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A B S T R A C T   

Wildfires are a significant safety risk to populations adjacent to wildland areas, known as the wildland-urban 
interface (WUI). This paper introduces a modelling platform called WUI-NITY. The platform is built on the 
Unity3D game engine and simulates and visualises human behaviour and wildfire spread during an evacuation of 
WUI communities. The purpose of this platform is to enhance the situational awareness of responders and res-
idents during evacuation scenarios by providing information on the dynamic evolution of the emergency. WUI- 
NITY represents current and predicted conditions by coupling the three key modelling layers of wildfire evac-
uation, namely the fire, pedestrian, and traffic movement. This allows predictions of evacuation behaviour over 
time. The current version of WUI-NITY demonstrates the feasibility and advantages of coupling the modelling 
layers. Its wildfire modelling layer is based on FARSITE, the pedestrian layer implements a dedicated pedestrian 
response and movement model, and the traffic layer includes a traffic evacuation model based on the Lighthill- 
Whitham-Richards model. The platform also includes a sub-model called PERIL that designs the spatial location 
of trigger buffers. The main contribution of this work is in the development of a modular and model-agnostic (i. 
e., not linked to a specific model) platform with consistent levels of granularity (allowing a comparable 
modelling resolution in the representation of each layer) in all three modelling layers. WUI-NITY is a powerful 
tool to protect against wildfires; it can enable education and training of communities, forensic studies of past 
evacuations and dynamic vulnerability assessment of ongoing emergencies.   

1. Introduction 

Wildfires are a significant safety risk in many regions of the world. 
This is demonstrated by recent statistics on wildfire evacuation. For 
instance, between 1980 and 2007, Canada averaged 20 evacuation 
events per year, even going as high as 53 events in one year (Beverly & 
Bothwell, 2011). Also, between 2017 and 2019, wildfires resulted in 
over one million people under evacuation orders in California (Wong 
et al., 2020a, 2020b). 

Wildfires can threaten rural, suburban and even urban areas. The 
current location and possible future expansion of the wildland-urban 

interface (WUI) poses severe challenges to community safety from 
wildfires (Cova et al., 2009; Theobald & Romme, 2007). In fact, large 
wildfires are associated with severe consequences including mass 
evacuation, property and livelihood losses, social disruption, short-term 
and long-term damage to infrastructure, as well as evacuee and 
responder fatalities/injuries (Caton et al., 2016; Paveglio et al., 2015; 
Maranghides & Mell, 2011). These challenges are likely to evolve and 
become more complex as global temperatures rise (Jolly et al., 2015). 

Among different natural hazards, comparisons can be drawn be-
tween WUI fire and hurricane evacuation scenarios in terms of the po-
tential individual, social, and environmental factors affecting evacuee 
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response. Commonalities include the need to displace large populations, 
the potential for the hazard to suddenly change course or direction, and 
overall comparable timelines for notification (although the timeframe 
for notification is often longer for hurricanes) (Folk et al., 2019). These 
similarities are deemed to be useful to inform the development of 
simulation tools for both hazard types. 

Many factors influence the capacity of community members to reach 
a place of safety in response to a WUI fire incident, most of which are 
associated with the social and physical environment. First is the fire and 
its associated conditions (including smoke, embers, and heat). However, 
understanding the development of the fire alone is not a sufficient pre-
dictor of its impact on nearby populated areas (Cutter et al., 2003). 
Other important factors include population densities, the layout and 
capacity of the road network, the surrounding geographical terrain, and 
a community’s demographics, social systems and capacity to cope with 
the fire incident (Cova et al., 2005). Given their scale and complexity, it 
is contended that WUI fire incidents require a multi-layer approach to 
assess their impact on a community and the effectiveness of subsequent 
mitigation efforts (Ronchi et al., 2017). 

One way to assess the impact of wildfire on a community and allow 
officials and planners to be informed of ways to mitigate negative con-
sequences is via simulation models (Gwynne et al., 2019; Intini et al., 
2019). These tools are increasingly used to inform the development of 
evacuation plans for WUI communities. They can be used to estimate 
how an evacuation develops based on current and future fire scenarios, 
given different affected populations, evacuation decisions (e.g., stag-
gered evacuation by neighbourhoods, etc.) and the accessibility/avail-
ability of different resources (e.g., road access, public transport, traffic 
congestion, etc.). It is important to note that a WUI fire evacuation 
simulation model should ideally be able to represent (implicitly or even 
better explicitly) the set of decisions regarding protective actions made 
by evacuees. Decisions are taken both at the household level prior to 
evacuation as well as on the road (Lovreglio et al., 2019; McCaffrey 
et al., 2018; McLennan et al., 2012, 2019; Mozumder et al., 2008; Toledo 
et al., 2018; Wong et al., 2020a, 2020b). 

However, many limitations exist among current models (Kuligowski, 
2020). Perhaps most importantly is their inability to represent evolving 
conditions of all aspects of fire event, including fire spread and evacuee 
decision-making and movement processes. 

At present, models currently available only enable the independent 
calculation of performance levels for the fire, pedestrian and traffic 
(Ronchi et al., 2017). While current and projected conditions across 
these three core processes are represented in a number of ways in models 
currently available, they are most invariably represented in isolation 
(Ronchi & Gwynne, 2019). Some exceptions exist such as MATSim 
(Singh et al., 2019), but models currently represent the elements un-
evenly (i.e., not representing one of the modelling layers to the same 
level of detail, if at all). An example of this is the fire modelling layer in 
MATSim. Only a few of the available simulation platforms consider at 
least two modelling layers (Beloglazov et al., 2016; Cova et al., 2005; 
Dennison et al., 2007; Li et al., 2018); however, the level of granularity 
of the layers is inconsistent (Ronchi et al., 2017) and the platforms are 
not always publicly available. 

Instead, what is needed is an affordable simulation model that can 
establish evacuation performance ahead of time including the impact of 
different responses, resources, and incident scenarios. 

During an earlier research project (Intini et al., 2019; Ronchi et al., 
2017, 2019), the authors produced a specification of the requirements of 
a simulation model that quantifies evacuation performance during WUI 
fire incidents, including inputs from three core domains: fire develop-
ment, pedestrian performance and vehicular traffic (Ronchi & Gwynne, 
2019). This work highlighted the need to develop a modular and model- 
agnostic platform, which is not necessarily linked to a specific (often 
commercial) modelling approach or tool. Another issue highlighted was 
the need to use consistent level of granularity in different modelling 
domains. 

To address this issue, this paper introduces a simulation model called 
WUI-NITY (its name comes from merging WUI and the game engine used 
for its development, Unity 3D). The WUI-NITY model represents the 
incident conditions based on the evolution of the core components (e.g., 
fire, pedestrians and traffic) and how they interact to produce evacua-
tion outcomes. The use of the Unity 3D game engine greatly simplifies 
the integration of the specified key modelling components and the 
necessary data exchange between external components, such as maps 
and wildfire spread models. The use of Unity 3D also simplifies future 
model refinement and provides access to a range of output functionality 
(including VR capability). The implementation of the modelling as-
sumptions and the subsequent model is described here, including brief 
discussions on the user interface, model configuration, model execution, 
output and interpretation. The way the output can be interpreted and 
employed for assessment of community dynamic vulnerability is then 
discussed. Finally, the implications of using the WUI-NITY platform are 
discussed and suggestions for its future developments are presented. 

2. Methodology 

The WUI-NITY platform has been developed using a game engine, 
Unity 3D (Unity Technologies, San Francisco CA, USA) with built-in 
Virtual Reality (VR) capability. Unity 3D acts as a host for the core 
modelling sub-components. Given its modularity, the current sub- 
models for each domain (fire, pedestrian, and traffic) could be 
replaced with other, potentially more sophisticated, models in the future 
(e.g., a macroscopic traffic sub-model could be replaced by a micro-
scopic sub-model based on user requirements and computational 
power). WUI-NITY is built in different modules which exchange and 
read data. This means that if output data is provided by another model 
with a consistent data format, this information can be read by WUI-NITY 
and subsequently used in the other modelling layers. Currently, a set of 
simplified sub-models are embedded to demonstrate the model capa-
bilities (i.e., the ability to exchange information between domains to 
produce insights into evacuee performance that enables the identifica-
tion of vulnerable locations and populations). Evacuee performance 
here represents the result of behaviour adopted by the population 
affected by the wildfire event. This includes for instance the time taken 
to respond to the fire threat, the route choice in relation to availability of 
the road network and their impact on evacuation times and vulnera-
bility. Detailed information on the modelling layers and their key 
characteristics and associated sub-models can be found in the literature 
(Ronchi et al., 2017, 2019). 

The Unity 3D environment provides numerous development and 
interface options. It is originally a 3D environment. Therefore, although 
the initial development has focused on 2D output (e.g., overlaid on 2D 
maps), it has the potential to incorporate a more active, first person 
three-dimensional user-experience in subsequent development stages. 
This could be both for visualization purposes (i.e., display a 3D view of 
the environment to stakeholders) as well as for future VR first person 
interaction with the space (i.e., in a VR game setting). 

The main output produced by the WUI-NITY platform are predictions 
of evacuee performance generated by the coupled models. These pre-
dictions have value in themselves, but also allow the system to establish 
and map the dynamic vulnerability – representing the capacity (or lack 
thereof) for simulated populations to cope with the conditions given the 
resources available. The predicted emergent conditions can be overlaid 
on a map and aggregated to the desired level of resolution to represent 
the evolving vulnerability levels associated with certain locations. 

3. The timeline represented in WUI-NITY 

The WUI-NITY platform is intended as a tool allowing the coupling of 
different modelling layers deemed to affect evacuation performance (e. 
g., fire, pedestrian and traffic) into a single modelling environment. This 
section documents the main modelling assumptions adopted to allow for 
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this coupling. The long-term aim of WUI-NITY is to become sub-model 
agnostic; i.e., allowing for the implementation of different existing 
and new sub-models of varying levels of complexity and formats. In the 
current stage of the model development, the proof-of-concept of the 
functionalities are demonstrated through coupling/implementing a set 
of relatively simple models of all domains. In this context, the selected 
models are deliberately chosen as empirical/macroscopic models, which 
require only limited computational resources and, in turn, demonstrate 
the applicability of the model for both evacuation planning and real- 
time applications. In real-time applications, it is envisioned that emer-
gency officials would use the tool to make evacuation decisions during an 
event, where little time is available for model runs. 

To explain the key functionalities of the WUI-NITY platform, a 
timeline of the modelled events is presented in Fig. 1. WASET refers to 
the available safe egress time in the wildland-urban interface area and 
WRSET refers to the required safe egress time in the wildland-urban 
interface area (Ronchi et al., 2017). The WRSET concept is similar to 
the Evacuation Time Estimate (ETE) which is used in hurricane research 
(Lindell & Perry, 1992; Lindell & Prater, 2007; Urbanik, 1994); WRSET 
is used here to enhance familiarity given equivalent terminology (i.e., 
RSET) used in fire protection engineering in buildings (Purser, 2003). 
The approach to represent this sequence of events is similar to what is 
currently employed for the study of evacuation scenarios in buildings 
(Meacham & Custer, 1995). 

One possible time-line is presented in Fig. 1. It should be noted that 
this is only one of the possible timelines of events and its aim is to 
provide an example of such type of timelines, facilitate the under-
standing of the WUI-NITY model capabilities and aid in identifying the 
relationships between different modelling layers. 

The timeline starts with fire ignition (see Point 1 in Fig. 1) which is 
simulated within a fire model. Following ignition, a given percentage of 
the population decide to evacuate in the following two ways: 1) directly 
using their vehicles from their household, if connected to the road 
(starting from Point 2 in Fig. 1), or 2) by leaving their households to 
reach their vehicles in a given location (see Point 3 in Fig. 1, which 
corresponds to the first people who begin responding to the fire event). 

Point 2 is an arbitrary time before Point 4 (it could be after Point 3) at 
which point people start using their vehicle to evacuate (this is before 

the evacuation order). This is implicitly represented in the model 
through the background traffic. Point 3 represents the first people who 
respond and start walking towards their vehicles. Pedestrian evacuation 
on foot is not explicitly modelled in WUI-NITY (although it can be 
introduced), thus it is omitted from the time-line. The pedestrian 
component is represented through the initial response time: people 
deciding to stay, deciding when to respond, preparing and moving to-
wards the vehicles. 

Background traffic (intended here as traffic on the road linked to 
people that are not actively evacuating) is implicitly represented using a 
vehicle density modifier. In some cases, people may also decide to 
evacuate on foot or by other means of transport (e.g., public transport); 
this is currently not represented within WUI-NITY. At a given time, an 
official evacuation order/warning is issued by the authorities (see Point 
4 in Fig. 1), which also corresponds to the time in which those who self- 
evacuate are now responding to an evacuation notice, although there 
may still be some on the roads who had originally self-evacuated. 
Shadow evacuation refers to people who decide to evacuate but who 
have not received an evacuation order. Shadow evacuation can be 
considered as concluded when a warning is issued (if a given area is 
considered) or it can occur at any point of the time-line if considering 
people outside the area in which the evacuation order was given. More 
people might decide to evacuate independently than those subject to an 
evacuation order – especially given that some decide to remain even 
after being ordered to evacuate (see Event Timelines 3 and 4). 

At a given time, all people who decided to evacuate would have left 
their households (see Point 5 in Fig. 1), which corresponds to the 
maximum response time, i.e., the time of the slowest respondent who 
decides to evacuate. Once all evacuees have reached their vehicles, they 
would be on the road network (see Point 6 in Fig. 1), which corresponds 
to the maximum travel time to vehicles. During the traffic evacuation, 
various events can occur due to fire spread evolution and evacuation 
interaction, including route losses, shelter losses due to the fire, car 
accidents, and/or lane reversals ordered by the authorities. The evacu-
ation would then be completed (see Point 7 in Fig. 1), and this time 
corresponds to the wildland-urban interface required safe egress time 
(WRSET). Fig. 1 assumes that WRSET starts at the evacuation order 
(point 4), but it could be assumed to start at different times before this 
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(e.g., even before fire ignition in case of precautionary evacuation). 
For a safe evacuation to occur, WRSET should be lower than the time 

required for the fire to reach the community (see Point 8 in Fig. 1), 
which corresponds to the wildland-urban interface available safe egress 
time (WASET). WASET is assumed to start at the evacuation order, 
mostly because fire ignition could be further away from the location 
under consideration. 

It should be noted that this sequence of events is purely an example 
and the actual course of events might be different – made more complex 
by the changing scale of the event and how it may lead to tasks and 
events iterating across the timeline. For example, WUI-NITY does not 
explicitly represent the collection process of family members and 
mobilization time (e.g., using an activity-based modelling approach (Lin 
et al., 2009)). While not all aspects are currently represented explicitly 
within the current WUI-NITY timeline, its users are encouraged to 
evaluate methods to represent them implicitly (e.g., background traffic 
could be used to represent the added traffic due to the collection of 
family members). The WUI-NITY platform allows for the representation 
of the presented components, regardless of the order in which they may 
occur. 

4. The WUI-NITY platform 

WUI-NITY links fire development and traffic sub-models by consid-
ering the fire conditions (i.e., an output of the fire sub-model, mediated by 
the trigger buffer function) as an input for the traffic sub-model in the form 
of vehicle movement initiation. Therefore, residents respond (or not) to an 
approaching fire, and then move on foot (or not) towards their vehicle and 
the road network. A set of underlying information are saved to keep track 
of variables of interest for vulnerability mapping. More information on the 
implementation and testing of the modelling layers is available in the full 
report associated with this work (Ronchi et al., 2020). 

4.1. Fire modelling 

The first layer which is implemented in the WUI-NITY platform is the 
simulation of wildfire spread. This is demonstrated through the imple-
mentation of the FARSITE (Fire Area Simulator) model (Finney, 1998). 
FARSITE has been selected as it is currently used by several federal 
agencies in the USA (e.g., the US Forest Service, US Bureau of Land 
Management, US National Park Service, etc.) and is in the public 
domain. The model has a simple input/output format and includes 
detailed documentation describing its assumptions. 

The WUI-NITY platform can import simulation results provided by 
FARSITE in ASCII (American Standard Code for Information Inter-
change) format. Within FARSITE, the user first inputs information on a 
location’s topography and vegetation types along with general data 
concerning geographical coordinates, site size, weather, wind, burn 
periods, etc. (Finney, 1998). The user runs the simulations in FARSITE 
and generates the outputs (neither roads nor the spotting features are 
included in the fire modelling calculations). Next, the main outputs of 
FARSITE (i.e., time of arrival, fireline intensity, flame length, rate of 
spread, heat per area, reaction intensity, crown fire activity, and fire 
spread direction) are imported into WUI-NITY via a dedicated import 
tool. The fire modelling output used as input by other modelling layers is 
the time of arrival but other fire-related outputs can also be displayed in 
WUI-NITY (e.g., to provide further information on the fire 
development). 

The terrain is reconstructed in WUI-NITY (from the original data 
input into FARSITE) using a custom terrain engine. A custom engine is 
used because the Unity 3D built-in terrain engine does not allow users to 
set individual UV coordinates per vertex1 and can limit what types of 

surface shaders can be used, therefore limiting visualization options. 
Using the custom terrain engine, the user can configure the needed level 
of detail by selecting the number of polygons to represent the terrain. 
WUI-NITY visualizes vector data using line renderers. Raster data are 
instead saved as textures with normalized colour grading (min-max), 
which are used in a custom shader. The user can display the evolution of 
the fire through the implemented vector and raster data (see an example 
in Fig. 2). Both orthographic and perspective (zoomable) views are 
allowed. In addition, a dedicated visualization feature is developed in 
WUI-NITY to allow for the selection of timestamps of interest for the 
vector data and time-lapse of raster data (i.e., through a timeline slide 
which the user can use to visualize the fire spread evolution). 

4.2. Pedestrian modelling 

To model pedestrian movement, a default population distribution is 
available within WUI-NITY. It is based on the Gridded Population of the 
World (GPW) v42, in which population counts (or density) are provided 
with a resolution of approximately 1 km2 area. This database was chosen 
because it includes population data for the entire world and is accom-
panied by user documentation. A custom-made function within WUI- 
NITY proportionally redistributes the population based on the prox-
imity of the cells to the road network and access to the roads. This 
method of population distribution is made to mimic a more realistic 
representation of space usage by the population by assuming that each 
household has access to the road, which in turn, avoids scenarios where 
people are unable to evacuate due to lack of road access, as shown in 
Fig. 3. Population density is estimated by dividing population count by 
land area in a given pixel. Households are then randomly generated in 
space following the population distribution (in which a population be-
tween 1 and 5 people is assigned by default for each household). The 
user can also manually edit this input. Basic information about popu-
lation demographics is also available within the GPW v4 database. As 
with other aspects of this work, pedestrian representation operates at the 
macroscopic level as two parts: pedestrian response and pedestrian 
movement. 

A literature review has been performed to identify representative 
household response performance (Folk et al., 2019; McCaffrey & Winter, 
2011; McLennan et al., 2019). In the building fire evacuation literature, 
log-normal distributions are generally recommended to represent the 
time it takes for people to respond given their ability to implicitly 

represent social influence and late responders (Lovreglio et al., 2015). 

Fig. 2. Example of FARSITE outputs visualized in WUI-NITY. Timestamps 
corresponding to the vector data corresponding to different stages/locations of 
the fire spread can be selected by the user. The symbol on the top-right corner 
allow the user to control the visualization in the coordinate system. 

1 UV mapping is the 3D modelling process of projecting a 2D image to a 3D 
model’s surface for texture mapping. 2 https://sedac.ciesin.columbia.edu/data/collection/gpw-v4 

J. Wahlqvist et al.                                                                                                                                                                                                                              

https://sedac.ciesin.columbia.edu/data/collection/gpw-v4


Safety Science 136 (2021) 105145

5

Tweedie et al. employed experts to estimate the time it might take to 
mobilize the general public for evacuation from a given area (Tweedie 
et al., 1986). In addition to evacuation, sheltering (either shelter-in-place 
or sheltering as part of the home defence strategy) is another strategy 
residents use to respond to wildfires. This is particularly relevant in 
areas in which evacuation is not possible (Blanchi et al., 2018; Cova 
et al., 2009; McCaffrey et al., 2015). 

The pedestrian model has been developed for the purposes of the 
WUI-NITY platform and it has two components:  

1. A pedestrian response model in which the probability of occupants 
deciding to evacuate is described as a function of time. At the core of 
the response model lies an estimation of the cumulative rate of 
evacuation as a function of time. A distribution of the time that 
elapses between initial fire cues (e.g., the trigger event leading to an 
evacuation announcement, the time of arrival of the fire from FAR-
SITE) and the initiation of pedestrian evacuation movements is 
implemented for each cell. Since a delay time distribution is used, the 
model does not explicitly represent the range of individual behav-
iours that might be performed during this process, including prepa-
ratory actions, searching for significant others, vehicle boarding time 
or local navigation / redirection. Instead, this response model allows 
for the implicit representation of both the key factors that affect the 
decision to evacuate (i.e., information available, notification systems 
in use, etc.) and the types of behaviours likely to be performed by 
household members during their decision-making process.  

2. A pedestrian movement model describes how occupants enter the 
traffic model, after a decision to evacuate has been made. This model 
simulates pedestrian movement from dwellings to the nearest traffic 
node, which is meant to represent movement to their vehicle (i.e., 
movement over space and time). 

The main output of the pedestrian model is therefore the number of 
people entering the traffic model over time in a cell or traffic node. The 
model makes use of space discretization to read basic inputs and perform 
calculations, either through a squared cell or through nodes, e.g., for 
representing the traffic network. Evacuation on foot is currently not 
considered in WUI-NITY. However, the model has been designed in a 
modular way such that both the decision to respond and movement on 

foot can be represented at the local/individual level in future iterations 
of the model design. This means that each modelling layer is coded 
independently from each other, thus allowing replacement of a given 
modelling layer with another (e.g., a microscopic model). 

A set of assumptions have been made during this initial simplified 
macroscopic approach. The pedestrian model is applied to an area in a 
raster; the cell size of the raster is driven by the granularity set by the 
user (by default this is 100 m by 100 m). In an actual fire event, 
household evacuation can be triggered via different mechanisms, 
including (i) the distance of the fire to the cell, (ii) the arrival time of the 
fire in the cell, and (iii) the warning(s) issued by authorities (and then 
implemented by the user), based on trigger points/buffers (which are 
also based on the arrival time of the fire at a given landmark). At present, 
the response time is based on official warning timelines and an associ-
ated user-defined distribution mimicking a log-normal distribution. The 
evacuation response also includes a certain number of residents that 
initiate evacuation before the warning (self-evacuating producing a 
shadow evacuation period) and a certain number of residents who 
decide to not evacuate (e.g., decide to stay and defend) even after a 
warning is issued. These inputs are both user-defined. Once movement is 
initiated, the movement model assumes that the time to reach the entry 
point of the traffic node is estimated considering a simplified distance 
estimation (by default the average distance from the centre of each cell 
along a straight line) to the nearest traffic node. It then assigns move-
ment speeds to residents drawn from a uniform distribution to calculate 
overall pedestrian movement time. 

The pedestrian response model provides the following outputs:  

- Number of pedestrians entering the traffic model over time, more 
specifically:  
o Number of pedestrians entering the road network over time prior 

to the issuance of an evacuation order (this increase in background 
traffic is caused by occupants beginning evacuation prior to 
evacuation triggers).  

o Number of pedestrians entering the road network over time after 
the evacuation order.  

o Number of pedestrians deciding to stay (i.e., they do not evacuate). 

A default curve is provided to describe evacuee response and it is 

Raw population data 
imported from GPW

1

Interpolated Population

2

Cells with access to 
road network

3

Relocated Population

4

Fig. 3. Population distribution as available in GPW database (1), the population interpolated based on the chosen evacuation cell size (2), cells with access to road 
network (3) and re-distributed population based on the configuration of the road network (4). The darker the red the higher is the population density in (1), (2) and 
(4). In (3), blue indicates no people, red indicates no access to the road network and no colour overlay indicates people having access to the road network. 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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based on a literature review on pre-evacuation behaviour (Ronchi et al., 
2020). The user can modify this underlying distribution and response 
model, should they have access to more relevant information. The user 
can do this by configuring a discretized version of the curve at different 
locations. This means they can provide the percentage of the evacuating 
population expected to have responded by a given point in time (e.g., 
every 10 min). 

In the movement model, given the coarse granularity adopted and 
the high level of uncertainty in the movement paths taken, pedestrians 
are assumed by default to simply walk directly to a target. To account for 
the omission of obstacle avoidance, a multiplier (>1) of distance has 
been implemented to give the user the opportunity to represent local 
movement inefficiencies. The movement of the population is repre-
sented by default with an assigned movement speed drawn from a 
uniform distribution ranging between 0.7 and 1.0 m/s. This default 
range has been selected to represent a reasonably conservative range of 
walking speeds (Gwynne & Boyce, 2016). Nevertheless, the user has the 
opportunity to customize movement speeds by using a speed multiplier 
(<1) in order to represent those groups who adopt slower speeds (e.g., 
moving with walking aids or those moving with some form of impair-
ment). An evacuating group (intended as a household of a given size 
using one vehicle) would choose to walk at the speed of the slowest 
member of the group, thus the users are encouraged to use conservative 
values for this input. Those with severe impairments are assumed either 
to be assisted or not to evacuate. Given the nature of the pedestrian 
movement (primarily to a vehicle) and the granularity of the calcula-
tions made, it is not expected that this movement would be dictated by 
density – but instead limited by the characteristics and speed of the 
surrounding population. 

4.3. Traffic modelling 

The first step in the representation of traffic movement is the 
implementation of the road network. Road network information is ob-
tained through OpenStreetMap3 (OSM), a freely available worldwide 
database which includes a set of geo-data concerning road networks 
characteristics. OSM makes use of a topological data structure, including 
four core elements, namely 1) nodes (points with a given geographic 
position, stored in a coordinate system), 2) ways (polylines/polygons 
giving the ordered lists of nodes, 3) relations (used to represent re-
lationships between ways and nodes, e.g., road restrictions, etc.), and 4) 
tags (arbitrary strings including metadata about the map objects). Sat-
ellite images are also obtained in order to enhance the visualization of 
the space. All information is imported into WUI-NITY and used to 
represent the road network where the traffic evacuation takes place. The 
road network data imported into WUI-NITY can be customized by the 
user by directly modifying the source OSM dataset. 

In this first iteration of WUI-NITY, the representation of the traffic 
movement is made with a simple dedicated macroscopic traffic model. 
The model is based on a set of commonly used assumptions in the field of 
traffic evacuation modelling identified through a dedicated literature 
review (Intini et al., 2019). 

The traffic model first reads the information from the pedestrian 
model concerning the arrival of occupied vehicles over time into the 
traffic nodes. It should be noted that a set percentage of vehicle density 
can be assumed by the user to represent background traffic, and this is 
implemented with a linear uniform distribution. The amount of back-
ground traffic on the road can also be specified during other stages of the 
evacuation timeline. 

Only private vehicles (i.e., cars) are implemented in this first version 
of WUI-NITY. The simulated cars can be occupied by 1–5 passengers 
(randomly generated), and this is defined in relation to the size of the 
households approaching each traffic node. Each household is assumed to 

evacuate using one car by default, but the user can configure a proba-
bility distribution of cars leaving the households, if there is more than 
one person in a household. 

The maximum capacity of the road is automatically generated by the 
WUI-NITY platform based on the number of lanes available and the road 
tag specifying the road type. WUI-NITY also automatically reads the 
road tags available in OSM which provide information on the maximum 
speed allowed on each road. By default, this information is used to 
calculate maximum speed, otherwise this is assumed based on the road 
type tag/description available in OSM. The maximum capacity and 
speed of each road link are also customizable by the user, and the un-
derlying tags regarding the road type can be used as a starting point for 
the customization of the road network variables. 

The traffic flow is simulated through a speed-flow-density relation-
ship (often called a fundamental diagram). Speed v is calculated as the 
travel distance covered divided by time (considering a given time-step). 
Density d is intended as the number of vehicles in each unit road. Flow q 
is the number of cars per unit of time. The model adopted is the Lighthill- 
Whitham-Richards model (LHR model) (Ding, 2011; Li et al., 2012; 
Lighthill & Whitham, 1955; Richards, 1956), which is chosen given its 
simplicity of implementation and the computational time it requires (i. 
e., it can run faster than real time). This simple hydrodynamic model is 
applied here to calculate the actual impeded speed of each individual car 
(thus in this sense, it is applied in a microscopic fashion). Overtaking is 
not explicitly represented, and intersections are assumed to be unsign-
alized. Given the simplicity of the traffic modelling assumptions adopted 
and to provide a consistent level of crudeness in model granularity, the 
impact of delays at intersections has been neglected. This aspect is likely 
to have a limited impact on results in the most conservative cases in 
which higher traffic volumes are present and queuing at segments are 
predominantly affecting the flow. In the LWR model, it is possible to set 
up given initial conditions (e.g., background traffic) and boundary 
conditions (e.g., artificial density on the last stretch of the road to avoid 
non-realistic flows at the edge of the scenarios). 

Flow and densities are related through a conservation law of vehi-
cles, presented in Equation (1). 

n(x)∂d(x, t)
∂t

+
∂q(x, t)

∂x
= 0 (1)  

where: 

n(x) is the number of lanes at position x 
d(x, t) is the traffic density in vehicles per lane per Km at position x 
and at time t 
q(x, t) is the traffic flow in vehicles per hour at position x and at time t 

The variables d(x, t) and q(x, t) are continuous functions of space and 
time. The LWR model is then discretized using a given time-step Δt (in 
the current implementation this is set by default equal to 1 s), as shown 
in Equation (2). 

dj(k+ 1) = dj(k)+
Δt
ljnj

[
q,j(k) − qout,j(k)

]
(2)  

where: 

dj(k) is the average traffic density in the section j and in the time 
period k 
lj is the length of the section j 
nj is the number of lanes 
q,j(k) is the inflow in the section j and in the time period k 
qout,j(k) is the outflow in the section j and in the time period k 

The LWR model assumes a flow function with zeros at density equal 
to zero (d = 0) or jam density (d = djam = 100 cars

km*lane). This is imple-
mented through a triangular function of speed-density relationship in 3 https://www.openstreetmap.org 

J. Wahlqvist et al.                                                                                                                                                                                                                              

https://www.openstreetmap.org


Safety Science 136 (2021) 105145

7

which the model calculates the impeded speed based on a linear 
normalized function of speed vs density (with max speed equal to the 
speed limit on the road and jam density equal to 100 cars

km*lane). The 
impeded speed can then be derived from a speed-density relationship 
(see (Ronchi et al., 2020) for full information on the diagram adopted). 
The movement between nodes is then computed given the chosen speed 
based on density at each time-step. As results may depend on the time- 
step adopted, the user is recommended to perform a sensitivity analysis 
of results based on the assumed time-step. Due to computational con-
straints, ranges of time-steps to be considered in a sensitivity analysis 
can be chosen in relation to the expected duration of the event (i.e., the 
longer time, the larger the time-step). For instance, suitable time-steps 
for sensitivity analysis could be from 10−1 to 10 s. This function is 
deliberately simple to allow future implementations of different user- 
defined relationships. 

The destinations of the cars within the traffic model are user-defined 
(through point and click in the GUI or through a list, which resembles an 
Origin-Destination matrix). Destinations can either be shelters or be 
located outside the domain. Destination preferences can be set by the 
user, or by default, if there are several available destinations, the vehi-
cles select the closest destination as an initial target. The user can also 
draw areas on the GUI for choosing destinations which override the 
default nearest option.4 This can be a useful option to run different what- 
if scenarios in which evacuees may or may not follow the routes avail-
able in the evacuation plans. Route choice is computed by adopting the 
open source route planning tool called Itinero5. This considers dynamic 
changes in target location availability (due to the fire) affecting the 
evacuation routes. Densities are checked at each time-step and then 
actual speeds are re-computed. The main traffic-related outputs (ob-
tained at any given timestep) are: 1) the traffic flow at final destinations 
(i.e., the number of vehicles arriving at the final destinations over time), 
2) number of cars in different parts of the road network, 3) number of 
cars that have not yet reached a final destination, 4) evacuation time 
curves at each destination, and 5) the number of remaining residents, 
evacuees and those located in refuge. For each road, it is also possible to 
visualize the density values at each time-step, i.e., a colour-coded den-
sity display (by default updated in intervals of 10 min) is generated by 
WUI-NITY. 

It should be noted that the interaction between the simulated traffic 
flow and the fire is represented by a function which describes the 
availability of a given destination at each time-step (based on the fire’s 
evolution). This means that, at each timestep, a given destination may 
not be available or could be blocked by the user. The re-routing of traffic 
is then automatically implemented, assigning vehicles to other desti-
nations based on a (user) predefined assumption (i.e., looking for the 
closest or fastest path to an available destination). This allows the model 
to represent evacuees re-routing and changing their choice of destina-
tion based on fire conditions. The choice of implementing destination 
availability rather than road availability was made under the assump-
tion that authorities may not decide when a small portion of the road 
network is unavailable due to the fire. It was deemed more reasonable to 
assume that a destination (and associated routes leading to it) would be 
labelled as available or not. The integration of traffic flow with fire 
spread is also implemented through a lane reversal option. The user can 
define an event which would correspond to a need for lane reversal (this 
can be due to a procedural action by authorities or a car crash). This 
input can be implemented based on road type (e.g., only larger roads can 
apply a lane reversal approach). When lane reversal is activated, the 
capacity of a given road will then automatically change based on various 
road features (e.g., number of lanes, length of road, etc.). 

4.4. Trigger buffers 

Based on the output produced by WUI-NITY (provided in a .csv 
format), trigger buffers can be identified. A trigger buffer involves the 
generation of a perimeter around a populated area exposed to a WUI 
fire. A trigger buffer is developed by comparing the WRSET values from 
a particular community with the WASET values for a particular fire 
scenario (or set of fire scenarios) to develop a perimeter around a WUI 
community. This perimeter represents a boundary that, once crossed by 
fire in an actual event, alerts authorities that an evacuation warning 
should be issued to allow sufficient time (including some safety factor) 
for the community to evacuate before the fire reaches the community’s 
edge. This can be calculated in different ways, i.e., either considering the 
variables which affect the wildfire spread rate (e.g., vegetation, topog-
raphy, wind, etc.) or without doing so. 

The concept of evacuation triggers is not new (Cova et al., 2005; 
Dennison et al., 2007; Kiranoudis et al., 2014; Larsen et al., 2011; Li 
et al., 2015, 2018). In practice, evacuation triggers are often associated 
with physical or geographical landmarks (e.g. roads, rivers, lakes, etc.). 
The novelty is the use of coupled dynamic models to generate these 
trigger buffers in an attempt to capture the vulnerability of the pop-
ulations represented. 

An algorithm called PERIL (Population Evacuation Trigger Algo-
rithm) (Mitchell, 2019) has been developed to calculate these 
geographical perimeters around WUI communities. Ideally, the perim-
eter is not entirely determined by a fixed distance from the community, 
but it also takes into account factors that influence fire spread, such as 
the topological configuration of the terrain, type of land, weather and 
wind, as well as the WRSET of the community. PERIL calculates the 
trigger buffer by creating a wildfire travel time network from every cell 
to a WUI community, based on the fire spread model outputs and a 
shortest path algorithm. This concept can be applied using the WUI- 
NITY platform as it requires evacuation time estimations to be run and 
is a viable option to couple fire and evacuation model results. 

Fig. 4 provides an example of the fire and evacuation timescales and 
how the trigger buffer relates to WRSET and WASET. 

The trigger buffer perimeter can be calculated using the WUI-NITY 
platform and the PERIL tool together. The WUI-NITY platform calcu-
lates the WRSET for a WUI community (i.e., time for people to reach a 
place of safety) while taking into consideration the impact of the fire 
spread (e.g., road availability and capacity). The PERIL tool calculates 
the trigger buffer based on the WRSET provided by WUI-NITY. Further 
information on the PERIL tool is available in the documents associated 
with its development (Mitchell, 2019; Mitchell et al., 2021). 

The concept of trigger buffers, along with the outputs provided by 
the WUI-NITY platform, can be used to assess the vulnerability of a WUI 
community. The workflow for the combined use of WUI-NITY with the 
PERIL tool allows users to functionally couple the wildfire spread and 
evacuation simulations. The first step is to define the fire scenarios 
within the wildfire model using data for topography, fuel and canopy 
datasets, as well as weather and wind. This can then be changed to suit 
varying weather conditions, for example, with a NSEW (North/South/ 
East/West) wind identifying if the population is at risk of wildfire. The 
second step is to identify the wildfire scenarios which enter the at-risk 
populated regions and impact the area in the shortest period. 

The evacuation is simulated next by WUI-NITY assuming an infinite 
WASET. This is done with the aim of estimating a WRSET where the 
evacuation is unaffected by the wildfire. Using this WRSET and the 
wildfire model results, PERIL can be implemented for at-risk populated 
regions to generate preliminary trigger buffer perimeters. 

Then, another set of runs of WUI-NITY (after evaluation of the 
convergence of results, considering the probabilistic nature of the tool) 
permits the assessment of the fire’s spread and impact on the evacuation 
and the calculation of WRSET. By inputting the preliminary trigger 
buffers into WUI-NITY, the evacuation can be triggered at the earliest 
intersection time of the wildfire front and the trigger buffer. If the 

4 This option is not available yet for use in a tablet.  
5 https://www.itinero.tech/ 
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wildfire affects the evacuation by either reaching the population before 
the evacuation is complete or blocking off evacuation routes, then PERIL 
should be rerun to recalculate the trigger buffer perimeter with a 
modified WRSET. This is an iterative process which lasts until the 
designed trigger buffer perimeter makes it possible for the fire not to 
affect the evacuation, i.e., the trigger buffer perimeter is sufficient to 
enable evacuation to take place. 

4.5. Vulnerability mapping 

One key output produced by WUI-NITY is the number of people 
remaining in the threatened areas pinover time, t (Fig. 5). This is a dy-
namic variable (Gwynne et al., 2019) which is an indicator of the 
vulnerability of an area over time. Over time, as residents are removed 

from the simulation, for example, if they reach a shelter or leave the 
affected area, the vulnerability of the community and their capacity to 
cope with the incident changes. 

Using the information on the number of evacuees still on the road or 
within their households at each time step, a quantitative approach to 
mathematically represent static vulnerability is performed by calcu-
lating the integral of the curve displaying the number of people still in 
the threatened area pin versus time. The curve does not necessarily need 
to reach 0 for the number of people threatened as some households 
might decide to stay and defend. The size of the integral is an indication 
of the vulnerability; the greater the integral, the larger the number of 
people in danger [see Equation (3) and Fig. 5]. 
∫

t
pin(t) (3) 

This integral can also be calculated over time to provide a dynamic 
vulnerability assessment. This can be done by, for example, checking on 
the number of people remaining in the system at given time interval 
before the WRSET is reached. This information can also be normalized 
by accounting for the total number of people in the area. Results can 
then be presented in terms of a ratio between the current number of 
people in the threatened area and the total number of people in the area. 
An alternative approach would be to represent vulnerability as a ‘dose’ – 
presented as a function of the number of people that were vulnerable 
during the event and for how long they were vulnerable. This dose can 
be achieved by normalizing this function by time. These concepts, along 
with the estimation of the trigger buffer are deemed to provide useful 
information for vulnerability mapping. 

The vulnerability assessment is meant to reflect the capacity of a 
population to cope with the fire situation. In WUI-NITY’s current 
macroscopic approach, this capacity is represented implicitly by evac-
uees’ initial delays and movement capabilities – intended to capture an 
array of decisions and actions performed throughout the evacuation 
process. In later iterations of this platform, more of these capabilities 
will be represented explicitly. 

Dynamic vulnerability assessments can also be performed through 

Fig. 4. Example of timescales and spatial representation of fire spread and WUI evacuation. In the left figure, the orange perimeters indicate the fire front at sig-
nificant time increments (isochrones) approaching the community, and the trigger buffer perimeter is represented with the blue dotted line. From here, it is also 
shown that the time the fire front takes to progress from the trigger buffer perimeter to the WUI community is equal to WASET-ttb. The right figure indicates the time- 
scale starting from the fire origin until the fire intersects the populated area (WASET). In this example, the community is successfully evacuated before the wildfire 
reaches the community (i.e., WASET > WRSET. When the wildfire is confirmed to be arriving (trigger buffer time, ttb) the decision to trigger the evacuation is taken, 
and the community starts moving towards safety and the evacuation time starts (WRSET). The objective is that the community is evacuated well before the wildfire 
reaches it (i.e., WASET >> (WRSET + ttb)). The safety factor is an expression of the three discussed timescales, where SF = (WASET-ttb)/WRSET. The location of the 
trigger buffer perimeter is critical for this and such that it allows a window of time in excess of what is required (i.e., SF > 1). (CC BY 2019 by (Mitchell, 2019)). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Static vulnerability is calculated by considering the integral of the 
people in the threatened area over time (this example does not consider shadow 
evacuation). Dynamic vulnerability reflects the set of these integrals over time. 
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additional outputs provided by WUI-NITY. Traffic flows can give an 
indication of the congestion levels as well as the rate at which the area is 
being evacuated. The number of private vehicles still located within the 
system provides a dynamic indication of the evacuation process. 
Another way of looking at the capacity of the system is to evaluate the 
number of people reaching the shelters/destinations and the time it 
takes to get there (i.e., the evacuation time curves or arrival curves in 
people vs. time). These curves, which are often used in building fire 
safety to assess the effectiveness of an evacuation procedure (Cuesta 
et al., 2015), allow for a deeper understanding of WRSET and the entire 
evacuation process. 

An example of visualization of vulnerability assessment results 
within the WUI-NITY platform is presented in Fig. 6. In this figure, the 
number of people remaining in the threatened area is represented with a 
colour-coded map (from blue to green and red, where blue indicates a 
lower number of people, green is an intermediate number and red a 
higher number of people). 

4.6. Summary of model assumptions and interface 

The main assumptions and inputs adopted by the WUI-NITY platform 
are presented in Table 1. 

A set of screenshots concerning the menus available in the graphical 
user interface of the platform are presented in Fig. 7. The GUI currently 
includes six menus, namely:  

1) Main menu: this includes basic functions such as load the map of the 
space, set the project name, set time-steps, specify the number of 
repeated runs. The main menu is used to set the basic properties of 
the scenario under consideration (see Fig. 7, top left corner).  

2) FARSITE Menu: this allows users to import FARSITE data and display 
the fire simulation at a given time after ignition. This is generally 
performed after setting up the scenario (see Fig. 7, top right corner).  

3) GPW Menu: this allows users to import population data. This menu is 
generally used once the scenario (topography and fire) is set (see 
centre left in Fig. 7).  

4) Evac Menu: this allows users to set the initial conditions of the 
evacuation, including modifying the imported population data, 
setting up the probabilities relative to the number of people in each 
private vehicle (i.e., cars) and household, walking speed, route 
choice, etc. This menu is used after importing the population to set 
up the details of the evacuation scenario (see centre right in Fig. 7). 

Fig. 6. Screenshot of visualization of results from WUI-NITY.  

Table 1 
Summary of the main assumptions and inputs adopted by WUI-NITY.  

Space representation  • Topography and vegetation imported from FARSITE  
• Road network from Open Street Map  
• Satellite image from Open Street Map 

Population  • Gridded Population of the World database v4 as default  
• Automatic re-distribution of population to household 

locations  
• Customizable population data (number of people, 

location) 
Fire modelling  • Import FARSITE simulation results (i.e., time of arrival, 

fireline intensity, flame length, rate of spread, heat per 
area, reaction intensity, crown fire activity, spread 
direction) 

Pedestrian response 
modelling  

• Default evacuee response curve (customizable)  
• User defined % of people that decide to stay 

Pedestrian movement 
modelling  

• People reach the closest vehicle (private vehicles only) 
based on speed and shortest distance 

Traffic movement 
modelling  

• Implementation of Lighthill-Whitham-Richards model  
• Representation of background traffic  
• User defines target locations  
• Route choice based on Itinero route planning tool  
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5) Traffic Menu: this allows users to import the OSM data to build the 
road network and calculate routes. This menu is generally used after 
the topography, fire, population and evacuation characteristics are 
set (see bottom left in Fig. 7).  

6) Output Menu: this displays the key outputs of the platform. This is 
generally used after setting up the simulations (see bottom right in 
Fig. 7). The user is able to control which moment in time to display 
and obtain the outputs produced by the model. 

5. Discussion 

Among available WUI fire evacuation models (Kuligowski, 2020), 
the WUI-NITY platform is the only model that has been developed to 

couple fire, pedestrian, and traffic movement to estimate not only 
evacuation outputs, including timing and traffic flows, but also to 
generate trigger buffers and vulnerability estimates using a consistent 
level of granularity. There are several other tools that address one or 
more modelling layers (for a review of available tools, see (Ronchi et al., 
2017)), but they are either designed for purposes other than WUI fire 
evacuations or are fixed to a specific modelling approach. WUI-NITY is 
intended to be a modular, model-agnostic tool which could expand over 
time with different approaches to the modelling layers. Its current 
version is a proof-of-concept to demonstrate its feasibility. Future work 
will focus on adding additional features (e.g., evacuation on foot, via 
sea, etc.) and increasing the granularity of the modelling approaches in 
use. WUI-NITY use is aimed to enhance the situational awareness of 
responders and residents in evacuation incidents by providing infor-
mation on the dynamic evolution of the situation. 

The WUI-NITY platform has been developed with two primary 
application modes in mind: pre-event and during-event. Before a fire 
incident, the user will likely be less constrained with time and may want 
to examine a range of ‘what-if’ fire and evacuation scenarios. During an 
incident, the user will want to project the known current conditions into 
the near future to predict the emergent conditions faced. A further 
possible application mode is to use the platform for post-fire investiga-
tory studies. 

The application mode also influences the time available to perform 
model simulations. For this reason, current development has focused on 
the incorporation of empirical and semi-empirical models, especially in 
instances where limited time and computational power is available. This 
first version of the WUI-NITY platform has been deliberately developed 
with simple empirical models, which have known limitations (see these 
reviews for further information (Intini et al., 2019; Ronchi et al., 2017; 
Sullivan, 2009)). The granularity requested in each application mode 
might be different, thus further research should look into implementing 
modelling tools with higher levels of resolution. It should also be noted 
that the current version of WUI-NITY does not explicitly represent 
evacuation on foot (it represents instead the movement on foot from the 
household to the vehicles), by air, or by sea. Future versions of the model 
should address these additional modes of evacuation. 

There are ongoing efforts to validate the model results, including a 
priori and a posteriori simulations using data from an actual evacuation 
drill (Ronchi et al., 2020). These validation steps are necessary to 
evaluate the model predictions and ensure reliability of model results. It 
should be noted that the model makes use of pseudo-random sampling 
from distributions, thus the model adopts one scenario to extrapolate 
conditions in repeated simulations and then evaluates an average 
aggregated result. For all these reasons, the users of the WUI-NITY 
platform are always encouraged to adopt appropriate conservative 
safety margins during its application. Validation with different scenarios 
and conditions should be performed and ideally compared with data 
from actual case studies or evacuation drills. For instance, the FARSITE 
outputs implemented in WUI-NITY have been tested with a spatial res-
olution of 30x30m. A much finer resolution may lead to computational 
performance issues, while a much coarser resolution might lead to in-
accuracy in results. Future studies should also test WUI-NITY with 
different devices/machines with varying computational performance. 
Future research should test the applicability of WUI-NITY for case 
studies with larger area and population sizes. The scarcity of behav-
ioural data from WUI fire evacuation scenarios might make this task 
difficult (Folk et al., 2019; Lovreglio et al., 2019; McLennan et al., 2019). 

Future research efforts are needed to improve to the WUI-NITY 
platform. The current version aims to demonstrate the feasibility of 
the coupling between modelling layers and assess the key variables 
associated with WUI fire evacuation. However, this should by no means 
be considered an exhaustive list of variables and inputs/outputs that 
could be considered by the models in WUI-NITY. Several future modi-
fications include: 

Main Menu FARSITE Menu

GPW Menu Evac Menu

Traffic Menu Output Menu 

Fig. 7. Screenshots of the six menus currently available in the graphic user 
interface of WUI-NITY. 
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• Accounting for the non-physical factors associated with social 
vulnerability (i.e., income, age, mobility, resources, social ties, etc.), 
to enhance the capacity for addressing real-time emergency man-
agement challenges, e.g., authorities’ decisions on whether or not to 
evacuate a given area (Lamb et al., 2011). This feature would be 
important to differentiate between different types of population 
involved in a WUI fire evacuation  

• Including fire spread input from other models, such as coupling the 
model with physics-based fire models (e.g., the Fire Dynamics 
Simulator FDS (McGrattan et al., 2007)) in order to increase the 
accuracy of the fire spread simulations. An improved fire modelling 
layer would allow a physics-based estimation of the threat evolution.  

• Predicting household response based on local internal and external 
variables, e.g., the characteristics of household members, their 
training and experiences with wildfires, and the conditions faced in 
an actual fire event. Taking this one step further would help estimate 
behaviours of household members (both before the evacuation de-
cision is made and then after the decision, but before movement 
begins). Existing behavioural models could be used as a framework 
to develop household or individual behavioural itineraries (e.g., 
(Lindell & Perry, 2012)). This type of modelling approach is ongoing 
in the fire evacuation literature (Lovreglio et al., 2019), but is reliant 
on the availability of data for its calibration, including a conceptual 
model that links individual, social, and environmental factors with 
behavioural actions taken throughout the decision-making process 
and the time allocated for the performance of each action. A further 
development could also include the assessment of individual 
decision-making within a household, (Adam & Gaudou, 2016; 
Bañgate et al., 2019; Mancheva et al., 2019). An increased resolution 
in decision-making modelling would reduce the uncertainties in 
human behaviour.  

• Including a microscopic approach to simulate pedestrian movement 
(e.g., embedding an agent-based modelling approach) and represent 
evacuation movement on foot. This will allow a more detailed and 
explicit representation of pedestrian behaviour.  

• Similar microscopic approaches could be applied to the traffic model 
enabling more sensitivity to local conditions, local interventions (Fu 
et al., 2015) and driver decision-making, e.g., simulating the ca-
pacity for drivers to change their mind during the evacuation.  

• The WUI-NITY platform is currently built to consider behavioural 
uncertainty (Ronchi et al., 2014), i.e., how the variability of human 
behaviour affects evacuation performance. Currently, the stochastic 
results of the WUI-NITY platform can be analysed using third-party 
tools, e.g., based on functional analysis and inferential statistics 
(Smedberg, 2019). Future model implementations may embed such 
types of tools within the WUI-NITY platform to facilitate the analysis 
of stochastic results. This will enhance the possible number of users 
of the tool and reduce the time to conduct simulations with it. 

6. Conclusion 

The development of the WUI-NITY platform along with its key 
modelling assumptions has been presented in this paper. WUI-NITY al-
lows users to import fire modelling outputs and consider the impact of 
the fire evolution on pedestrian response, road network availability and 
route choice. The development of tools like WUI-NITY requires multi- 
disciplinary expertise and long-term research efforts to achieve a us-
able and reliable result which can be of use to WUI fire stakeholders. A 
long-term vision for WUI-NITY development includes an even wider 
collaborative effort by the fire science community. The combined use of 
the WUI-NITY platform to generate WRSET along with the PERIL tool to 
generate trigger buffers are deemed to be useful instruments to enhance 
authorities’ situational awareness in WUI fire evacuations. 

The platform may be of use prior to, during and after a fire event. 
Perhaps of most importance, from an evacuation planning perspective, 
the WUI-NITY platform provides the opportunity for users to 

systematically explore the impact of different fire scenarios on the 
evacuation process. The great benefit of this tool is that the variability in 
fire conditions can be coupled with different evacuation strategies 
adopted by the authorities, thus allowing for the investigation of a set of 
connected scenarios and sub-scenarios. 
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Bañgate, J.M., Dugdale, J., Beck, E., Adam, C., 2019. Review of Agent Based Modelling of 
Social Attachment in Crisis Situations. Int. J. Inform. Syst. Crisis Response Manage. 
(IJISCRAM) 11 (1), 35–64. 

Beloglazov, A., Almashor, M., Abebe, E., Richter, J., Steer, K.C.B., 2016. Simulation of 
wildfire evacuation with dynamic factors and model composition. Simul. Model. 
Pract. Theory 60, 144–159. https://doi.org/10.1016/j.simpat.2015.10.002. 

Beverly, J.L., Bothwell, P., 2011. Wildfire evacuations in Canada 1980–2007. Nat. 
Hazards 59 (1), 571–596. 

Blanchi, R., Whittaker, J., Haynes, K., Leonard, J., Opie, K., 2018. Surviving bushfire: 
The role of shelters and sheltering practices during the Black Saturday bushfires. 
Environ. Sci. Policy 81, 86–94. https://doi.org/10.1016/j.envsci.2017.12.013. 

Caton, S.E., Hakes, R.S.P., Gorham, D.J., Zhou, A., Gollner, M.J., 2016. Review of 
Pathways for Building Fire Spread in the Wildland Urban Interface Part I: Exposure 
Conditions. Fire Technol. https://doi.org/10.1007/s10694-016-0589-z. 

Cova, T.J., Dennison, P.E., Kim, T.H., Moritz, M.A., 2005. Setting Wildfire Evacuation 
Trigger Points Using Fire Spread Modeling and GIS. Trans. GIS 9 (4), 603–617. 
https://doi.org/10.1111/j.1467-9671.2005.00237.x. 

Cova, T.J., Drews, F.A., Siebeneck, L.K., Musters, A., 2009. Protective actions in 
wildfires: Evacuate or shelter-in-place? Nat. Hazard. Rev. 10 (4), 151–162. 

Cuesta, A., Ronchi, E., & Gwynne, S. M. V. (2015). Collection and Use of Data from 
School Egress Trials. 233–244. 

Cutter, S.L., Boruff, B.J., Shirley, W.L., 2003. Social vulnerability to environmental 
hazards. Soc. Sci. Quart. 84 (2), 242–261. 

Dennison, P.E., Cova, T.J., Mortiz, M.A., 2007. WUIVAC: a wildland-urban interface 
evacuation trigger model applied in strategic wildfire scenarios. Nat. Hazards 41 (1), 
181–199. 

Ding, D., 2011. Modeling and simulation of highway traffic using a cellular automaton 
approach. Uppsala University. 

Finney, M. A., 1998. FARSITE, Fire Area Simulator–model development and evaluation 
(Vol. 3). US Department of Agriculture, Forest Service, Rocky Mountain Research 
Station Ogden, UT. 

Folk, L.H., Kuligowski, E.D., Gwynne, S.M., Gales, J.A., 2019. A Provisional Conceptual 
Model of Human Behavior in Response to Wildland-Urban Interface Fires. Fire 
Technol. 1–29. 

Fu, H., Pel, A.J., Hoogendoorn, S.P., 2015. Optimization of evacuation traffic 
management with intersection control constraints. IEEE Trans. Intell. Transp. Syst. 
16 (1), 376–386. 

Gwynne, S.M.V., Boyce, K.E., 2016. Engineering Data. In: Hurley, M.J., Gottuk, D.T., 
Hall, J.R., Harada, K., Kuligowski, E.D., Puchovsky, M., Torero, J.L., Watts, J.M., 
Wieczorek, C.J. (Eds.), SFPE Handbook of Fire Protection Engineering. Springer, 
New York, pp. 2429–2551. 

Gwynne, S., Ronchi, E., Bénichou, N., Kinateder, M., Kuligowski, E., Gomaa, I., 
Adelzadeh, M., 2019. Modeling and mapping dynamic vulnerability to better assess 
WUI evacuation performance. Fire Mater. 43 (6), 644–660. https://doi.org/ 
10.1002/fam.2708. 

Intini, P., Ronchi, E., Gwynne, S., Pel, A., 2019. Traffic Modeling for Wildland-Urban 
Interface Fire Evacuation. J. Transport. Eng., Part A: Syst. 145 (3), 04019002. 

Jolly, W. M., Cochrane, M. A., Freeborn, P. H., Holden, Z. A., Brown, T. J., Williamson, G. 
J., Bowman, D. M., 2015. Climate-induced variations in global wildfire danger from 
1979 to 2013. Nat. Commun., 6. 

J. Wahlqvist et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0925-7535(20)30541-5/h0005
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0005
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0010
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0010
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0010
https://doi.org/10.1016/j.simpat.2015.10.002
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0020
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0020
https://doi.org/10.1016/j.envsci.2017.12.013
https://doi.org/10.1007/s10694-016-0589-z
https://doi.org/10.1111/j.1467-9671.2005.00237.x
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0040
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0040
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0050
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0050
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0055
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0055
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0055
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0070
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0070
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0070
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0075
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0075
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0075
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0080
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0080
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0080
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0080
https://doi.org/10.1002/fam.2708
https://doi.org/10.1002/fam.2708
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0090
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0090


Safety Science 136 (2021) 105145

12

Kiranoudis, C.T., Zachariadis, E., Keramitsoglou, I., Saini, K., Kakaliagou, O., 
Kleitsikas, E., 2014. Wildfire evacuation trigger buffers for sensitive areas: EVITA 
project. Third International Workshop on Earth Observation and Remote Sensing 
Applications (EORSA) 2014, 121–125. https://doi.org/10.1109/ 
EORSA.2014.6927862. 

Kuligowski, E.D., 2020. Evacuation Decision-making and Behavior in Wildfires: Past 
research, current challenges and a future research agenda. Fire Saf. J. 

Lamb, S., Walton, D., Mora, K., Thomas, J., 2011. Effect of authoritative information and 
message characteristics on evacuation and shadow evacuation in a simulated flood 
event. Nat. Hazard. Rev. 13 (4), 272–282. 

Larsen, J.C., Dennison, P.E., Cova, T.J., Jones, C., 2011. Evaluating dynamic wildfire 
evacuation trigger buffers using the 2003 Cedar Fire. Appl. Geogr. 31 (1), 12–19. 
https://doi.org/10.1016/j.apgeog.2010.05.003. 

Li, D., Cova, T.J., Dennison, P.E., 2015. A household-level approach to staging wildfire 
evacuation warnings using trigger modeling. Comput. Environ. Urban Syst. 54, 
56–67. https://doi.org/10.1016/j.compenvurbsys.2015.05.008. 

Li, D., Cova, T.J., Dennison, P.E., 2018. Setting Wildfire Evacuation Triggers by Coupling 
Fire and Traffic Simulation Models: A Spatiotemporal GIS Approach. Fire Technol. 
https://doi.org/10.1007/s10694-018-0771-6. 

Li, J., Chen, Q.-Y., Wang, H., Ni, D., 2012. Analysis of LWR model with fundamental 
diagram subject to uncertainties. Transportmetrica 8 (6), 387–405. 

Lighthill, M.J., Whitham, G., 1955. On kinematic waves I. Flood movement in long 
rivers. Proc. R. Soc. Lond. A 229 (1178), 281–316. 

Lin, D.-Y., Eluru, N., Waller, S.T., Bhat, C.R., 2009. Evacuation planning using the 
integrated system of activity-based modeling and dynamic traffic assignment. 
Transp. Res. Rec. 2132 (1), 69–77. 

Lindell, M.K., Perry, R.W., 1992. Behavioral foundations of community emergency 
planning. Hemisphere Publishing Corp. 

Lindell, M.K., Perry, R.W., 2012. The protective action decision model: Theoretical 
modifications and additional evidence. Risk Anal. 32 (4), 616–632. 

Lindell, M.K., Prater, C.S., 2007. Critical behavioral assumptions in evacuation time 
estimate analysis for private vehicles: Examples from hurricane research and 
planning. J. Urban Plann. Dev. 133 (1), 18–29. 

Lovreglio, R., Kuligowski, E., Gwynne, S., Strahan, K., 2019. A modelling framework for 
householder decision-making for wildfire emergencies. Int. J. Disaster Risk Reduct. 
101274. 

Lovreglio, Ruggiero, Ronchi, E., Nilsson, D., 2015. A model of the decision-making 
process during pre-evacuation. Fire Saf. J. 78, 168–179. https://doi.org/10.1016/j. 
firesaf.2015.07.001. 

Mancheva, L., Adam, C., Dugdale, J., 2019. Multi-agent geospatial simulation of human 
interactions and behaviour in bushfires. 

Maranghides, A., Mell, W., 2011. A Case Study of a Community Affected by the Witch 
and Guejito Wildland Fires. Fire Technol. 47 (2), 379–420. https://doi.org/10.1007/ 
s10694-010-0164-y. 

McCaffrey, S. M., Winter, G., 2011. Understanding homeowner preparation and intended 
actions when threatened by a wildfire. 

McCaffrey, S., Rhodes, A., Stidham, M., 2015. Wildfire evacuation and its alternatives: 
Perspectives from four United States’ communities. Int. J. Wildland Fire 24 (2), 
170–178. 

McCaffrey, S., Wilson, R., Konar, A., 2018. Should I stay or should I go now? Or should I 
wait and see? Influences on wildfire evacuation decisions. Risk Anal. 38 (7), 
1390–1404. 

McGrattan, K., Hostikka, S., Floyd, J. E., Baum, H. R., Rehm, R. G., 2007. Fire Dynamics 
Simulator (Version 5): Technical Reference Guide (NIST Special Publication 1018-5 
SP 1018; p. 100). National Institute of Standards and Technology. 

McLennan, J., Elliott, G., Omodei, M., 2012. Householder decision-making under 
imminent wildfire threat: Stay and defend or leave? Int. J. Wildland Fire 21 (7), 915. 
https://doi.org/10.1071/WF11061. 

McLennan, J., Ryan, B., Bearman, C., Toh, K., 2019. Should We Leave Now? Behavioral 
Factors in Evacuation Under Wildfire Threat. Fire Technol. 55 (2), 487–516. https:// 
doi.org/10.1007/s10694-018-0753-8. 

Meacham, B.J., Custer, R.L., 1995. Performance-based fire safety engineering: An 
introduction of basic concepts. Sage Publications Sage CA, Thousand Oaks, CA.  

Mitchell, H., 2019. PERIL: Wildfire Behaviour and Optimum Evacuation of the 
Population in the Wild-Urban Interface [Thesis]. Imperial College London. 

Mitchell, H., Gwynne, S., Ronchi, E., Rein, G., 2021. Integrating wildfire behavior and 
evacuation time to design safe triggers: application to two real rural communities. 
Safety science (under review). 

Mozumder, P., Raheem, N., Talberth, J., Berrens, R.P., 2008. Investigating intended 
evacuation from wildfires in the wildland–urban interface: Application of a bivariate 
probit model. Forest Policy Econ. 10 (6), 415–423. 

Paveglio, T.B., Moseley, C., Carroll, M.S., Williams, D.R., Davis, E.J., Fischer, A.P., 2015. 
Categorizing the social context of the wildland urban interface: Adaptive capacity for 
wildfire and community “archetypes”. Forest Sci. 61 (2), 298–310. 

Purser, D., 2003. ASET And RSET: Addressing Some Issues In Relation To Occupant 
Behaviour And Tenability. Fire Saf. Sci. 7, 91–102. https://doi.org/10.3801/IAFSS. 
FSS.7-91. 

Richards, P.I., 1956. Shock waves on the highway. Oper. Res. 4 (1), 42–51. 
Ronchi, E., Gwynne, S., 2019. Computational Evacuation Modeling in Wildfires. In: 

Manzello, S.L. (Ed.), Encyclopedia of Wildfires and Wildland-Urban Interface (WUI) 
Fires. Springer International Publishing, pp. 1–10. https://doi.org/10.1007/978-3- 
319-51727-8_121-1. 

Ronchi, E., Gwynne, S.M.V., Rein, G., Intini, P., Wadhwani, R., 2019. An open multi- 
physics framework for modelling wildland-urban interface fire evacuations. Saf. Sci. 
118, 868–880. https://doi.org/10.1016/j.ssci.2019.06.009. 

Ronchi, E., Rein, G., Gwynne, S., Wadhwani, R., Intini, P., Bergstedt, A., 2017. e- 
Sanctuary: Open Multi-Physics Framework for Modelling Wildfire Urban Evacuation. 
Fire Protection Research Foundation. 

Ronchi, E., Reneke, P.A., Peacock, R.D., 2014. A Method for the Analysis of Behavioural 
Uncertainty in Evacuation Modelling. Fire Technol. 50 (6), 1545–1571. https://doi. 
org/10.1007/s10694-013-0352-7. 

Ronchi, E., Wahlqvist, J., Gwynne, S., Kinateder, M., Rein, G., Mitchell, H., Benichou, N., 
Ma, C., Kimball, A., 2020. WUI-NITY: a platform for the simulation of wildland- 
urban interface fire evacuation. Fire Protection Research Foundation, p. 80. 

Singh, D., Padgham, L., Nagel, K., 2019. Using MATSim as a Component in Dynamic 
Agent-Based Micro-Simulations. 

Smedberg, E., 2019. The Analysis of Results of Stochastic Evacuation Models. LUTVDG/ 
TVBB. 

Sullivan, A. L., 2009. Wildland surface fire spread modelling, 1990–2007. 2: Empirical 
and quasi-empirical models. Int. J. Wildland Fire 18(4), 369–386. 

Theobald, D.M., Romme, W.H., 2007. Expansion of the US wildland–urban interface. 
Landscape Urban Plann. 83 (4), 340–354. 

Toledo, T., Marom, I., Grimberg, E., Bekhor, S., 2018. Analysis of evacuation behavior in 
a wildfire event. Int. J. Disaster Risk Reduct. 31, 1366–1373. https://doi.org/ 
10.1016/j.ijdrr.2018.03.033. 

Tweedie, S.W., Rowland, J.R., Walsh, S.J., Rhoten, R.P., Hagle, P.I., 1986. 
A methodology for estimating emergency evacuation times. Soc. Sci. J. 23 (2), 
189–204. 

Urbanik, T., 1994. State of the art in evacuation time estimates for nuclear power plants. 
Int. J. Mass Emerg. Disasters 12 (3), 327–343. 

Wong, S., Broader, J., Shaheen, S.A., 2020a. Review of California Wildfire Evacuations 
from 2017 to 2019. University of California, Institute of Transportation Studies. 
https://doi.org/10.7922/G29G5K2R. 

Wong, S.D., Chorus, C.G., Shaheen, S.A., Walker, J.L., 2020b. A Revealed Preference 
Methodology to Evaluate Regret Minimization with Challenging Choice Sets: A 
Wildfire Evacuation Case Study. Travel Behaviour Soc. 20, 331–347. https://doi. 
org/10.1016/j.tbs.2020.04.003. 

J. Wahlqvist et al.                                                                                                                                                                                                                              

https://doi.org/10.1109/EORSA.2014.6927862
https://doi.org/10.1109/EORSA.2014.6927862
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0105
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0105
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0110
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0110
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0110
https://doi.org/10.1016/j.apgeog.2010.05.003
https://doi.org/10.1016/j.compenvurbsys.2015.05.008
https://doi.org/10.1007/s10694-018-0771-6
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0130
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0130
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0135
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0135
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0140
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0140
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0140
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0145
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0145
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0150
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0150
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0155
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0155
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0155
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0160
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0160
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0160
https://doi.org/10.1016/j.firesaf.2015.07.001
https://doi.org/10.1016/j.firesaf.2015.07.001
https://doi.org/10.1007/s10694-010-0164-y
https://doi.org/10.1007/s10694-010-0164-y
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0185
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0185
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0185
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0190
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0190
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0190
https://doi.org/10.1071/WF11061
https://doi.org/10.1007/s10694-018-0753-8
https://doi.org/10.1007/s10694-018-0753-8
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0210
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0210
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0225
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0225
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0225
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0230
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0230
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0230
https://doi.org/10.3801/IAFSS.FSS.7-91
https://doi.org/10.3801/IAFSS.FSS.7-91
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0240
https://doi.org/10.1007/978-3-319-51727-8_121-1
https://doi.org/10.1007/978-3-319-51727-8_121-1
https://doi.org/10.1016/j.ssci.2019.06.009
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0255
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0255
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0255
https://doi.org/10.1007/s10694-013-0352-7
https://doi.org/10.1007/s10694-013-0352-7
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0265
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0265
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0265
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0275
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0275
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0285
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0285
https://doi.org/10.1016/j.ijdrr.2018.03.033
https://doi.org/10.1016/j.ijdrr.2018.03.033
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0295
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0295
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0295
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0300
http://refhub.elsevier.com/S0925-7535(20)30541-5/h0300
https://doi.org/10.7922/G29G5K2R
https://doi.org/10.1016/j.tbs.2020.04.003
https://doi.org/10.1016/j.tbs.2020.04.003

	The simulation of wildland-urban interface fire evacuation: The WUI-NITY platform
	1 Introduction
	2 Methodology
	3 The timeline represented in WUI-NITY
	4 The WUI-NITY platform
	4.1 Fire modelling
	4.2 Pedestrian modelling
	4.3 Traffic modelling
	4.4 Trigger buffers
	4.5 Vulnerability mapping
	4.6 Summary of model assumptions and interface

	5 Discussion
	6 Conclusion
	Acknowledgments
	References


