. It should be noted that 
the flexibility that the simulation tools provide allow for a plethora of 
what-if scenarios to be examined. These scenarios can incorporate a 
variety of weather conditions that can affect the hazard propagations 
significantly and thus affect the chosen evacuation procedure. In the 

demonstration case, group behaviour, which is likely to have major 
implications on the outcome in a real situation (Drury, 2018) was not 
included. However, this kind of detail was not available at the time. 
Nevertheless, group behaviour was not completely ignored, since a 
simple assumption in the model was that once a household was notified 
successfully, all the residents would receive the same response time. 
Given these assumptions and limitations, the results are likely to be 
over-optimistic regarding travel distance and waiting for group mem-
bers. However, the focus at the TTX was on the notification methods and 
subsequent analysis was then performed to see if a vertical evacuation 
strategy might be a better option, due to the nature of the hazard 
chlorine.

The model outputs two critical parameters for risk assessment: the 
individual’s exposure to the hazard and the number of people exposed at 
each AEGL level. The TTX hazard data encompasses the type of chemical 
agent and prevailing weather conditions. The exposure duration and 
number of people that are impacted by the hazard is determined by the 
AEGL level classification data. The population vulnerability can then be 
assessed. For example, in the TTX case, people being outdoors and 
evacuating increased their exposure to the hazard, hence an alternative 
mitigation strategy should be adopted, such as a vertical evacuation, 
which was judged necessary to decrease exposure and harm to the 
population. The analysis performed in this paper showed that the pro-
posed method for modelling notification procedures facilitates the 
evaluation of emergency crisis plans. This was illustrated in the TTX 
where the model was used during an actual TTX which was designed to 
represent, as close as possible, a plausible situation that is relevant to the 
area of Spoleto. In addition, further analyses were performed confirming 
that a vertical evacuation strategy was the best option for minimising 
the population’s exposure to chlorine. In this example, the AEGL levels 
aided in determining the most optimal scenario, as well as providing 
information regarding the expected level of additional support that 
would be necessary to assist potential casualties, such as the possible 
number of people exposed to the hazard who may need further medical 
assistance. Thus, enabling the development and testing of crisis man-
agement protocols with key stakeholders during an actual TTX and 
possibly assess resource allocation.

By simulating potential incidents, that include the population noti-
fication procedures, valuable insights into evacuation performance and 
overall management strategies are provided. A deeper understanding of 
the overall evacuation process could aid in fostering continuous 
improvement in crisis preparedness, ultimately leading to more effective 
responses and safer communities. Consequently, planners are empow-
ered to prioritize the well-being of those affected by a crisis by consid-
ering the potential impact of their response and notification procedures 
beforehand. Furthermore, the summary information as presented in 
Fig. 10, together with any simulation playback should aid in commu-
nicating and demonstrating emergency plans to affected communities.

The notification model described in this paper has not been validated 
yet, only functional verification was performed during the IN-PREP 
project (IN-PREP, 2021). The focus of this study was to explore how to 
represent notification procedures within a large-scale pedestrian model, 
focusing on defining a format that can easily incorporate notification 
time and rate estimates by a subject matter expert. The notification 
model’s strength lies in its ability to simulate and compare the impact of 
different notification methods. This capability was demonstrated in the 
case study presented here. To perform validation, the model requires 
further refinement and calibration using real-world data from relevant 
studies (Vaiciulyte et al., 2021, 2022; Hulse et al., 2020; Gallego et al., 
2019; Veeraswamy et al., 2020). Therefore, additional work is being 
performed to identify possible notification and response profiles on 
which this technique and others, such as social cue-based models (Zhang 
et al., 2024), could be developed and potentially validated.
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5. Conclusions

Uncertainties surrounding major incidents regarding how people are 
notified and then react, is a major challenge for the emergency services. 
For evacuation modelling, it is well known that pre-evacuation/ 
response times are an important factor since they can have a signifi-
cant impact on evacuation results (Lovreglio et al., 2019). However, 
response and notification time data and profiles are typically scarce, 
partial and presented in a form which can be difficult to use as input into 
an evacuation model (Lovreglio et al., 2019). A method to address this 
issue has been presented that defines a notification specification and a 
model which can be used to approximate or estimate the impact of a 
given notification strategy, based on expert judgement.

It should be noted that basing a notification model on values ob-
tained mainly on expert consensus comes with many caveats. However, 
utilising models, based on the available data, even when imperfect or 
incomplete, provides a means to explore and compare available options. 
Thus, enabling the identification of robust plans that can adapt to and 
accommodate uncertainties related to actual evolving emergency situ-
ations. In the work presented here it was demonstrated that the evacu-
ation model could estimate the impact of a given notification strategy, or 
a combination of notification strategies, on the evacuation process. A 
novel evacuation process graph and summary table were developed to 
compare the impact of different notification methods and enhance un-
derstanding of their influence on evacuation. This method, featuring a 
combined notification/evacuation graph, goes beyond the more tradi-
tional and simple time-based evacuation graph.

The presented case study, even though it does not provide validation, 
demonstrated that altering the notification and evacuation strategy 
utilised during the TTX to a vertical evacuation, which is the standard 
practice for the given hazard, reduced the predicted harm to the evac-
uated population. Hence, the model provides insights that fit with 
expectation and allow experts to compare evacuation viability based on 
a measure of possible hazard exposure or harm to the population, which 
could be used to aid the decision to evacuate or not.

Further development, will focus on how the model can be adapted to 
accept different notification profiles, going beyond an initial and sub-
sequent success rate. For example, include user defined distributions 
such as log normal, Weibull, Gamma, and Logistics. Also, further 
sensitivity analysis is required related to the impact of varying the time 
steps between notification periods, i.e., at what intervals subsequent sets 
of people are notified. This would be performed in conjunction with 
additional model calibration, as and when data becomes available 
regarding the effectiveness of various emergency notification proced-
ures, since a model is only as good as the data it is based on.
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