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Abstract - During a major evacuation of high capacity buildings, such as a tower block or transportation hub, the 
emergency services will need to consider the safety of the people within the vicinity of the emergency. However, in 
general, when assessing the safety of a building for evacuation only the behaviour within the building is considered. 
One method of assessing this is to utilise a computer based simulation tool. This research outlines a number of 
developments required to simulate the impact of traffic on the evacuation process in an urban environment in 
relation to post-exiting behaviour. It uses a unique data set and model capabilities for representing 
pedestrian-vehicle interaction post-evacuation, which also considers the impact of time pressures on decision 
making. In addition, a number of software developments and pedestrian behaviours are identified for bridging the 
behavioural gaps when interfacing an emergency pedestrian model with a traffic simulation. 
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1. Introduction 

The standard practice when assessing a building evacuation is that people are considered to have 
reached a place of safety once they have exited the building, which is typically used to calculate a 
required safe egress time [1]. However, in real emergencies, for example, the Holborn station fire and the 
Paddington station false alarm [2], the emergency services will need to also consider the safety of 
pedestrians within the vicinity of the facility [3]. In these cases, people will be evacuating into an urban 
environment where the road network and pedestrian space will impact people trying to clear the area or 
reach a place of safety, such as an assembly location. 

The work presented here extends the building evacuation modelling domain to include the road 
network outside the facility being modelled as well as key behaviours in pedestrian-vehicle interaction. 
These developments are an attempt to model people’s post-exiting behaviour, while in the vicinity of an 
emergency. The objective of this work is to answer the research question, what behaviours need to be 
implemented in a computer model to simulate people interacting with vehicles after exiting from a 
building in an emergency? 

 
The developments include pedestrian behaviours such as selecting whether to use a pedestrian 

crossing, crossing behaviour within or outside (i.e. jaywalking) a designated crossing area, along with 
different strategies for how to cross, for example crossing each lane of traffic in stages. Furthermore, 
these behavioural developments investigate how time pressure may play a role in decision making 
associated with pedestrian road crossing, something which is not currently considered by other pedestrian 
evacuation models, which include vehicles [4]-[6]. In addition, the necessary behavioural developments 
to facilitate the coupling of buildingEXODUS [7][8] to a third-party vehicle evacuation model for the 
simulation of urban scale evacuations are discussed. 
 
2. Vehicle and Pedestrian Models 

There are a number of models which simulate pedestrian interaction with vehicles, such as LEGION 
[6], VISSIM [4] and MATSIM [5]. However, these models do not consider psychological factors such as 
the time pressure a person might feel during an actual emergency situation (i.e. a fire). Furthermore, they 
consider pedestrians crossing only at designated locations (pedestrian crossings) and do not at 
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non-designated locations, as suggested by Wang [9] and rolling gap behaviours [10], which can be used if 
the pedestrian is considered a risk-taker [11][12][13]. 

Other research has been carried out looking at developing a framework for integrating fire, 
pedestrian and vehicle models for Wildland-Urban Interfaces [14]. While others have considered the 
vehicles as stationary obstacles for the evacuation [15]. The model presented here takes the 
recommendations identified by Schroeder [16] and Wang [9]. It then extends these ideas further with 
information from an online survey [17] to build a unique set of behaviours for representing how people 
might interact with vehicles in an emergency situation after evacuating from a building.  

The cognitive behaviours for pedestrian road crossing included in this research cover the decision 
making process of whether to cross the road or not (gap acceptance model) and where to cross (at a 
pedestrian crossing or not). In addition, the methods employed to reach such decisions are considered. For 
further information on previous studies on pedestrian crossing behaviours related to cognitive aspects, see 
[18] and [19]. 
 
3 Vehicle Modelling 

The main focus of the research developments within the evacuation model are on the pedestrian 
behaviours. Therefore, the primary purpose of the vehicle modelling is to provide interaction events for 
the pedestrians, so that pedestrian-vehicle interaction can take place. The vehicle modelling capability is 
limited to straight sections of the road network. The intention is to link these sections of the road network 
into a third-party vehicle model at a later date, when it is necessary to model the macro simulation of the 
road network. To allow for testing and development, without a third-party vehicle model, 
buildingEXODUS has been adapted to generate vehicles at specific locations in the model, at a user 
definable exponential rate [9] using a fuzzy logic car following model [20]. The road network can be 
imported from OpenStreetMap data [21], together with crossing information. 
 
4 Pedestrian and Vehicle Interaction 

The main simulation objectives of this research is to model people evacuating to a place of safety 
outside a building in an urban setting, where this place of safety is remote from the building itself. In 
these situations it is possible for people to come into contact with traffic and cross roads to leave the 
current area to reach the place of safety. For the crossing behaviour, a pedestrian crossing choice model 
has been developed which takes into account the pedestrian’s distance from the pedestrian crossing, the 
type of crossing, time pressures, road type and traffic conditions and directions. 

 
In the model, simulated people or agents, can select to cross a road at pedestrian crossing locations 

or at any point along the road. If an agent does not choose to use any of the available crossings, a 
probabilistic gap acceptance model is used which utilises the data from a number of previous studies 
[9][16][22], see Section 4.4. The gap acceptance model allows the pedestrian agent to choose to cross all 
lanes, when safe to do so, in one go, known as double gap [11] or one stage crossing [13]. Alternatively, 
if the agent is identified as a risk-taker, they may choose to cross lane by lane, rather than crossing all 
lanes in one go, sometimes waiting in the middle of the road, known as rolling gap [10] or risk-taker [11] 
crossing behaviour. 
 
4.1 Where to Cross 

Since the model is intended to be used to simulate people in emergency situations, a time pressure 
factor needs to be considered [23]. Furthermore, Chu et al [24] states a time pressure factor is important, 
because it has an influence on where and when people may cross a road. However, none of the models 
surveyed, as part of this research, were found to include such a feature. When examining other models 
there was lack of information regarding under what circumstances their data was collected, such as traffic 
conditions or there was vagueness regarding the travel distances involved. Therefore, the data needed for 
the crossing behaviour was collected using an online survey. The survey covered pedestrian crossing type, 
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route choice, traffic conditions, and how this could be impacted if the person was in a hurry, see reference 
[17]. 

From the data collection, analysis probabilities were derived depending on the origin and 
destination position for the condition busy and light traffic and for each combination of rush and no rush. 

 
The derivation of these curves will be 

discussed in a following article, however an 
example is shown in Figure 1 to indicate the data 
type employed and the method used. In Figure 1 
the distance of the position of the agent from the 
pedestrian crossing is on the x-axis while each 
line is for a different distance of the destination 
distance (bus stop) from the pedestrian crossing. 
For example, in Option 1, the probability to use 
the pedestrian crossing, starting at 40m and 
arriving at 30m (light grey line, Figure 1) in busy 
traffic rush is around 60%. Similar probability 
curves were obtained for the other options, Figure 
4, which are discussed later in the paper. 

 

 

 
Figure 1 Distribution of Probabilities to use the Zebra 
crossing (Option 1) in a two way road with busy traffic 

and rush.  

4.2. Modelling Crossing Behaviour 
Agents in EXODUS are modelled using a fine network of nodes therefore, the pavement area 

around the road network is discretised in this fashion. In EXODUS the nodes are linked by a system of 
arcs. The road network area is represented by a network of links and vertices, as in OpenStreepMap [25], 
with polygonal areas representing the area of each road segment and separate polygons for junctions [21]. 
A road segment is defined as any straight section of the road network. 

 
While pedestrian agents move using the fine nodal model on the pavement area, on the road, they 

move using a continuous spatial movement 
algorithm utilising the hybrid spatial capabilities 
in EXODUS [26]. A continuous spatial 
movement algorithm was selected for the road 
area as it consists of a well-defined region and 
provides greater flexibility for crossing at 
arbitrary angles. Since the agents need to be 
aware of approaching vehicles and other 
pedestrian agents on the road, a traffic lane based 
collision avoidance algorithm tied to the road 
network is utilised. In contrast, the fine nodal 
model is optimised more for checking for 
collisions (conflicts algorithm [7]) within a 
locality of adjacent nodes, which is around 0.5 to 
0.7 metres. Furthermore, a typical vehicle can travel the distance of several fine nodes during a single 
EXODUS time step when travelling more than 6m/s (21.6km/h), which prevents the utilisation of the 
nodal spatial representation for the road network without an increase to the EXODUS clock rate. This 
would in turn require recalibration to the fine node conflict resolution algorithm [7]. 

 
When the simulation is initialised, the Gap Acceptance and Pavement Decision Areas, see Figure 2, 

are automatically identified. The Gap Acceptance Area consists of any nodes directly adjacent to the road 
and is defined as the region on the pavement where agents can choose to initiate crossing the road, i.e. 
identify if there is a sufficient gap in the traffic to be able to start to cross the road. The Pavement 

 
Figure 2 Pavement Area Allocation Types 
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Decision Area (PDA) is a user definable area on either side of the road (divided in Origin and Destination 
cells 10m wide by default, Figure 3) where agents consider the possibility of crossing the road. 

During the simulation whenever an agent enters, changes their objective or starts responding in a 
PDA, the model’s “Where To Cross” algorithm is utilised. Firstly, it determines whether the agent’s 
projected path will require them to cross the road. If the agent needs to cross the road to achieve their 
objective, the behaviour algorithm will then identify the agent’s Origin and Destination pavement cells 
and nodes, depicted in Figure 3. The Destination Cell is the cell on the opposite side of the pavement, to 
the agent, which is nearest to the agent’s final objective (Target Destination), e.g. an assembly area or 
exit. 

 
Figure 3 Selection of Target Destination 

 
Figure 4 Possible Crossing Options from Agent’s Current 

Origin Cell O to D their Destination. 

The Where To Cross Algorithm calculates the agent’s Decision Area, default length 100m towards 
the crossing, and assesses the likelihood for each possible route (Figure 4), being selected. The route 
selected is based on traffic levels and crossing type, if present, and whether the pedestrian agent is 
assessed as having urgency (rush, no-rush) and their origin and destination location. The probability of 
selecting each route, Figure 4, is calculated by linear interpolation [27] using the diagram as shown in 
Figure 1. The urgency parameter (rush, no rush) is a user define variable. 

 
4.3 Gap Acceptance (When to Cross) 

When a pedestrian agent enters the Gap Acceptance Area of the pavement and has chosen to Cross 
the Road (e.g. Options 3 and 4, Figure 4) they will assess the possibility of crossing the road, utilising a 
Gap Acceptance Model. The Gap Acceptance Model allows the agent to choose to cross all lanes, when 
safe to do so, in one go, known as double gap [11] or one stage crossing [13]. Alternatively, they may 
choose to cross lane by lane, known as rolling gap [10] or risk-taker [11], which is selected if the agent is 
consider as a risk-taker. The percentage of the population which is considered as a risk-taker is a user 
definable value. How to categorise risk-takers for mixed populations of different age and ability is left for 
further research. 

When an agent looks to cross the road they consider vehicles in the near and far lane, only the 
nearest vehicle in the near lane and the first two vehicle in the far lane are considered. The key parameters 
are shown in  Figure 5, for perpendicular crossing, and diagonal crossing in  Figure 6. The TvA, 

 Figure 5 Gap Acceptance Parameters (two way)  Figure 6 Diagonal Gap Acceptance Model  (two 
way) 
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parameter, time gap in seconds between vehicles A and B in the far lane plus TvB and TvC the time in 
seconds for vehicles C and B to reach the agent’s location (first gap near and far). 

The pedestrians will use the Double Gap Model if they are identified as risk-averse; hence, will try 
to cross only when safe to cross both lanes in one go. This is when both the times to cross the first lane 
(tP1) and the second lane (tP2) are less than the vehicle gap in the near lane (TvC) and in the far lane 
(TvB). If this condition is met a probability is calculated to accepting this gap. 

The Rolling Gap Model is used when the agent is considered a risk-taker. In this case the time to 
cross the first lane (tP1) is less than the near gap (TvC) but the time to cross the second lane is greater 
than the first gap far (TvB) the agent will look at the second gap far (TvA). If this condition is met a 
probability is calculated to accepting the near gap. If the gap is accepted, the agent will cross the first 
lane, then when they reach the middle of the lanes, the gaps in the far lane is reassessed. Hence the 
behaviour modelled is where the agent will cross the first lane and then optionally wait in the middle 
before continuing if in the second instance the far gap is not accepted. 

If a pedestrian agent fails to cross within the time specified by their patience attribute (1-30 
seconds) [7] they will reassess Where to Cross and may choose to move further along the pavement and 
attempt to cross at a different location. When a pedestrian agent reaches a pavement Origin/Destination 
cell where a Pedestrian Crossing is located, and have chosen to use the crossing, they will move and wait 
at a location as near as possible the space in front of the crossing, i.e. the nearest EXODUS free fine node 
location adjacent to the pedestrian crossing.  

In the model the Crossing acts as an agent which either allows the pedestrian or vehicles to pass, 
the decision to cross is not left to the individual agents. In the model currently two types of crossings have 
been implemented Zebra (Pedestrian Controlled) and a Signalised one.  

 
5. Demonstration Case 

These behaviours are demonstrated on a large transport hub, namely a train station, where the 
occupants have been instructed to head towards a place of safety away from the building. Since the focus 
of the demonstration case is on the crossing 
behaviours, only a section of the station 
will be considered, where the occupants 
evacuate through a main exit into the street. 
Once outside, they will have to cross a busy 
road to reach the designated assembly area. 

 There are three scenarios, which are 
examined, two cases where there is a road 
between the station exit and the assembly 
area that the people will need to cross. For 
comparison a base case is also given, where 
the road is removed and people stay on a 
paved surface to reach the assembly area, 
Scenario 1. The population in all three 
scenarios is 2098 with a response time of 0 
to 30 seconds. In Table 1 a summary of the 
key model parameters are summarised. 

Table 1 Simulation Characteristics 
Scenario Road Crossing  Distances 

1 No  None Exit to Assembly 
Location 61m 

2 Yes  
2 Lanes (8.5m wide) 

Traffic Busy[29] 

Zebra  
Exit to Crossing 35.5m. 
Crossing to Assembly 

3 Signalised  
(Red 15s, Red Amber 

 
Figure 7 Station Area being evacuated. The Red Circles indicate 

where the people assigned to use the Main Exit and Assembly 
Point are initially located within the station. 
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Risk Takers 50%, in rush (100%) 3.5s, Green 30s, 
Amber 3.5s) [28] 

Location 29.5m 

In each of the two road crossing scenarios different pedestrian crossings types will be considered, 
an un-signalised Zebra Crossing, Scenario 2, and a signalised pedestrian type crossing, Scenario 3. Figure 
7 shows the geometry of the station area being evacuated, the assembly location together with road area 
being modelled and crossing location. 

5.1 Results Analysis and Limitations 
Each of the three scenarios was run a total of 50 times, which was sufficient to get 95% Confidence 

Interval on the mean simulation time at a tolerance of 5%, Figure 8 shows the base case Scenario 1 after 
90 seconds, where agents are starting to assemble outside the station. Figure 9 depicts Scenario 3 after 
120s. 

 
Figure 8 Scenario 1 - Assembly of agents when no 

road is present (90 seconds into simulation) 

 

Figure 9 Scenario 3 - Agents Crossing at Signalised 
crossing (120 Seconds). Signals showing red to traffic. 

The summary results of the three scenarios are shown in Table 2. The main observation here is that 
scenarios 1 and 2 mean assembly times are relatively close when compared to Scenario 3, the Signalised 
Crossing. This is further confirmed when looking at the evacuation curves of scenarios 1 and 2, Figure 
10, which show a similar pattern. 

Table 2 Simulation Results 
 

Scenario 
Assembly Time (s) 

Mean ± SD (95 % CI) 
Distance Travelled (m) 

Mean [Range] 
Percentage Using 

Crossing 
Mean [Range] 

Scenario 1 239.4 ± 3.1 (238.6 to 240.3) 138.62 [47.05, 234.20] N/A 
Scenario 2 280.1 ± 4.1 (278.9 to 281.2) 161.65 [59.84,243.10] 91.29% [90.3,92.5] 
Scenario 3 625.9 ± 16.6 (621.4 to 630.6) 173.59 [59.71,263.30] 95.20% [94.27,96.4] 

The reason why the evacuation times and profile from Scenario 2, Zebra Crossing, is closer to, 
Scenario 1, is that once the agents start to use the Zebra Crossing, the traffic flow is effectively blocked. 
This allows the agents to proceed continuously across the road, until everyone from the station has 
evacuated and crossed the road, see the profile of Zebra Crossing usage Figure 10. Only once everyone 
has crossed the road can the traffic then continue. This means the impact of the road delaying people 
reaching the assembly areas is only impacted by the additional travel distance required to use the Zebra 
Crossing to reach the assembly area, see Table 2.  

Looking at the crossing usage profile for the Signalised Crossing, see Figure 10 it can be seen that 
there is a stepped profile, unlike the Zebra Crossing, Figure 10. This means the time for the agents to 
cross the road is interrupted at intervals of approximately 22 seconds (i.e. time to go from green to red, 
then back to green). Once the traffic signal has completed its red cycle the agents have around 30 seconds 
to cross the road. This cycle of stop and go, has an effect on the agents’ movement, which increases 

Agents 
Crossing Road 

Assembled 
Agents 
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congestion on the pavement area, as can be seen when comparing Figure 8, where there is no crossing, to 
Figure 9, with the signalised crossing.  

Furthermore, it is evident that a higher than expected proportion of the pedestrians who use the 
crossing (around 90%), in both the Signalised and Zebra Crossing cases. This percentage is greater than 
the one shown in Figure 1. This is most 
likely due to the position of the crossing 
being located towards the assembly area. 
Furthermore, when the pavement is 
congested, agents have difficulty moving 
towards the edge of the pavement to cross 
the road. This means they re-evaluate the 
probability of where to cross, hence 
increasing the likelihood of the agents 
moving towards the pedestrian crossing. 

The model has not been fully 
calibrated, only basic functional testing 
and verification has been performed so 
far. Since no model validation has yet 
been carried out, the results can only be considered as indicative. The probability of crossing the road is 
mainly based on the pedestrian agent's distance from the pedestrian crossing, traffic and time pressure and 
does not consider the crowd density on the pavement. In crowded situations people are probably more 
likely to cross outside the pedestrian crossing to escape congestion. So further research could be focused 
on whether the crowd density could also be factored into the agent's crossing decision, this would likely 
have an impact on the results presented in the demo case presented here. 

Further work will be looking at the above limitations as well as examining the impact on the model 
of varying the likelihood of crossing outside the pedestrian crossing. This will be done in addition to 
investigating how to connect the crossing and evacuation model to a third-party vehicle model, for 
example SUMO [30], which is one such model under consideration. 
 
6. Conclusions and Final Remarks 

This research has incorporated a number of key model developments and behaviours that are 
required to simulate the interactions of pedestrians with vehicles after exiting from a building during an 
emergency, which represents a unique effort to bridge the evident behavioural gaps identified in the 
integrations of emergency pedestrian models with traffic simulations. This work allows agents to decide 
when and where to cross a road once they have evacuated from a building during an emergency, 
incorporating psychological factors that affect their decision process. Further work is required for 
calibration and to examine the sensitivity of the various model crossing parameters, before moving onto 
model validation. 
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