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Abstract  8 

Fire emergencies impose significant threats to building occupants. During evacuation, fire has 9 

significant impacts on evacuees’ behaviors, by e.g., changing their route availability, disturbing 10 

their perception of the environment due to reduced visibility, impairing their mobility that is 11 

usually associated with severe injuries, and causing significant mental stress that may lead to 12 

complicated and unpredictable navigation decisions. Despite the detrimental effects of fire on 13 

crowd evacuation, most existing building evacuation simulation models and tools do not account 14 

for the impacts of fire on the evacuation process; at most they rely on oversimplified assumptions 15 

and simulation settings. In this study, a new fire evacuation simulation model, named FREEgress 16 

(Fire Risk Emulated Environment for Egress), is developed to simulate the dynamic influences 17 

of heat, temperature, toxic gas and smoke particles on evacuees’ mobility, navigation decision 18 

making and health conditions. FREEgress (1) introduces evacuee agents who are aware of and 19 

able to assess the fire hazards, and can make fire risk-informed navigation decisions; and (2) 20 

models the interactions between evacuee agents and the dynamic fire emergency environments 21 

and the consequent evacuation process. The verification of FREEgresss is conducted by 22 

comparing its simulation results with two existing simulation tools, SAFEgress and FDS+Evac. 23 

In addition, a case study using FREEgress is carried out to simulate the evacuation in a museum 24 

for 30 different fire emergency scenarios. The simulation results are analyzed to assess the 25 

impacts of three important factors, namely initial fire location, evacuation delay time and evacuee 26 

behavior, on the evacuation process and evacuation outcomes. The case study demonstrated the 27 

potential value of FREEgress to support both the safety design of new buildings and maintenance 28 



 

and emergency management of constructed facilities. 29 

Keywords: building emergency, fire evacuation, indoor, agent, multi-agent simulation, fire 30 

hazard, fire impact, FREEgress.  31 



 

1. Introduction  32 

Fire emergencies impose critical threats to buildings and their occupants. Public fire departments 33 

across the U.S. attended 499,000 fires in buildings in 2018, which caused 2,910 deaths and 12,700 34 

injuries [1]. During fire emergencies, hazardous fire conditions and unsuccessful evacuation 35 

attempts can expose occupants to significant risks [2,3]. Evacuation simulation is an effective 36 

approach to reproduce occupants’ evacuation behavior during building fire emergencies, which is 37 

fundamentally important for advancing the understanding about occupants’ navigation decision-38 

making during evacuation, and for developing appropriate measures to facilitate the evacuation 39 

process and hence reduce the risks occupants may be faced with [4].  40 

There is an increasing volume of literature in recent decades that has focused on developing 41 

models for simulating crowd evacuation during building fire emergencies. These models can be 42 

broadly categorized into three groups based on simulation techniques, namely particle system 43 

models, cellular automata models and agent-based models [5]. A typical example of particle 44 

system models is the social force model proposed by Helbing [6]. Although particle system-based 45 

simulations can successfully simulate typical phenomena (such as panic) and observe self-46 

organization behaviors (e.g., faster is slower and mass behavior) in pedestrian dynamics, they 47 

cannot reproduce subtleties of individual behaviors (e.g., walking in pairs) [7]. Moreover, they 48 

neglect to consider occupants’ decision making and oversimplify their navigation process [8]. 49 

Cellular automata models are widely adopted by many commercial simulation tools, such as 50 

Building EXODUS [9], Simulex [10], and CAFÉ [11]. These models reproduce many collective 51 

behaviors (such as clogging and arching) and are suitable for large-scale computer simulations, 52 

but they have limited realism in representing occupants’ decision making and dynamic 53 

environment change [7]. Nor can these models represent the impact of pedestrians’ injuries or that 54 

of high-density crowds [8]. Agent-based models consider each evacuee as an autonomous agent, 55 

who can perceive surrounding environments, exchange information with other agents, make 56 

informed evacuation decisions, and implement evacuation strategies accordingly. Examples of 57 

agent-based models for crowd evacuation include Vicrowd [12], HiDAC [13], MASSEgress [14], 58 

SAFEgress [15] and Pathfinder [16]. These models can not only simulate the intelligent and 59 



 

heterogeneous agents and environments but also capture emergent phenomena (such as crowd 60 

congestion) and complex human behaviors (such as competitive behavior, queuing behavior and 61 

herding behavior) [4]. Therefore, these models have been popularized in the latest literature. 62 

While various existing agent-based models have incorporated many principles of human behavior 63 

and significantly advanced the efficacy of building fire evacuation simulation, most existing 64 

models have thus far ignored the impacts of fire hazards on human behavior and consequently on 65 

the outcomes of evacuation. Fire has significant impact on evacuees’ egress behaviors in several 66 

aspects [3,17]. First, evacuees, by instinct, would choose a route that can avoid high temperature 67 

and heat; second, heavy smoke can reduce the visibility and therefore cause occupants to slow 68 

down, while the toxic gases can impair occupants’ mobility and even lead to severe injuries and 69 

failure of evacuation. In extreme cases, fire hazards can cause significant mental stress that may 70 

lead evacuees to make complicated and unpredictable navigation decisions.  71 

Despite the significant effects of fire in crowd evacuation, most existing building simulation 72 

models and tools do not account for these impacts or rely on oversimplified assumptions and 73 

simulation settings. The lack of realistic simulation of fire impacts is especially critical. Modeling 74 

fire impacts is a challenging issue considering the fact that fire and smoke develops and spreads, 75 

and their influence on occupants is highly dynamic and spatiotemporal-specific. Although several 76 

commercial or academic simulation tools have attempted to incorporate the impacts of fire in 77 

evacuation simulation, including Building Exodus [9], FDS+Evac [18], FireGo [19] and AIEval 78 

[20], fire impacts are highly oversimplified and usually underestimated in these tools, owing to 79 

the particle system or cellular automata-based structure of these tools [21] or their simplified 80 

qualitative rule-based reasoning mechanism [7]. Failure to appropriately account for the fire 81 

impacts has largely prevented fine-grained modeling of evacuees’ navigation decision-making 82 

and behaviors, leading to inaccurate prediction of evacuation process and outcomes.  83 

Motivated by this gap, this study aims to develop a new simulation model, FREEgress (Fire Risk 84 

Emulated Environment for Egress), to incorporate the various impacts of fire on evacuees into 85 

the evacuation simulation, by (1) introducing evacuee agents, who are aware of and able to assess 86 

the fire hazards, and can make fire risk-informed navigation decisions; (2) modeling interactions 87 

between evacuee agents and the dynamic fire emergency environments and the consequent 88 



 

evacuation process. FREEgress inherits major features of SAFEgress [15], its earlier version 89 

which is proven effective in simulating both human and social behaviors in the evacuation process 90 

[21]. By appropriately accounting for fire impacts in the agent-based modeling of fire evacuation, 91 

FREEegress aims to achieve more realistic and fine-grained simulation of evacuees’ navigation 92 

decision-making and navigation behaviors by incorporating dynamic fire impacts, and ultimately 93 

achieve more accurate simulation and prediction of crowd evacuation processes and outcomes for 94 

various building fire emergency scenarios. 95 

2. Fire Impact on Evacuees 96 

Fire hazards (e.g., heat and high temperature, toxic gas and smoke) impact evacuees 97 

physiologically and psychologically during fire emergency evacuation [17]. Specifically, these 98 

fire hazards influence evacuee’s motion speed, health, decision making and navigation, which are 99 

important for determining the outcomes of their evacuation tasks to a large extent. Based on a 100 

thorough review of relevant literature, the fire impacts are summarized as follows. 101 

Heat and high temperatures during fire emergencies can significantly diminish evacuees’ health 102 

conditions. The tenability limit for the skin is 2.5 𝑘𝑤 𝑚2⁄  [17]. At this limit, people can tolerate 103 

up to 5 minutes, while above this limit people may be burned in just a few seconds. Purser and 104 

McAllister [17] also pointed out that the high temperature poses a major threat to evacuees in fire 105 

emergencies, which can result in heat stroke, skin burns and respiratory tract burns. Exposure to 106 

temperatures above 120 ℃ for minutes may quickly immobilize an individual and eventually 107 

lead to fatality. Exposure to environments with slightly lower temperatures but high humidity may 108 

also cause heat stroke. Simms and Hinkley [22] investigated the tolerance time of people under 109 

different temperatures. They pointed out that under dry air, when the temperature reached 110 ℃, 110 

people's tolerance time was 25 minutes, after which people would be faced with fatal risks. This 111 

tolerance time would quickly drop to 3 minutes when the temperature was increased to 180 ℃.  112 

Toxic gases produced by fire can also greatly harm evacuees’ health conditions. Fire combustion 113 

generates mainly six toxic gases, including carbon monoxide (CO), carbon dioxide (CO2), 114 

hydrogen cyanide (HCN), hydrogen chloride (HCl), hydrogen bromide (HBr) and nitrogen 115 

dioxide (NO2), among which CO is the most deathful [23]. When CO is absorbed in the human 116 



 

body, it combines with hemoglobin. As a result, red blood cells lose their ability to transport 117 

oxygen, which leads to hypoxia and death. Several models have been developed in the literature 118 

to assess the impact of toxic gas hazards on humans. The N-gas model [23], developed by the 119 

National Institute of Standards and Technology (NIST), assumes that the toxicity is mainly caused 120 

by the superposition of toxic gases from the combustion products. The model considers the effects 121 

of the above six toxic gases. By extending the N-gas model, Babrauskas et al. [24] developed the 122 

FED (fraction effective dose) model, which could account for the interactions between CO2 and 123 

CO/O2 to better describe the toxic effect. Moreover, Stuhmiller et al. [25] proposed a quantitative 124 

mathematical model, the Toxic Gas Assessment Software (TGAS), to estimate the probability of 125 

human body disability based on the concentration of toxic gases in the alveoli and the absorption 126 

coefficient. 127 

The smoke that spreads at fire emergency scenes can significantly slow down their motion speed 128 

[26]. The extinction coefficient is often used to reflect the smoke density [27]. Through a large 129 

number of experiments, Jin and Yamada [27] pointed out that the motion speed of evacuees would 130 

be reduced as the extinction coefficient increased, and it would be reduced rapidly when the 131 

extinction coefficient increased to 0.5/m. Under heavy smoke, as Jenson [28] reported, people’s 132 

motion speed is limited to 0.2m/s~0.5m/s. Smoke also lowers evacuees’ visibility to decrease their 133 

motion speed. Smoke can also significantly impair the visual range of evacuees and increase the 134 

difficulty of evacuation. Experiments have shown that under low visibility conditions in indoor 135 

environments, people would tend to walk along walls, and their motion speed would be lower 136 

than that under normal conditions (Purser and McAllister 2016). Jin and Yamada [27] pointed out 137 

that during a building fire evacuation, for people who were familiar with the indoor space, a 138 

minimum visual range of 4 meters was required for them to evacuate successfully, whereas for 139 

those who were not familiar with the space, a minimum visual range of 13 meters was needed. 140 

Yet, Rasbash [29] contended that a visual range of 10 meters should be guaranteed, regardless of 141 

the familiarity with the surroundings.   142 

Apart from that adverse impacts on evacuees’ health conditions, fire hazards can also impact 143 

evacuees’ decision making and navigation during fire emergencies [14]. For instance, evacuees’ 144 

perceptions about surrounding environments and neighboring evacuees may be hindered when 145 



 

their visibility is narrowed by smoke [30], which would cause difficulties for them to find adjacent 146 

navigation points. Evacuees may also become stressful when facing fire hazards, which would 147 

decrease their judgment ability. As a result, evacuees may tend to follow the crowd flow, which 148 

sometimes causes unbalanced use of exits and increases the total evacuation time [31], or even 149 

results in crowding and trampling. In addition, for fire emergency scenes, Purser and McAllister 150 

[17] defined safe areas as places where the temperature is below 120 ℃, the heat flux is less than 151 

2.5 𝑘𝑤 𝑚2⁄   and the oxygen concentration is higher than 12%. As fire hazards develop and 152 

spread during fire emergencies, the boundaries of safe areas change, which dynamically impact 153 

evacuees’ navigation strategies and may force them to find alternative routes as they try to stay 154 

within the safe areas. 155 

3. FREEgress  156 

3.1 System architecture 157 

FREEgress is a crowd evacuation simulation model, which extends its earlier version, SAFEgress 158 

[15], by incorporating dynamic impacts of fire hazards on evacuees to achieve more realistic and 159 

accurate simulation of evacuees’ behaviors and indoor emergency evacuation process. Figure 1 160 

illustrates the overall system architecture of FREEgress. Three key modules are Global Database, 161 

Crowd Simulation Engine and Agent Behavior Models Database. This model also includes a few 162 

supporting sub-modules, including Situation Data Input Engine, Geometry Engine, Event 163 

Recorder, Population Generator and Visualizer. These modules are mostly inherited from 164 

SAFEgress but a number of them (as illustrated with dashed boxes in Figure 1) have modified 165 

functions. In addition, FREEgress can interact with Pyrosim [32], which is a graphical user 166 

interface for fire hazards modeling software Fire Dynamics Simulator (FDS) [33] and 167 

visualization software Smokeview [33], to enable exchanges of fire data and trajectory data. This 168 

new function is illustrated with dashed arrows in Figure 1. All FREEgress modules and their 169 

functions are further explained in the remainder of this section. 170 



 

 171 

Figure 1: Architecture of FREEgress 172 

In addition, an overall phase list of FREEgress is shown in Figure 2, which illustrates how 173 

FREEgress works. First, for any given building under investigation, its floor plan is imported into 174 

the Geometry Engine to generate a virtual environment. Second, fire simulation settings, such as 175 

heat release rate (HRR), fire growth rate and fire location, are defined in Pyrosim [32], and fire 176 

data generated by the FDS model [33] are imported into the Situation Data Input Engine. Third, 177 

a 2-D grid of uniformly sized square cells is cast over the virtual environment and a navigation 178 

map is generated by the Geometry Engine based on the grid cells. Next, different types of cue 179 

objects such as an alarm and fire or strobe light, and their locations are set by users using the 180 

Situation Data Input Engine. Meanwhile, the number and location of agents, and their behavior 181 

type and delay time are also defined by users using the Population Generator and the Agent 182 

Behavior Models Database, respectively. The above settings are all stored in Global Database. 183 

Then, evacuation simulations are carried out by the Crowd Simulation Engine, which generates a 184 

number of simulation outputs, including agents’ evacuation time, speed, trajectory, health 185 

conditions, fatalities and route availability. These outputs are stored in the Event Recorder and 186 

illustrated to users by the Visualizer. Finally, fire data and agents’ evacuation trajectories are 187 

imported into Pyrosim, and agents’ evacuation processes are synchronously visualized and 188 



 

animated using Smokeview [33]. 189 

 190 

Figure 2: Phase list of FREEgress 191 

3.2 Representation of the spatial environment  192 

Building layout and building features (such as doors) can significantly influence occupants’ 193 

evacuation route choices during fire emergencies [21]. In FREEgress, a spatial model of the 194 

indoor environment set by users is used to represent the building layout, which is stored in the 195 

Geometry Engine. The building layout is a 2D projection of building obstacles (such as walls and 196 

furniture) on the horizontal floor. The agents equipped with simulated vision capability can detect 197 

the obstacles and avoid colliding with them. However, the agents cannot see or pass through the 198 

obstacles. 199 

In fire emergencies, occupants often use building features (such as exits, doors and exit signs) to 200 

guide their evacuation. These features are represented as navigation objects in FREEgress. Each 201 

object is defined by its type, location, orientation, as well as directional information if applicable 202 

(e.g. exit sign). These characteristics can be defined by users. In FREEgress, three types of 203 

navigation objects are defined, namely exit, door and exit sign. Each exit represents an outlet of 204 

the building. When an agent arrives at an exit, its evacuation task is considered completed. The 205 

agent can move from one room to another by crossing a door. An exit sign is used to indicate 206 



 

evacuation routes or directions such as “forward” and “turn left”. Exits, doors and exit signs, 207 

which do not represent all possible building safety features, are the most significant features 208 

pertaining to egress design and have a major impact on people’s evacuation decisions [21]. In 209 

addition, other types of navigation objects can also be defined if needed. 210 

3.3 Simulation of fire hazards and emergency cues 211 

Fire hazards, including heat, high temperature, smoke particles and various toxic gases, can be 212 

produced during fire incidents, which would greatly diminish evacuees’ motion speed and health 213 

conditions [17,18]. To assess the development of these fire hazards and account for their impacts, 214 

the following five types of spatiotemporal data are collected from fire simulations in Pyrosim: 215 

temperature, heat flux, fractional effective dose (FED), fractional irritant concentration (FIC) and 216 

extinction coefficient. These data correspond to different impacts on evacuees, which are further 217 

discussed in Section 3.4. In FREEgress, the floor plan is discretized into a grid of uniform cells 218 

of 1.524 m by 1.524 m (equivalent to 25 sqft). The fire status of each cell is represented by the 219 

five types of fire data in the center point of each cell. To measure and record the values of the 220 

above five parameters in the fire simulation process in Pyrosim, a thermocouple and four gas-221 

phase devices are placed at the center of each cell to obtain the five types of data, respectively. 222 

These data are measured at height Z=1.5 m, which is the approximate height of people’s mouth 223 

and nose. The recording interval of these devices was set to be one second over the entire fire 224 

simulation process in Pyrosim. The data generated by Pyrosim are converted using Matlab to a 225 

format that can be read and parsed automatically by FREEgress. In FREEgress, the fire data of 226 

each cell is updated every second, consistent with the time granularity of the fire data. The import 227 

of fire data is implemented using the Situation Data Input Engine. 228 

During fire emergencies, occupants can get access to the cues that trigger the evacuation process 229 

[21]. In FREEgress, audio cue objects such as an announcement and an alarm and visual cue 230 

objects such as fire or strobe light are modeled. These objects are defined by their type, source 231 

location, effective range, active period during the simulation and reaction time. The reaction time 232 

refers to the required time lag from when an occupant perceives the cue to when the occupant 233 

takes evacuation actions, assuming that the occupant has no prior experience of the cue. The 234 



 

triggering condition of the audio cue is that an agent is within the effective range of the cue. The 235 

triggering conditions of the visual cue are that an agent is within the effective range of the cue 236 

and the line of sight between the agent and the location of the cue object is not blocked by any 237 

obstacles. 238 

3.4 Agent representation of evacuees 239 

Occupants that evacuate from fire emergency scenes are modeled as agents in FREEgress. Each 240 

agent is configured based on a set of static and dynamic attributes, which can be categorized into 241 

the individual and group levels, as summarized in Table 1.  242 

Table 1: Attributes of evacuee agents in FREEgress 243 

Attributes Individual level Group level 

Static 

attributes 

▪ Physical profile [34] 

▪ Known exits [35-38] 

▪ Cue awareness factors [35-38] 

▪ Group compliance [39,40] 

▪ Group influence [39,40] 

▪ Group separation tolerance 

[39,40] 

Dynamic 

attributes 

▪ Visible navigation objects [41] 

▪ Emergency cues [42-43] 

▪ Fire hazards perception [17] 

▪ Urge level [44] 

▪ Physiological profile [17] 

▪ Selected behavior [44-46] 

▪ Navigation goal [47,48] 

▪ Navigation point [47,48] 

▪ Spatial position [47,48] 

▪ Spatial knowledge [47,48] 

▪ Visible group members 

[49,50] 

▪ Neighboring agents [49,50] 

Note that each attribute has its own range, and users can define different types of agents by assigning 244 

different values to the attributes [44]. For instance, the value of cue awareness factor ranges from 0.01 245 

(indicating highest cue awareness hence the shortest delay time) to 2.0 (indicating lowest cue 246 

awareness hence the longest delay time). For brevity, details of all attributes can be found in [44] and 247 

are not further elaborated in this paper. 248 

At the individual level, an agent is defined by its physical profile, which includes attributes such 249 



 

as age, gender, body size and personal space [34]. The familiarity with the building environment 250 

is defined by a set of known exits [35-38]. The agent’s emergency experience is determined by 251 

cue awareness factors [35-38]. At the group level, a social group is defined by group compliance 252 

[39, 40]. The agent adopts group behavior only when the group compliance is high. The group 253 

influence determines the agent’s influence on other members in the same group [39, 40]. The 254 

group separation tolerance, which is used to detect whether an agent is too far from the group, 255 

describes the agent’s allowable maximum distance away from other visible group members [39, 256 

40].    257 

Occupants’ wayfinding behaviors during fire emergencies are the result of complex cognitive 258 

processes [45]. Based on the investigation of human wayfinding behaviors during fire 259 

emergencies in a number of prior studies [37, 44, 45, 46], the agent' behavior in FREEgress is 260 

modeled with a four-stage behavior cycle, namely perception - interpretation - decision-making - 261 

execution, that supports structured representation and computation of the agent behavior. As 262 

illustrated in Figure 3, an agent’s dynamic attributes are updated during this recursive process. At 263 

the perception stage, the agent perceives five types of information that are found to be important 264 

for their wayfinding decisions in prior research: (1) visible navigation objects such as exits, doors 265 

and exit signs [41]; (2) visible group members [49,50]; (3) neighboring agents [49,50]; (4) 266 

emergency cues such as alarm and strobe lights [42,43]; and (5) fire hazards such as heat, 267 

temperature, smoke and toxic gas [17]. At the interpretation stage, based on the perceived danger, 268 

cue objects and urges of its social group and neighboring groups, the agent updates its visibility, 269 

motion speed, health conditions and internal urge. The urge level, which has a value ranging from 270 

0 (low urge) to 1 (high urge), is a measurement of the agent’s urgency to undertake or modify the 271 

evacuation actions [44]. The visibility, motion speed and health conditions determine the 272 

physiological status of the agent [17]. At the decision-making stage, the agent first checks its 273 

individual behavior attribute, and determines whether to adopt perception-based behavior, which 274 

means the agent perceives the surrounding environments only based on visible navigation objects, 275 

or knowledge-based behavior, which means the agent is familiar with the environment such as 276 

the location of exits [45-46]. Then, the agent reasons through the group behavior. If its group 277 

compliance attribute is configured to have a high value, its behavior type changes to the 278 



 

following-leader behavior, which means the agent follows a leader in the group to evacuate, 279 

regardless of its individual behavior. The above behaviors are pre-defined and stored in the Agent 280 

Behavior Models Database. At the end of the decision-making stage, the agent updates its selected 281 

behavior, navigation goal and navigation point. The navigation goal is the final target of the 282 

evacuation, such as an exit, and might not be in the agent’s line of sight [47,48]. The navigation 283 

point is the target position of the intended next movement and is visible to the agent [47,48]. The 284 

navigation point determines the agent’s intended motion direction. At the execution stage, the 285 

agent conducts locomotion to update its spatial position. As the agent moves, it also updates its 286 

spatial knowledge, which keeps track of the areas previously visited.  287 

 288 

Figure 3: Decision-making process of agents during fire emergencies 289 

3.5 Modeling of fire impacts on evacuees’ physiology 290 

Fire hazards can impact evacuees physiologically, by lowering their motion speed and impairing 291 

their health conditions. These impacts are quantitatively assessed and modeled in FREEgress 292 

using the Crowd Simulation Engine, as explained below. 293 

3.5.1 Fire impacts on motion speed 294 

Fire hazards, particularly the smoke, can significantly slow down occupants’ motion speed and 295 

hinder their evacuation [17]. The extinction coefficient is usually used to measure the smoke 296 

density [27]. In the SFPE Handbook of Fire Protection Engineering, Purser and McAllister [17] 297 

proposed that irritating smoke and non-irritating smoke have different impacts on occupants’ 298 

speed, and an agent’s maximum motion speed during normal conditions equals 1.2 m/s. For non-299 



 

irritating smoke conditions, the relationship between the agent’s motion speed (V, 𝑚 𝑠⁄ ) during 300 

fire emergencies and the extinction coefficient (K, 1 𝑚⁄ ) follows Equation (1) [17]: 301 

V = −0.1733ln 𝐾 + 0.6933         (1) 302 

For irritating smoke conditions, the relationship between the agent’s motion speed (V,  𝑚 𝑠⁄  ) 303 

during fire emergencies and the extinction coefficient (K, 1 𝑚⁄ ) follows Equation (2) [17]: 304 

                V = 𝑒−(1000FIC 160⁄ )2
 + (−0.2FIC + 0.2)                   (2) 305 

where FIC is a relatively effective concentration for irritating gases, the value of which can be 306 

acquired by setting a gas-phase device at the location of interest in Pyrosim. 307 

Considering the different motion speed of the agents during normal conditions for different ages 308 

and genders, their motion speed during normal conditions were normalized using a normalization 309 

coefficient. The normalization coefficient of smoke obscuration’ effect on moving speed (𝑓𝑠𝑚𝑜𝑘𝑒) 310 

and the normalization coefficient of smoke irritancy’ effect on the moving speed (𝑓𝑖𝑟𝑟) can be 311 

obtained as Equation (3) and Equation (4) [17], respectively: 312 

𝑓𝑠𝑚𝑜𝑘𝑒 =
 −0.1733 ln 𝐾 + 0.6933 

1.2
                      (3) 313 

   𝑓𝑖𝑟𝑟 =
𝑒−(1000FIC 160⁄ )2

 + (−0.2FIC + 0.2) 

1.2
                  (4) 314 

where 𝑓𝑠𝑚𝑜𝑘𝑒= 1 for irritating smoke conditions, and 𝑓𝑖𝑟𝑟=1 for non-irritating smoke conditions.   315 

Combining the influence of smoke obscuration and irritancy, the motion speed of an agent during 316 

fire emergencies can be calculated based on Equation (5): 317 

V = (1 − (1 − 𝑓𝑠𝑚𝑜𝑘𝑒) − (1 − 𝑓𝑖𝑟𝑟))× 𝑉𝑛𝑜𝑟                 (5) 318 

where 𝑉𝑛𝑜𝑟  is the motion speed of an agent during normal conditions.  319 

3.5.2 Fire impacts on health 320 

The adverse impacts of fire hazards on evacuees’ health are mainly caused by heat and toxic gases 321 

[17]. In FREEgress, a health value is assigned to each agent to assess its health condition. The 322 

initial health value is set at 1, which will be reduced when the agent is imposed to fire hazards. If 323 



 

the health value is reduced to 0, it indicates that the agent has lost its escape capability and a 324 

fatality occurs. 325 

Heat-related risks to human health are mostly related to two forms of heat transfer, including heat 326 

radiation and heat convection [17]. Accordingly, the adverse impacts of fire hazards on the health 327 

value of the agents are modeled in FREEgress as follows. 328 

For heat radiation, the tenability limit for the skin is approximately 2.5𝑘𝑤 𝑚2⁄ , below which 329 

people can tolerate for several minutes, while at this limit and above skin can be burned in just a 330 

few seconds [17]. In general, the relationship between the time to escape incapacitation (t𝑟𝑎𝑑, 331 

min) and the heat flux (q, 𝑘𝑤 𝑚2⁄ ) follows Equation (6) [17]: 332 

                     𝑡𝑟𝑎𝑑 = {
𝑟 𝑞1.33⁄ , 𝑞 < 2.5 𝑘𝑤 𝑚2⁄

   0,     𝑞 ≥ 2.5 𝑘𝑤 𝑚2⁄   
                     (6) 333 

where r =10(𝑘𝑤 ∙ 𝑚−2)1.33𝑚𝑖𝑛.  For heat convection, the time to incapacitation of agents is 334 

determined by the environment temperature. Exposure to temperatures above 120 ℃ for 5 335 

minutes is a significant cause of burn injury and can eventually lead to fatality, while a victim 336 

exposed to temperature less than 120 ℃ is unlikely to get burned but may also suffer heatstroke 337 

after a long exposure (e.g. exceeding 15 min) [17]. The relationship between the time to escape 338 

incapacitation (t𝑐𝑜𝑛𝑣 , min) and the environment temperature (T, ℃) follows Equation (7) [17]: 339 

 𝑡𝑐𝑜𝑛𝑣 = 5 × 107𝑇−3.4                         (7) 340 

Considering the impacts of both heat radiation and heat convection, the health damage caused by 341 

heat (FED_Heat(∆𝑡)) can be calculated based on Equation (8) [17]: 342 

FED_Heat(∆𝑡) = ∫ (
1

t𝑟𝑎𝑑
+

1

t𝑐𝑜𝑛𝑣
)∆𝑡

𝑡2

𝑡1
                 (8) 343 

where ∆t = t2 – t1. Meanwhile, the FED model [24] is the most commonly used model to 344 

evaluate the escape incapacitation and lethality for humans infected by toxic gas. Agents’ health 345 

condition can be reflected by FED value. When the cumulative value of FED exceeds 1, it 346 

indicates the agent loses its escape capacity. The relationship between FED value of an agent and 347 

the time that the agent has been exposed to fire hazards follows Equation (9): 348 



 

FED(∆t) = FED(𝑡2) − FED(𝑡1)                    (9)  349 

where ∆t = 𝑡2 – t1, FED(∆t) is the health damage caused by toxic gas during ∆t time, FED(𝑡1) 350 

is the FED value at time 𝑡1, and FED(𝑡2) is the FED value at time 𝑡2.   351 

Combining the effect of heat and toxic gases, the health condition of an agent at time t (Health(t)) 352 

in FREEgress can be calculated based on Equation (10): 353 

Health(t) = 1 − FED(t) − FED_heat(t)               (10) 354 

In Pyrosim, the FED value can be acquired by setting a gas-phase device at the location of interest. 355 

In this study, the initial FED value (FED(0)) is 0. Then the FED value at time t is FED(t) and the 356 

initial health of an agent is defined as 1 at t = 0 s. 357 

3.6 Modeling of fire impacts on evacuees’ navigation strategy 358 

The navigation strategy of agents in FREEgress were inherited from SAFEgress, which 359 

incorporated relevant studies in the fields of environmental psychology [47] and robotic 360 

navigation [48], with additional consideration of the impact of fire hazard. In SAFEgress, agents 361 

always choose to move to a direction that allows them to maximize new spatial information about 362 

the environment in the next position. To model this strategy, the concepts of navigation point 363 

(denoted as “NP”) and navigation map are introduced (Figure 4). The NPs, which are points with 364 

locally maximum visibility, represent building safety features (such as exits, doors and exit signs) 365 

that have major impacts on people’s evacuation decisions [44, 48]. The NPs are computed as 366 

follows: a continuous space is divided into 2D grid cells. The navigation objects (e.g., exits, doors 367 

and exit signs) are set as initial NPs (Figure 3(a)). Then, the visible area of each cell’s center is 368 

computed as the cell’s visibility. If the visible area of a cell is larger than that of all adjacent cells, 369 

then the center of the cell is marked as a NP (Figure 3(b)). The navigation map is constructed by 370 

adding edges to link all pairs of NPs that are visible to each other (Figure 3(c)). However, when 371 

fire hazards exist between a pair of cells, where the heat flux is more than 2.5 2/kw m  or the 372 

temperature exceeds 120 Celsius [17], then the edge between these two NPs is removed (Figure 373 

3(d)), which reflects that fire hazards can limit the agents’ route options at every move, and 374 

reshape their navigation strategy. It is noted that the navigation decision of the agents is mainly 375 

determined by the behavior type of the agent (such as perception based vs knowledge based vs 376 



 

follow familiarity). Even with the same NPs and navigation map, the navigation route of the 377 

agents can be entirely different if the agents assume different evacuation behaviors. 378 

When multiple NPs are visible from the current position, agents with different types of behavior 379 

have different navigation strategies. Agents with knowledge-based behavior choose the NP that 380 

is closer to known exits in their visible area. Agents with perception-based behavior choose the 381 

NP according to environmental cues, while avoiding visiting the NPs that have been visited before. 382 

Agents adopting following-leader behavior choose a leader agent as a NP, and the leader agent 383 

adopts knowledge-based behavior. The leader agent will move towards the group member agents, 384 

who could be family members or close friends, when their distance exceeds a certain tolerance 385 

[21,39]. Lastly, after the agents choose a NP, they move to the NP, and memorize the areas they 386 

have visited.  387 

 388 

Figure 4: Procedure for generating a navigation map within the dotted box area  389 



 

3.7 Synchronous visualization of fire spread and evacuation  390 

FREEgress can visualize the spreading of fire hazards and the evacuation of agents synchronously 391 

by linking to Smokeview. Specifically, FREEgress records the trajectory of every agent and 392 

outputs a text file (txt), which contains agent ID and timestamped 2D coordinates. A Matlab 393 

program is developed to convert the trajectory file into a specified format file (txt), which contains 394 

agent ID, the timestamp, number of agents and 2D coordinates. A Fortran program is developed 395 

to read and extract these data and generate an unformatted file (*.prt5), which can be loaded to 396 

the Smokeview to visualize the spreading of fire hazards (e.g. fire and heat) and the movement of 397 

the agents synchronously, as illustrated in Figures 5 (showing spreading of smoke) and 6 (showing 398 

temperature change). 399 

 400 

Figure 5: Synchronous visualization of spreading of smoke and movement of agents 401 



 

 402 

Figure 6: Synchronous visualization of temperature change and movement of agents 403 

4. Model Verification Methodology 404 

4.1 Verification rules 405 

The general rule adopted for verifying the proposed FREEgress model is that, when FREEgress 406 

and existing verified tools are used to simulate the same set of fire emergency scenarios, 407 

FREEgress can be considered as verified 1) if no significant differences exist between their 408 

respective evacuation outcomes; or 2) if significant differences in their respective evacuation 409 

outcomes are observed, and the differences are reasonable owing to the inherent differences 410 

between FREEgress and other tools. 411 

Specifically, to verify the efficacy of FREEgress, the following two hypotheses were made and 412 

tested in this study. Hypothesis I: Since FREEgress was developed by extending SAFEgress with 413 

new functions that incorporated fire impacts, it was hypothesized that the simulation results 414 

reported by FREEgress would be largely consistent with those reported by SAFEgress when the 415 

scale of fire was small, but the discrepancies would increase as the scale of fire increased and the 416 

fire impacts became significant. Additionally, FDS+Evac is a typical commercial solution for fire 417 

evacuation simulation. It is one of the few existing tools that can partially account for the 418 

physiological impacts of fire hazards on the evacuees, mainly restricted to the effects of smoke 419 

density on evacuee’s motion speed the and effects of smoke toxicity on their health conditions. 420 

Hypothesis II: since FREEgress considers relatively more comprehensive fire impacts compared 421 



 

to FDS+Evac, the simulation results reported by FREEgress would reflect more significant 422 

influence of fire hazards on evacuees’ behaviors and the evacuation outcomes. To test the above 423 

hypotheses and verify FREEgress, a series of simulation experiments were conducted, as reported 424 

below. 425 

4.2 Scenario descriptions and simulation settings 426 

The indoor space of a museum [21] generated by AutoCAD [51] (version 2018) was used in the 427 

simulation. The floor plan of the museum is shown in Figure 6. In the simulation, the fire, set in 428 

Pyrosim (version 2017.1.0131), initially broke out at certain locations inside the museum, and then 429 

began to spread within the entire indoor space. The growth of fire was simulated using the T-430 

square fire model [52], for which the heat release rate (HRR) was set to increase over time until 431 

it reached the maximum value that was set to be 8000 kW [53]. The spread of fire and smoke was 432 

simulated using FDS model (version 6.5.3) with Pyrosim (version 2017.1.0131). Fire data 433 

(temperature, heat flux, FED, FIC and extinction coefficient) were recorded at a one-second 434 

interval and transferred to FREEgress as explained in Section 4.3. In the simulation, a total of 48 435 

occupants were modeled as intelligent agents in four exhibition areas, which represented a typical 436 

peak-hour density of visitors in museums [21]. These exhibition areas are illustrated with red 437 

boxes in Figure 7. The agents’ initial locations were evenly distributed in these areas. The initial 438 

location of each agent within its designated area was randomly generated in the simulation. 439 

 440 

Figure 7: Floor plan of the museum and agents’ initial locations for simulation 441 



 

Three key factors were introduced in the simulations, the variations of which resulted in a number 442 

of different simulation scenarios. The first factor was initial fire location. The fire could break out 443 

near room entrances, blocking critical evacuation paths, or inside rooms, blocking non-evacuation 444 

critical paths, as illustrated in Figure 8. The second factor was delay time. Prior research pointed 445 

out that in many cases noticeable delay was observed between when the fire broke out and when 446 

evacuees began to escape [54, 55]. A longer delay time would mean that the evacuees would be 447 

faced with larger fire hazards duration evacuation. In the simulation, different delay time of 448 

evacuation (i.e., 0 second or 90 seconds) were set for all agents. The third factor was behavior 449 

type. Prior research pointed out that crowds had different behavioral patterns during fire 450 

evacuation [4]. Two behavior types were modeled in FREEgress, including perception-based 451 

behavior, which assumed that agents’ navigation decision was dominated by their perception of 452 

the surrounding environment such as perception with navigation objects, and knowledge-based 453 

behavior, which assumed that agents’ navigation decision was dominated by their prior 454 

knowledge about the space such as the familiarity with the location of exits. 455 

 456 

Figure 8: Two sets of fire locations 457 

5. Model Verification Results 458 

5.1 Comparison between FREEgress and SAFEgress  459 

For comparison between FREEgress and SAFEgress, four scenarios were simulated in FREEgress 460 

enumerating all possible combinations of initial fire location and behavior type, and two scenarios 461 

were simulated in SAFEgress enumerating all possible values of behavior type. Delay time was 462 



 

set to be zero in all scenarios, thus in FREEgress the agents began to escape as soon as the fire 463 

broke out, so as to be consistent with the settings in SAFEgress. These scenarios are numbered 464 

from 1 to 6, and their settings are summarized in Table 2. Each scenario was simulated 10 times, 465 

and the convergence of the results from these simulations was checked. In terms of the median 466 

and average evacuation times, the ratio of standard deviation value to the average value did not 467 

exceed 8.0% for all scenarios, indicating notable convergence of the simulation results. The 468 

results were then averaged to avoid possible impact of randomness of agents’ initial locations on 469 

the simulation results.  470 

FREEgress-based and SAFEgress-based simulation results were compared, in terms of maximum, 471 

median and average evacuation times, as well as speed, route availability, number of fatalities, 472 

evacuation process and trajectory, which are key behavioral components for the verification of 473 

evacuation models [56]. The route availability referred to the routes available to evacuees [56]. It 474 

was represented by the accessibility of doors 1-4 (Figure 7) in this study. A door could become 475 

inaccessible owing to smoke, heat and high temperature in its surroundings. The evacuation 476 

process was depicted by the number of agents navigating to exits, which was changing 477 

dynamically over time from when the fire broke out to when all agents reached the exits or lost 478 

escape capability. Three scenarios (1, 2 and 5) assumed evacuee agents followed their knowledge 479 

to evacuate. As the simulation results failed the normality test, the Kruskal-Wallis H test was 480 

conducted to compare the maximum, median and average evacuation times, average speed and 481 

the number of fatalities between these three scenarios, and Pearson’s Chi-squared test was 482 

conducted to compare the route availability. The statistical analysis results, as summarized in 483 

Table 3, indicated that at the 95% significance level there was no significant difference between 484 

scenario 1, 2 and 5 in terms of maximum, median and average evacuation times, route availability 485 

and number of fatalities. The only exception was the average speed, which was found to be 486 

significantly different between the three scenarios. The statistical significance of this difference 487 

was mainly owing to the small standard deviation (0.01 m/s), while the magnitude of the 488 

difference was rather small and negligible (less than 1.5%).  489 

In addition, one simulation was randomly selected for each scenario, and the results from these 490 

simulations are plotted in Figures 9 and 10 for further comparison. Figure 9 illustrates the 491 



 

evacuation process in the three simulations. The Euclidean relative difference (ERD), Euclidean 492 

projection coefficient (EPC) and Secant cosine (SC), three widely used metrics that represented 493 

the overall agreement between two curves [56, 57], were calculated to measure the agreement 494 

between each pair of curves in the figure. The ranges of ERD, EPC and SC are in [0, +∞), [0, +∞) 495 

and [-1, 1], respectively. Two curves could be considered identical if ERD = 0, EPC = 1 and SC 496 

= 1. The acceptance criteria that should be satisfied for considering two curves as comparable, as 497 

recommend in prior research [57], are: ERD ≤ 0.45, 0.6 ≤ EPC ≤ 1.4 and, SC ≥ 0.6, with s/n ≤ 498 

0.05, where s represents the period of noise in the data and n is the number of occupants. As it 499 

was necessary to keep the ratio s/n as low as possible [57], the value of s was chosen to be 1. In 500 

Figure 9, the maximum ERD value and the minimum EPC and SC values between any two curves 501 

were 0.13, 0.93 and, 0.63 (s = 1, n = 48, s/n = 0.02), respectively, which satisfied the acceptance 502 

criteria, indicating that the trend of the evacuation processes was generally consistent between 503 

scenarios 1, 2 and 5. Figure 10 shows the trajectories of all agents in the three simulations, which 504 

also indicated high consistency between the three different scenarios. It needs to be noted that the 505 

initial positions of the agents were randomly generated within the designated areas and hence not 506 

exactly the same for each simulation. Since multiple simulations were run for each simulation, 507 

the impact of randomness of the initial agent positions could be avoided. 508 

 509 



 

Figure 9: Evacuation processes in scenarios 1, 2 and 5 510 

 511 

Figure 10: Egress trajectories of agents in scenraios 1, 2 and 5 512 

Similarly, the results from scenarios 3, 4 and 6, which all assumed that evacuees only relied on 513 

their perception of the surrounding environment when making navigation decisions, were 514 

compared. As the simulation results failed the normality test, the Kruskal-Wallis H test was 515 

conducted to compare the maximum, median and average evacuation times, average speed and 516 

the number of fatalities between these three scenarios, and Pearson’s Chi-squared test was 517 

conducted to compare the route availability. The statistical analysis results are summarized in 518 

Table 4. The evacuation times shown in the table were calculated after excluding agents that failed 519 

to escape, as these agents got lost at the emergency scenes and spent prolonged time that was very 520 

different than that of successfully escaped agents. The results indicated that at the 95% 521 

significance level there was no significant difference between scenarios 3, 4 and 6 in terms of 522 

maximum, median and average evacuation times, route availability and number of fatalities. The 523 



 

only exception was the average speed, which was found to be significantly different between the 524 

three scenarios. The statistical significance of this difference was mainly owing to the small 525 

standard deviation (0.01 m/s), while the magnitude of the difference was rather small and 526 

negligible (less than 1.5%). It needs to be noted that, in a few FREEgress-based simulations, one 527 

agent (2.1% of all agents) spent prolonged time looking for exits and taking detours, and 528 

eventually was not able to egress the museum. The above results indicated that, when only agents 529 

that successfully evacuated were counted, all performance indices were highly consistent between 530 

the three scenarios. It also needs to be noted that the initial positions of the agents were randomly 531 

generated within the designated areas and hence not exactly the same for each simulation. Since 532 

multiple simulations were run for each simulation, the impact of randomness of the initial agent 533 

positions could be avoided. Figure 11 illustrates the evacuation process in the three simulations. 534 

As shown in Figure 11, the maximum ERD value and minimum EPC and SC values between any 535 

two curves were 0.13, 0.96 and 0.65 (s = 1, n = 48, s/n = 0.02), respectively, which satisfied the 536 

acceptance criteria, indicating that the trend of the evacuation processes was generally consistent 537 

between scenarios 3, 4 and 6, despite that one agent (2.1% of all agents) in scenarios 3 and 4 spent 538 

prolonged time looking for exits and taking detours and eventually was not able to egress the 539 

museum, while all agents successfully evacuated in scenario 6. This demonstrated that the whole 540 

evacuation process existed reasonable differences between scenarios 3, 4 and 6.   541 

 542 



 

Figure 11: Evacuation processes in scenarios 3, 4 and 6 543 

In conclusion, the above results showed that the simulation results of FREEgress and SAFEgress 544 

were consistent when the scale of fire was small, which supported Hypothesis I and suggested 545 

that FREEgress had appropriately inherited the efficacy of SAFEgress. 546 

5.2 Comparison between FREEgress and FDS+Evac 547 

For comparison between FREEgress and FDS+Evac, two scenarios were simulated in FREEgress 548 

and FDS+Evac enumerating all combinations of initial fire locations. Delay time was set to be 90 549 

seconds in all scenarios to model the situation that the fire had significantly grown and spread 550 

when evacuees began to evacuate. To make the simulations comparable, agents in FREEgress and 551 

FDS+Evac were assigned with the same physical profile, such as body size, gender and movement 552 

speed [34], as summarized in Table 5. In addition, in FDS+Evac each agent was assigned to 553 

evacuate from a specific exit, whilst in FREEgress each agent was configured to adopt the 554 

knowledge-based behavior, which made the agent to also evacuate from a specific exit. It also 555 

needed to be noted that the average speed was not reported as an evacuation outcome in 556 

FDS+Evac. These scenarios are numbered from 7 to 10, and their settings are summarized in 557 

Table 6. Each scenario was simulated 10 times, and the convergence of the results from these 558 

simulations was checked. In terms of the median and average evacuation times, the ratio of 559 

standard deviation value to the average value did not exceed 3.2% for all scenarios, indicating 560 

notable convergence of the simulation results. The results were then averaged to avoid possible 561 

impact of randomness of agents’ initial locations on the simulation results. 562 

FREEgress-based and FDS+Evac-based simulation results were compared, in terms of total 563 

evacuation time, speed, route availability, number of fatalities, evacuation process and trajectory. 564 

Taking two scenarios (7 and 9), both of which assumed that the fire blocked critical evacuation 565 

paths and the delay time was 90 seconds, as an example. As the simulation results failed the 566 

normality test, the Mann-Whitney U test was conducted to compare the maximum, median and 567 

average evacuation times, average speed and the number of fatalities between these two scenarios, 568 

and Pearson’s Chi-squared test was conducted to compare the route availability. The statistical 569 

analysis results summarized in Table 6 indicated that at the 95% significance level scenarios 7 570 



 

and 9 were significantly different in terms of maximum, median and average evacuation times 571 

and route availability. The main reason was that FDS+Evac only considered the effects of smoke 572 

density on evacuees’ motion speed and smoke toxicity on evacuees’ health conditions, whereas 573 

FREEgress also considered various other impacts of fire on health, such as heat radiation and heat 574 

convection. Therefore, the motion speed of agents in FREEgress was slower than that in 575 

FDS+Evac under the same smoke density, and thus the evacuation time in FREEgress was longer 576 

than that in FDS+Evac. With respect to the difference in route availability, it was caused by the 577 

fact that, unlike FREEgress, FDS+Evac did not consider that flame and smoke could block certain 578 

routes and force evacuees to take detours. One simulation was randomly selected for each scenario, 579 

and the results from these simulations are plotted in Figures 12 and 13 for further comparison. In 580 

Figure 12, the ERD, EPC and SC values between the two curves were 0.21, 0.97 and 0.37 (s = 1, 581 

n = 48, s/n = 0.02), respectively, which did not satisfy the acceptance criteria, indicating that there 582 

was significant difference between the evacuation processes of scenarios 7 and 9. The agents’ 583 

evacuation performance was generally consistent between the two scenarios before 150 seconds, 584 

after which some agents in scenario 7 had noticeably lower performance, mainly due to higher 585 

fire impacts imposed on them that led to slower motion speed. Figure 13 shows the trajectories of 586 

all agents in the two simulations. There was significant difference between the two plots, which 587 

was mainly caused by the fact that, unlike FREEgress, FDS+Evac did not consider that flame and 588 

smoke could block some routes and force evacuees to take detours when computing agents’ 589 

evacuation routes. Such impacts could be significant when the fire was within critical evacuation 590 

routes (i.e., location I). It needs to be noted that the initial positions of the agents were randomly 591 

generated within the designated areas and hence not exactly the same for each simulation. Since 592 

multiple simulations were run for each simulation, the impact of randomness of the initial agent 593 

positions could be avoided. Lastly, similar findings were obtained from comparisons between 594 

scenarios 8 and 10. For the sake of brevity, the simulation results from scenarios 8 and 10 are not 595 

analyzed and discussed in detail. All results from these two scenarios can be found in the 596 

supplemental materials (Tables S1-S2 and Figures S1-S2) of this paper. 597 



 

 598 

Figure 12: Evacuation processes in scenarios 7 and 9 599 

 600 

Figure 13: Egress trajectories of agents in scenraios 7 and 9 601 

In conclusion, the above results show that the FREEgress had generally comparable simulation 602 

performance to FDS+Evac, both of which incorporated smoke density and smoke toxicity impacts 603 

on evacuees’ physiological conditions. The results also showed that FREEgress was more 604 

advantageous in that it also accounted for the physiological impacts of heat, and the impact of fire 605 

hazards on evacuee’s route selection strategies and motion speed, which supported Hypothesis II. 606 

As a result, FREEgress was able to avoid underestimating the fire impacts on crowd evacuation.607 



 

Table 2: Settings for simulation scenarios 1-6 608 

Simulator 
Simulation 

scenario 

Initial fire location 

(blocking critical evacuation paths?) 
Delay time (s) Behavior type 

FREEgress 

1 Yes 0 Knowledge-based 

2 No 0 Knowledge-based 

3 Yes 0 Perception-based 

4 No 0 Perception-based 

SAFEgress 
5 — 0 Knowledge-based 

6 — 0 Perception-based 

Table 3: Comparison of simulation results from scenarios 1, 2 and 5 609 

Simulator 
Simulation  

scenario 

Evacuation time (s) Average 

speed (m/s) 

Route  

availability 

Number of  

fatalities Maximum Median Average 

FREEgress 
1 77.6±1.5 50.5±2.5 50.4±1.5 1.30±0.01 Door 2&4 0.0±0.0 

2 76.3±0.7 50.3±2.1 49.4±0.99 1.32±0.01 Door 2&4 0.0±0.0 

SAFEgress 5 76.5±1.3 49.5±2.1 49.3±1.2 1.32±0.01 Door 2&4 0.0±0.0 

P-value   0.068 0.736 0.164 0.017 1.000 1.000 

Note: The values in the table are based on the results of 10 simulations. The Kruskal-Wallis H test was conducted to analyze the results of maximum, median 610 

and average evacuation times, average speed and number of fatalities. Pearson’s Chi-squared test was conducted to analyze the results of route availability. 611 

Table 4: Comparison of simulation results from scenarios 3, 4 and 6 612 

Simulator 
Simulation  

scenario 

Evacuation time (s) Average 

speed (m/s) 

Route  

availability 

Number of  

fatalities Maximum Median Average 

FREEgress 
3 77.0±12.0 35.3±2.8 38.8±2.3 1.33±0.01 Door 1-4 0.4±0.5 

4 72.5±11.0 35.0±2.0 36.7±1.8 1.35±0.01 Door 1-4 0.2±0.4 



 

SAFEgress 6 69.3±17.6 34.0±2.3 36.0±1.7 1.34±0.01 Door 1-4 0.0±0.0 

P-value   0.179 0.384 0.063 0.011 1.000 0.089 

Note: The values in the table are based on the results of 10 simulations. The Kruskal-Wallis H test was conducted to analyze the results of maximum, median 613 

and average evacuation times, average speed and number of fatalities. Pearson’s Chi-squared test was conducted to analyze the results of route availability. 614 

Table 5: Agents’ physical profiles in both FREEgress and FDS+Evac  615 

Population type Radius of whole body circle (m) Radius of torso circle (m) Radius of shoulder circle (m) Movement speed (m/s) 

Adult male 0.27 0.16 0.10 1.35 

Table 6: Settings for simulation scenarios in 7-10 616 

Simulator 
Simulation 

scenario 

Initial fire location 

(blocking critical evacuation paths?) 
Delay time (s) Behavior type 

FREEgress 
7 Yes 90 Knowledge-based 

8 No 90 Knowledge-based 

FDS+Evac 
9 Yes 90 - 

10 No 90 - 

Table 7: Comparison of simulation results from scenarios 7 and 9 617 

Simulator 
Simulation  

scenario 

Evacuation time (s) Average 

speed (m/s) 

Route  

availability 

Number of  

fatalities Maximum Median Average 

FREEgress 7 369.8±38.2 148.0±2.0 176.7±4.5 1.11±0.01 Door 1&4 0.0±0.0 

FDS+Evac 9 206±2.1 144.9±1.6 150.1±1.0 - Door 2-4 0.0±0.0 

P-value   ＜0.001 0.003 ＜0.001 - 0.040 1.000 

Note: The values in the table are based on the results of 10 simulations. The Mann-Whitney U test was conducted to analyze the results of maximum, median 618 

and average evacuation times, average speed and number of fatalities. Pearson’s Chi-squared test was conducted to analyze the results of route availability. 619 



 

6. Case Study 620 

In this section, FREEgress was used in a case study to conduct a series of simulations and to 621 

investigate how the aforementioned three factors, namely initial fire location, delay time and 622 

behavior type, might affect crowd evacuation in building fire emergencies. The goal of this case 623 

study was to demonstrate the functionality of FREEgress and its potential value in simulating 624 

various building evacuation scenarios and supporting subsequent analyses. 625 

All simulations in the case study used the same environmental and agent settings as those in the 626 

model verification. A total of 30 scenarios were simulated. These scenarios enumerated all 627 

possible combinations of initial fire location (where fire blocked critical evacuation paths or not), 628 

delay time (0 s, 30 s, 60 s, 90 s, or 120 s) and behavior type (perception-based behavior, 629 

knowledge-based behavior, or following-leader behavior). The following-leader behavior 630 

assumed that an agent’s navigation decision was impacted by a group leader, who was familiar 631 

with the surrounding environment and adopted knowledge-based behavior, and the crowd 632 

followed the group leader to evacuate [15]. The naming convention of 633 

Lc/ncT0/30/60/90/120Bp/k/f  was applied to all scenarios to clearly demonstrate their settings. 634 

Specifically, the characters L, T and B referred to initial fire location, delay time and evacuee behavior, 635 

respectively, and their subscripts indicated the specific settings in a scenario. For example, scenario 636 

LcT0Bp referred to a scenario where the fire blocked critical evacuation paths, the delay time was zero, 637 

and the agents adopted the perception-based behavior; Likewise, scenario LncT30Bk referred to a 638 

scenario where the fire did not block critical evacuation paths, the delay time was 30 seconds, and the 639 

agents adopted the knowledge-based behavior. All findings of the case study are reported and 640 

discussed as follows. 641 

6.1 The impact of initial fire location 642 

Based on analysis of the simulation results, the impacts of the initial fire location on maximum 643 

evacuation time, trajectory and health conditions were dependent on the settings of the scenarios. 644 

Specifically： 645 



 

1) When the delay time ≤ 30 s and the agents adopted knowledge-based behavior or following-646 

leader behavior, the initial fire location barely affected the evacuation outcomes. Taking the 647 

comparison between scenarios LcT0Bk and LncT0Bk as an example. In both these scenarios, 648 

the delay time was zero, and the agents adopted the knowledge-based behavior. The fire 649 

blocked critical evacuation paths in scenario LcT0Bk and did not in scenario LncT0Bk. The 650 

simulation results, as summarized in Table 8, showed that the difference for the agents’ 651 

maximum evacuation time in the two scenarios were within 3.8% and all agents successfully 652 

evacuated. As shown in Figure 14, the ERD, EPC and SC values between scenarios LcT0Bk 653 

and LncT0Bk were 0.09, 1.01 and 0.75 (s = 1, n = 48, s/n = 0.02), respectively, which satisfied 654 

the acceptance criteria, indicating the evacuation processes were generally consistent between 655 

these two scenarios. The above results suggested that different initial fire locations had little 656 

impact on the agents’ evacuation performance. This was further supported by Figures 15-16, 657 

which show that the agents’ trajectories and the health condition of the agents were highly 658 

comparable between these two scenarios. Similar conclusions could also be derived from 659 

comparisons between scenarios LcT30Bk  vs. LncT30Bk , LcT0Bf  vs. LncT0Bf  and 660 

LcT30Bf vs. LncT30Bf. For the sake of brevity, the simulation results from these comparisons 661 

are not analyzed and discussed in detail. All results of these scenarios can be found in the 662 

supplemental materials (Table S3) of this paper. 663 

Table 8: Comparisoin of simulation results from scenarios LcT0Bk and LncT0Bk 664 

Simulation 

scenario 

Initial fire location 

(blocking critical 

evacuation paths?) 

Maximum 

evacuation time (s) 
Number of fatalities 

LcT0Bk Yes 76 0 

LncT0Bk No 79 0 



 

 665 

Figure 14: Evacuation processes in scenarios LcT0Bk and LncT0Bk 666 

 667 

Figure 15: Egress trajectories of agents in scenarios LcT0Bk and LncT0Bk 668 



 

 669 

Figure 16: Average health condition of agents in scenarios LcT0Bk and LncT0Bk 670 

2) When the delay time > 30 s and regardless of the behavior type, fire that blocked critical 671 

evacuation paths caused agents to take detours. This trend became more remarkable as the 672 

delay time increased. Taking the comparison between scenarios LcT60Bk and LncT60Bk as 673 

an example. In both these scenarios, the delay time was 60 seconds, and the agents adopted 674 

the knowledge-based behavior. The fire blocked critical evacuation paths in scenario LcT60Bk 675 

and did not in scenario LncT60Bk. A large portion of the agents in scenario LcT60Bk changed 676 

their direction and chose the door far away from the initial fire location to evacuate, which 677 

led to detoured trajectories that were different from the trajectories in scenario LncT60Bk. 678 

When the delay time increased to 90 seconds, the difference between trajectories from 679 

scenario LcT90Bk  and those from scenario LncT90Bk  became more significant. The 680 

simulation results are also illustrated in Figures 17-18. The results suggested that when fire 681 

blocked critical evacuation paths, agents would need to take detours to avoid the fire, and 682 

their trajectories as well as evacuation performance would be significantly impacted. Similar 683 

conclusions could also be derived from comparisons between scenarios LcT120Bk  vs. 684 

LncT120Bk (enumeration over behavior types and values of delay time for 60 s, 90 s and 120 685 

s). For the sake of brevity, the simulation results from these comparisons are not analyzed 686 



 

and discussed in detail. All results of these scenarios can be found in the supplemental 687 

materials (Table S3) of this paper.    688 

 689 

Figure 17: Egress trajectories of agents in scenarios LcT60Bk and LncT60Bk 690 

 691 

Figure 18: Egress trajectories of agents in scenarios LcT90Bk and LncT90Bk 692 

3) When the delay time > 30 s, fire that blocked critical evacuation paths exposed agents to 693 

noticeable risks, as reflected by their health conditions. Taking the comparison between 694 

scenarios LcT60Bp and LncT60Bp as an example. In both scenarios, the delay time was 60 695 

seconds, and the agents adopted the perception-based behavior. The fire blocked critical 696 

evacuation paths in scenario LcT60Bp  and did not in scenario LncT60Bp . The health 697 

conditions of the agents in scenario LcT60Bp were remarkably lower than those in scenario 698 

LncT60Bp. The simulation results are also illustrated in Figure 19. In addition, as shown in 699 

Table 9, compared to scenario LncT60Bp, fatalities were much higher in scenario LcT60Bp. 700 



 

This was mainly because more agents lost escape capability at an earlier stage and the 701 

evacuation process was forced to end sooner in scenario LcT60Bp . This suggested that 702 

different initial fire locations would expose the agents to different levels of risk, imposing 703 

significant impact on the evacuation outcomes. Similar conclusions could also be derived 704 

from comparisons between scenarios LcT90Bp  vs. LncT90Bp  (enumeration over behavior 705 

types and values of delay time for 60 s, 90 s and 120 s). For the sake of brevity, the simulation 706 

results from these comparisons are not analyzed and discussed in detail. All results of these 707 

scenarios can be found in the supplemental materials (Table S3) of this paper. 708 

 709 

Figure 19: Average health condition of agents in scenarios LcT60Bp and LncT60Bp 710 

Table 9: Comparisoin of simulation results from scenarios LcT60Bp and LncT60Bp 711 

Simulation 

scenario 

Initial fire location 

(blocking critical 

evacuation paths?) 

Maximum 

evacuation time (s) 
Number of fatalities 

LcT60Bp Yes 434 17 

LncT60Bp No 532 10 



 

6.2 The impact of delay time 712 

Based on analysis of the simulation results, the impacts of delay time on maximum and net 713 

evacuation time, trajectory and health conditions were dependent on the settings of the scenarios. 714 

Specifically: 715 

1) When the delay time ≥ 30 s and the agents adopted knowledge-based or following-leader 716 

behavior, longer delay time generally correlated with longer maximum evacuation time and 717 

net evacuation time (maximum evacuation time minus delay time). Such impact grew 718 

disproportionally fast as the delay time increased. Taking the comparison from scenarios 719 

LcT0Bk  to LcT120Bk  (enumeration over values of delay time) as an example. In these 720 

scenarios, the fire blocked critical evacuation paths and the agents adopted the knowledge-721 

based behavior. The simulation results, as summarized in Table 10, showed that the net 722 

evacuation time was nearly the same in scenarios LcT0Bk and LcT30Bk. However, without 723 

counting the delay time, it took the agents 83 seconds (106%) longer to evacuate from the 724 

museum in scenario LcT60Bk  compared to LcT30Bk , while agents in scenario LcT90Bk 725 

needed 120 seconds (75%) longer to egress compared to LcT60Bk. The net evacuation time 726 

increased by another 135 seconds (48%) in LcT120Bk, compared to LcT90Bk, when the delay 727 

time increased to 120 seconds. The above simulation results were plotted in Figure 20. The 728 

maximum ERD value and minimum EPC and SC values between any two curves were 0.83, 729 

0.25 and 0.01 (s = 1, n = 48, s/n = 0.02), respectively, which did not satisfy the acceptance 730 

criteria, indicating that there was notable difference between the evacuation processes of these 731 

five scenarios. The results suggested that the time required for the agents to complete 732 

evacuation would be significantly prolonged when the delay time increased. Similar 733 

conclusions could also be derived from comparisons between scenarios LncT0Bk  to 734 

LncT120Bk , LcT0Bf  to LcT120Bf  and LncT0Bf  to LncT120Bf (enumeration over values of 735 

delay time). For the sake of brevity, the simulation results from these comparisons are not 736 

analyzed and discussed in detail. All results of these scenarios can be found in the 737 

supplemental materials (Table S3) of this paper. 738 

 739 



 

Table 10: Comparisoin of simulation results from scenarios LcT0Bk to LcT120Bk (enumeration 740 

over values of delay time) 741 

Simulation 

scenario 

Delay 

time (s) 

Maximum 

evacuation time (s) 

Net evacuation 

time (s) 

Number of 

fatalities 

LcT0Bk 0 76 76 0 

LcT30Bk 30 108 78 0 

LcT60Bk 60 221 161 0 

LcT90Bk 90 371 281 0 

LcT120Bk 120 536 416 12 

 742 

Figure 20: Evacuation processes in scenarios LcT0Bk to LcT120Bk (enumeration over values of 743 

delay time) 744 

2) When the fire blocked non-critical evacuation paths, delay time barely impacted agents’ 745 

evacuation route selection in scenarios. Taking the comparison between scenarios LncT0Bk 746 

to LncT120Bk (enumeration over values of delay time) as an example. In these scenarios, the 747 

fire did not block critical evacuation paths and the agents adopted the knowledge-based 748 

behavior. As the delay time increased from 0 to 120 seconds, agents showed highly consistent 749 

trajectories. The results are further illustrated in Figure 21. The results suggested that different 750 

delay time had limited impact on the agents’ evacuation trajectories, as long as the critical 751 

evacuation paths were not blocked by fire. Similar conclusions could also be derived from 752 



 

comparisons between scenarios LncT0Bp  to LncT120Bp  as well as LncT0Bf  to LncT120Bf 753 

(enumeration over values of delay time). For the sake of brevity, the simulation results from 754 

these comparisons are not analyzed and discussed in detail. All results of these scenarios can 755 

be found in the supplemental materials (Table S3) of this paper.  756 

 757 

Figure 21: Egress trajectories of agents in scenarios LncT0Bk to LncT120Bk (enumeration 758 

over values of delay time) 759 



 

3) When the delay time > 90 s, longer delay time exposed the agents to high risks. Taking the 760 

comparison from scenarios LcT0Bk to LcT120Bk (enumeration over values of delay time) as 761 

an example. In these scenarios, the fire blocked critical evacuation paths and the agents 762 

adopted the knowledge-based behavior. As the delay time increased from 0 to 90 seconds, 763 

the health conditions of agents were nearly consistent, and no fatalities occurred. However, 764 

as the delay time increased from 90 to 120 seconds, the health conditions of agents 765 

significantly decreased, and fatalities substantially increased. The simulation results are 766 

further illustrated in Figure 22 and shown in Table 10. The results suggested that longer delay 767 

time significantly lowered agents’ health condition. Similar conclusions could also be derived 768 

from comparisons between scenarios LncT0Bk  to LncT120Bk , LcT0Bp  to LcT120Bp , 769 

LncT0Bp to LncT120Bp, LcT0Bf to LcT120Bf and LncT0Bf to LncT120Bf (enumeration over 770 

values of delay time). For the sake of brevity, the simulation results from these comparisons 771 

are not analyzed and discussed in detail. All results of these scenarios can be found in the 772 

supplemental materials (Table S3) of this paper. 773 

 774 

Figure 22: Average health condition of agents in scenarios LcT0Bk to LcT120Bk 775 

(enumeration over values of delay time) 776 



 

6.3 The impact of behavior type 777 

Based on analysis of the simulation results, the impacts of behavior type on maximum evacuation 778 

time, trajectory and health conditions were dependent on the settings of the scenarios. Specifically: 779 

1) When the delay time ≥ 30 s, the knowledge-based evacuation strategy was the most efficient, 780 

followed by the following-leader strategy and then the perception-based strategy. Taking the 781 

comparison between scenarios LcT60Bp , LcT60Bk  and LcT60Bf  as an example. In these 782 

scenarios, the delay time was 60 seconds and the fire blocked the critical evacuation paths. 783 

The agents adopted the perception-based behavior in scenario LcT60Bp, knowledge-based 784 

behavior in scenario LcT60Bk  and following-leader behavior in scenario LcT60Bf . The 785 

simulation results, as summarized in Table 11, showed that fatalities in scenario LcT60Bp 786 

were significantly larger than those in scenario LcT60Bk and LcT60Bf. Moreover, it took the 787 

agents in scenario LcT60Bp 213 seconds (49%) and 105 seconds (24%) longer to evacuate 788 

from the museum compared with scenario LcT60Bk and LcT60Bf, respectively. The above 789 

simulation results are plotted in Figure 23. The maximum ERD value and minimum EPC and 790 

SC values between any two curves were 0.59, 0.95 and 0.22 (s = 1, n = 48, s/n = 0.02), 791 

respectively, which did not satisfy the acceptance criteria, indicating that notable differences 792 

existed between the evacuation processes of these three scenarios. The illustrations suggested 793 

that agents with the knowledge-based behavior and following-leader behavior were actually 794 

more efficient than agents with the perception-based behavior in finding and reaching the 795 

exits. Similar conclusions could also be derived from comparisons between scenarios 796 

LcT30Bp  vs. LcT30Bk  vs. LcT30Bf  as well as  LncT30Bp  vs. LncT30Bk  vs. LncT30Bf 797 

(enumeration over values of delay time for 30 s, 60 s, 90 s and 120 s). For the sake of brevity, 798 

the simulation results from these comparisons are not analyzed and discussed in detail. All 799 

results of these scenarios can be found in the supplemental materials (Table S3) of this paper. 800 

Table 11: Comparisoin of simulation results in scenarios LcT60Bp, LcT60Bk and LcT60Bf  801 

Simulation 

scenario 
Behavior pattern 

Maximum 

evacuation time (s) 

Number of 

fatalities 

LcT60Bp Perception-based 434 17 

LcT60Bk Knowledge-based 221 0 



 

LcT60Bf Following-leader 329 0 

 802 

Figure 23: Evacuation processes in scenarios LcT60Bp, LcT60Bk and LcT60Bf 803 

2) Agents with knowledge-based behavior and following-leader behavior exhibited consistent 804 

trajectories, which were different than those by agents with perception-based behavior. 805 

Taking the comparison between scenarios LcT0Bp, LcT0Bk and LcT0Bf as an example. In 806 

these scenarios, the delay time was zero second and the fire blocked critical evacuation paths. 807 

The agents adopted the perception-based behavior in scenario LcT0Bp , knowledge-based 808 

behavior in scenario LcT0Bk and following-leader behavior in scenario LcT0Bf. The agents’ 809 

trajectories in scenario LcT0Bk were highly similar to those in scenario LcT0Bf, but distinct 810 

from those in scenario LcT0Bp. The simulation results are further illustrated in Figure 24. The 811 

results suggested that different behaviors significantly impacted agents’ route selection. 812 

Similar conclusions could also be derived from comparisons between scenarios LcT30Bp vs. 813 

LcT30Bk  vs. LcT30Bf  as well as LncT0Bp  vs. LncT0Bk  vs. LncT0Bf  (enumeration over 814 

values of delay time). For the sake of brevity, the simulation results from these comparisons 815 

are not analyzed and discussed in detail. All results of these scenarios can be found in the 816 

supplemental materials (Table S3) of this paper. 817 



 

 818 

Figure 24: Egress trajectories of agents in scenarios LcT0Bp, LcT0Bk and LcT0Bf 819 

3) When the delay time ≥ 30 seconds, agents with perception-based behavior were exposed to 820 

the most health risks and agents with knowledge-based behavior were exposed to the least 821 

health risks. Taking the comparison between scenarios LcT90Bp, LcT90Bk and LcT90Bf as 822 

an example. In these scenarios, the delay time was 90 seconds and the fire blocked the critical 823 

evacuation paths. The agents adopted the perception-based behavior in scenario LcT90Bp, 824 

knowledge-based behavior in scenario LcT90Bk and following-leader behavior in scenario 825 

LcT90Bf. Agents in scenario LcT90Bk and scenario LcT90Bf were fully or almost fully healthy 826 

when they reached the exits. However, the health conditions of agents in scenario LcT90Bp 827 

were remarkably decreased during evacuation. The simulation results are further illustrated 828 

in Figure 25. The results suggested that agents with knowledge-based behavior and following-829 

leader behavior were more capable of evacuating from the burning museum than agents with 830 

perception-based behavior. Similar conclusions could also be derived from comparisons 831 



 

between scenarios LcT30Bp vs. LcT30Bk vs. LcT30Bf as well as LncT30Bp vs. LncT30Bk vs. 832 

LncT30Bf (enumeration over values of delay time for 30 s, 60 s, 90 s and 120 s). For the sake 833 

of brevity, the simulation results from these comparisons are not analyzed and discussed in 834 

detail. All results of these scenarios can be found in the supplemental materials (Table S3) of 835 

this paper.   836 

 837 

 Figure 25: Average health condition of agents in scenarios LcT90Bp, LcT90Bk and LcT90Bf 838 

6.4 Discussions 839 

To sum up, the main findings of the case study included that 1) when evacuation delay time was 840 

short, the initial fire location had little impact on the evacuation outcomes. When the delay time 841 

increases, the initial fire location started to impact the evacuation outcomes (such as prolonging 842 

evacuation and increasing fatalities); 2) Controlling for delay time, when the fire broke out on 843 

critical evacuation paths, the evacuation outcomes were worse (i.e., higher number of fatalities, 844 

more damaged health conditions and changing evacuation route selection) compared to cases 845 

where the fire broke out on non-critical evacuation paths; and 3) Controlling for delay time and 846 

fire pattern in the case study, the evacuation was the most efficient when the occupants adopted 847 

the knowledge-based behavior. The evacuation became less efficient when the occupants adopted 848 

the following-leader behavior, and was the least efficient when they adopted the perception-based 849 



 

behavior and made their navigation decisions based on visible building features (such as signs 850 

and doors).  851 

It needs to be noted that the above findings are based on a particular spatial configuration in the 852 

case study and have not been generalized to all buildings. That being said, the methodology 853 

demonstrated in the case study to incorporate different factors and test their individual and 854 

collective effects can also be applied to other buildings using the functionalities of FREEgress, 855 

which provides the possibility of testing the same sets of factors in other buildings to assess the 856 

transferability of the reported findings in future research. In addition, future research can also 857 

include studies that assess the effects of the factors in standard tests, such as those developed by 858 

the International Maritime Organization (IMO) [58] or their modified versions developed for 859 

building contexts by the NIST [56], for further validation of FREEgress and improved 860 

transferability of the findings.  861 

The proposed FREEgress model can be used to support both the safety design of new buildings 862 

and maintenance and emergency management of constructed facilities. Specifically, it can be used 863 

to assess the egress performance of new building designs in different fire scenarios, to evaluate 864 

evacuation training and procedures that directly influence the delay time and evacuation behaviors 865 

of building occupants, to assess the effectiveness of fire emergency management plans and to 866 

investigate the impacts of key factors on human evacuation efficiency so as to support fire 867 

emergency response decisions. 868 

7. Conclusions and Future Research 869 

A multiagent-based building fire evacuation simulation model, FREEgress, was developed in this 870 

study. By simulating the influences of heat, temperature, toxic gas and smoke particles on 871 

evacuees’ mobility, navigation decision making and health conditions, FREEgress is capable of 872 

incorporating dynamic fire hazard impacts in the simulation of navigation of individual evacuees 873 

and the overall evacuation process. The efficacy of FREEgresss was verified by comparing its 874 

simulation results with those of SAFEgress and FDS+Evac. Furthermore, through using 875 

FREEgress, the impacts of three important factors, including initial fire location, evacuation delay 876 

time and evacuee behavior type, on the evacuation process and evacuation outcomes were 877 



 

examined in a case study, based on the simulation results in 30 different scenarios. The case study 878 

results showed that, by modeling the fire pattern and considering its dynamic physiological and 879 

psychological effects on simulated occupants, FREEgress is able to demonstrate the interaction 880 

effects of different variables that can critically determine the outcomes of evacuation.  881 

Several efforts could be made in future research to improve FREEgress further to achieve more 882 

accurate, realistic and usable simulation of building fire evacuation. First, standard validation tests, 883 

such as those recommended by IMO [58] and NIST [56], can be applied to validate the proposed 884 

FREEgress model. Moreover, behavioral data with high validity (e.g., data from real fire events) 885 

when made available can also be used to validate FREEgress further. Second, more complex 886 

cognitive processes involved in human wayfinding behavior, especially those that may be evoked 887 

or impacted by emergency-induced mental pressure caused by fire emergencies, could be 888 

examined and incorporated in the simulation. Third, to better simulate individual behavioral 889 

uncertainty with respect to agents’ response to the dynamic impacts of fire hazard, instead of 890 

using the current rule-based model, a fuzzy approach can be incorporated into the agent decision-891 

making process in the future work. Fourth, evacuee behavior such as firefighting may impact the 892 

development of fire hazards, which would consequently impact the effects of fire hazards on 893 

evacuee behaviors. This closed loop of impact could be modeled to better reflect the dynamic 894 

nature of fire impacts on evacuation. Finally, better interfaces of FREEgress with building 895 

information modeling tools and fire dynamics simulation tools and better user interfaces could be 896 

developed to improve the level of data interoperability and user friendliness, enhancing its 897 

usability in real-world engineering applications.  898 



 

Acknowledgments 899 

This material is based upon work supported by the National Natural Science Foundation of China 900 

(NSFC) under grant No. 71603145, the National Social Science Foundation of China (NSSFC) 901 

under grant No. 17ZDA117, the Humanities and Social Sciences Foundation of the Ministry of 902 

Education (MOE) of China under Grant No. 16YJC630052, and the Tsinghua University-Glodon 903 

Joint Research Centre for Building Information Model (RCBIM). The researchers at Tsinghua 904 

University would like to thank the NSFC, NSSFC, MOE and RCBIM for their support. The 905 

research by the team at Stanford University is partially supported by a “Custom Research” grant 906 

through Stanford’s Center for Integrated Systems from NEC Corporation. Any opinions, findings, 907 

conclusions or recommendations expressed in the paper are those of the authors and do not 908 

necessarily reflect the views of the funding agencies.  909 

 910 

References 911 

[1] B. Evarts, Fire loss in the United States during 2018, National Fire Protection Association, 912 

(2019), https://www.nfpa.org//-/media/Files/News-and-Research/Fire-statistics-and-913 

reports/US-Fire-Problem/osFireLoss.pdf, Accessed date: 24 November 2019.  914 

[2] F. Mirahadi, B. McCabe, A. Shahi, IFC-centric performance-based evaluation of building 915 

evacuations using fire dynamics simulation and agent-based modeling, Automation in 916 

Construction, 101 (2019), pp. 1-16, https://doi.org/10.1016/j.autcon.2019.01.007. 917 

[3] H. Ran, L. Sun, X. Gao, Influences of intelligent evacuation guidance system on crowd 918 

evacuation in building fire, Automation in Construction, 41 (2014), pp. 78-82, 919 

https://doi.org/10.1016/j.autcon.2013.10.022. 920 

[4] X.S. Pan, C.S. Han, K. Dauber, K.H. Law, A multi-agent based framework for the 921 

simulation of human and social behaviors during emergency evacuations, AI and Society, 922 

22 (2007), pp. 113-132, https://doi.org/10.1007/s00146-007-0126-1. 923 

[5] M.L. Chu, X.S. Pan, K.H. Law, Incorporating social behaviors in egress simulation, 924 

International Workshop on Computing in Civil Engineering 2011, (2011), pp. 544-551, 925 

https://doi.org/10.1061/41182(416)67. 926 

[6] D. Helbing, I. Farkas, T. Vicsek, Simulating dynamical features of escape panic, Nature, 927 

407 (2000), pp. 487-490, https://doi.org/10.1038/35035023. 928 

[7] R. Challenger, C.W. Clegg, M.A. Robinson, Understanding crowd behaviours: 929 

supporting evidence, London: the Cabinet Office, (2009), 930 

https://www.nfpa.org/-/media/Files/News-and-Research/Fire-statistics-and-reports/US-Fire-Problem/osFireLoss.pdf
https://www.nfpa.org/-/media/Files/News-and-Research/Fire-statistics-and-reports/US-Fire-Problem/osFireLoss.pdf
https://doi.org/10.1016/j.autcon.2019.01.007
https://doi.org/10.1007/s00146-007-0126-1
https://doi.org/10.1038/35035023


 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment931 

_data/file/192606/understanding_crowd_behaviour-supporting-evidence.pdf, Accessed 932 

date: 24 November 2019, (ISBN 978-1-874321-24-8). 933 

[8] X. Zheng, T. Zhong, M. Liu, Modeling crowd evacuation of a building based on seven 934 

methodological approaches, Building and Environment, 44 (2009), pp. 437-445, 935 

https://doi.org/10.1016/j.buildenv.2008.04.002. 936 

[9] S. Gwynne, E.R. Galea, P.J. Lawrence, L. Filippidis, Modelling occupant interaction with 937 

fire conditions using the building EXODUS evacuation model, Fire Safety Journal, 36 938 

(2001), pp. 327-357, https://doi.org/10.1016/s0379-7112(00)00060-6. 939 

[10] P.A. Thompson, E.W. Marchant, Testing and application of the computer model 940 

‘SIMULEX’, Fire Safety Journal, 24 (1995), pp. 149-166, https://doi.org/10.1016/0379-941 

7112(95)00020-t. 942 

[11] W. Song, Y. Yu, W. Fan, H. Zhang, An evacuated cellular automaton model considering 943 

friction and repulsion, Science in China Series E: Engineering and Materials Science, 07 944 

(2005), pp. 725-736, http://www.cnki.com.cn/Article/CJFDTOTAL-945 

JEXK200507005.htm, Accessed date: 24 November 2019. 946 

[12] S.R. Musse, D. Thalmann, Hierarchical model for real time simulation of virtual human 947 

crowds, IEEE Transactions on Visualization and Computer Graphics, 7 (2001), pp. 152-948 

164, https://doi.org/10.1109/2945.928167. 949 

[13] N. Pelechano, J.M. Allbeck, N.I. Badler, Controlling individual agents in high-density 950 

crowd simulation, Proceedings of the 2007 ACM SIGGRAPH/Eurographics Symposium 951 

on Computer Animation, (2007), pp. 99-108, https://repository.upenn.edu/hms/210/, 952 

Accessed date: 24 November 2019. 953 

[14] X.S. Pan, Computational modeling of human and social behaviors for emergency egress 954 

analysis, Stanford University, (2006), pp. 1-127, https://purl.stanford.edu/fk214fw2802, 955 

Accessed date: 24 November 2019. 956 

[15] M.L. Chu, P. Parigi, J.C. Latombe, K.H. Law, SAFEgress: A flexible platform to study 957 

the effect of human and social behaviors on egress performance, Stanford University, 958 

(2013), pp. 1-20, https://purl.stanford.edu/tq804kf0988, Accessed date: 24 November 959 

2019. 960 

[16] C. Thornton, R.O. Konski, B. Klein, B. Hardeman, D. Swenson, New wayfinding 961 

techniques in pathfinder and supporting research, Pedestrian and Evacuation Dynamics 962 

2012, (2014), pp. 1315-1322, https://doi.org/10.1007/978-3-319-02447-9_108. 963 

[17] D.A. Purser, J.L. McAllister, Assessment of hazards to occupants from smoke, toxic gases, 964 

and heat, SFPE Handbook of Fire Protection Engineering, 5th ed., Springer New York, 965 

(2016), pp. 2308-2428, https://doi.org/10.1007/978-1-4939-2565-0_63. 966 

[18] K. McGrattan, B. Klein, S. Hostikka, J. Floyd, Fire dynamics simulator (version 5) user’s 967 

guide, NIST Special Publication 1019-5, National Institute of Standards and Technology. 968 

U.S. Department of Commerce, (2007), 969 

https://nvlpubs.nist.gov/nistpubs/Legacy/SP/nistspecialpublication1019-5.pdf, Accessed 970 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/192606/understanding_crowd_behaviour-supporting-evidence.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/192606/understanding_crowd_behaviour-supporting-evidence.pdf
https://doi.org/10.1016/j.buildenv.2008.04.002
https://doi.org/10.1016/s0379-7112(00)00060-6
https://doi.org/10.1016/0379-7112(95)00020-t
https://doi.org/10.1016/0379-7112(95)00020-t
http://www.cnki.com.cn/Article/CJFDTOTAL-JEXK200507005.htm
http://www.cnki.com.cn/Article/CJFDTOTAL-JEXK200507005.htm
https://doi.org/10.1109/2945.928167
https://repository.upenn.edu/hms/210/
https://purl.stanford.edu/fk214fw2802
https://doi.org/10.1007/978-3-319-02447-9_108


 

date: 24 November 2019. 971 

[19] Z.M. Fang, Modelling and experimental study of evacuation process considering the 972 

effect of fire, University of Science and Technology of China, (2012), pp. 1-99,  973 

http://cdmd.cnki.com.cn/Article/CDMD-10358-1012503373.htm, Accessed date: 24 974 

November 2019. 975 

[20] J. Shi, A. Ren, C. Chen, Agent-based evacuation model of large public buildings under 976 

fire conditions, Automation in Construction, 18 (2009), pp. 338-347, 977 

https://doi.org/10.1016/j.autcon.2008.09.009. 978 

[21] M.L. Chu, K.H. Law, P. Parigi, J.C. Latombe, Simulating individual, group, and crowd 979 

behaviors in building egress, Simulation, 91 (2015), pp. 825-845, 980 

https://doi.org/10.1177/0037549715605363. 981 

[22] D.L. Simms, P.L. Hinkley, Protective clothing against flame and heat, Fire Research 982 

Special Report No. 3, London: Her Majesty’s Stationary office, (1959), pp. 1-35, 983 

http://iafss.org/publications/frn/324/-1/view/frn_324.pdf, Accessed date: 30 May 2020.   984 

[23] B.C. Levin, New research avenues in toxicology: 7-gas N-gas model, toxicant 985 

suppressants, and genetic toxicology, Toxicology, 115 (1996), pp. 89-106, 986 

https://doi.org/10.1016/S0300-483X(96)03497-X. 987 

[24] V. Babrauskas, R.G. Gann, B.C. Levin, M. Paabo, R.H. Harris, R.D. Peacock, S. Yusa, A 988 

methodology for obtaining and using toxic potency data for fire hazard analysis, Fire 989 

Safety Journal, 31 (1998), pp. 345-358, https://doi.org/10.1016/s0379-7112(98)00013-7. 990 

[25] J.H. Stuhmiller, L.M. Stuhmiller, An internal dose model for interspecies extrapolation 991 

of immediate incapacitation risk from inhalation of fire gases, Inhalation Toxicology, 14 992 

(2002), pp. 929-957, https://doi.org/10.1080/08958370290084700. 993 

[26] T. Jin, Visibility through fire smoke (I), Bulletin of Japan Association for Fire Science 994 

and Engineering, 19 (1970), pp. 1-8, https://doi.org/10.11196/kasai.19.2.1. 995 

[27] T. Jin, T. Yamada, Irritating effects of fire smoke on visibility, Fire Science and 996 

Technology, 5 (1985), pp. 79-90, https://doi.org/10.3210/fst.5.79. 997 

[28] G. Jensen, Wayfinding in heavy smoke: decisive factors and safety products. Findings 998 

related to full scale tests, IGP AS, (1998), pp. 1-12, 999 

http://hylinesafety.com/images/wayfinding.pdf, Accessed date: 24 November 2019. 1000 

[29] D.J. Rasbash, Sensitivity criteria for detectors used to protect life, In Proceedings of the 1001 

7th International Seminar on Problems of Automatic Fire Detection, (1975), pp. 137-154, 1002 

https://firedoc.nist.gov/article/AV-78yPve8PRSQSQ1Hh_, Accessed date: 30 May 2020.  1003 

[30] G.Q. Chu, T. Chen, Z.H. Sun, J.H. Sun, Probabilistic risk assessment for evacuees in 1004 

building fires, Building and Environment, 42 (2007), pp. 1283-1290, 1005 

https://doi.org/10.1016/j.buildenv.2005.12.002. 1006 

[31] X. Pan, C.S. Han, K. Dauber, K.H. Law, Human and social behavior in computational 1007 

modeling and analysis of egress, Automation in Construction, 15 (2006), pp. 448-461, 1008 

https://doi.org/10.1016/j.autcon.2005.06.006. 1009 

http://cdmd.cnki.com.cn/Article/CDMD-10358-1012503373.htm
https://doi.org/10.1016/j.autcon.2008.09.009
https://doi.org/10.1177/0037549715605363
http://iafss.org/publications/frn/324/-1/view/frn_324.pdf
https://doi.org/10.1016/S0300-483X(96)03497-X
https://doi.org/10.1016/s0379-7112(98)00013-7
https://doi.org/10.1080/08958370290084700
https://doi.org/10.11196/kasai.19.2.1
https://doi.org/10.3210/fst.5.79
http://hylinesafety.com/images/wayfinding.pdf
https://firedoc.nist.gov/article/AV-78yPve8PRSQSQ1Hh_
https://doi.org/10.1016/j.buildenv.2005.12.002
https://doi.org/10.1016/j.autcon.2005.06.006


 

[32] L. Valasek, The use of PyroSim graphical user interface for FDS simulation of a cinema 1010 

fire, International Journal of Mathematics and Computers in Simulation, 7 (2013), pp. 1011 

258-266, 1012 

https://pdfs.semanticscholar.org/999d/7673212edbe7fa685f6623f806d156e10293.pdf, 1013 

Accessed date: 24 November 2019. 1014 

[33] FDS and Smokeview, (2017), https://www.nist.gov/services-resources/software/fds-and-1015 

smokeview, Accessed date: 24 November 2019. 1016 

[34]   P.A. Thompson, J. Wu, E.W. Marchant, Simulex 3.0: modelling evacuation in multi-1017 

storey buildings. Fire Safety Science, 5 (1997), pp. 725-736, 1018 

https://doi:10.3801/IAFSS.FSS.5-725. 1019 

[35]   I. Donald, D. Canter, Intentionality and fatality during the King's Cross underground 1020 

fire. European Journal of Social Psychology, 22 (1992), pp. 203-218, 1021 

https://doi.org/10.1002/ejsp.2420220302. 1022 

[36]   A.R. Mawson, Understanding mass panic and other collective responses to threat and 1023 

disaster, Psychiatry: Interpersonal and Biological Processes, 68 (2005), pp. 95-113, 1024 

https://doi.org/10.1521/psyc.2005.68.2.95. 1025 

[37]   E.D. Kuligowski, Terror defeated: occupant sensemaking, decision-making and 1026 

protective action in the 2001 World Trade Center disaster, University of Colorado 1027 

Boulder, (2011), pp. 1-205, 1028 

https://scholar.colorado.edu/concern/graduate_thesis_or_dissertations/6t053g11g, 1029 

Accessed date: 30 May 2020. 1030 

[38]   D. Tong, D. Canter, The decision to evacuate: a study of the motivations which contribute 1031 

to evacuation in the event of fire, Fire Safety Journal, 9 (1985), pp. 257-265, 1032 

https://doi.org/10.1016/0379-7112(85)90036-0. 1033 

[39]   B.E. Aguirre, M.R. Torres, K.B. Gill, H.L. Hotchkiss, Normative collective behavior in 1034 

the station building fire, Social Science Quarterly, 92 (2011), pp. 100-118, 1035 

https://doi.org/10.1111/j.1540-6237.2011.00759.x.  1036 

[40]   B.E. Aguirre, D. Wenger, G. Vigo, Test of the emergent norm theory of collective behavior, 1037 

Sociological Forum, 13 (1998), pp. 301-320, https://doi.org/10.1023/a:1022145900928.  1038 

[41]  M.J. O'Neill, Effects of signage and floor plan configuration on wayfinding 1039 

accuracy, Environment and Behavior, 23 (1991), pp. 553-574, 1040 

https://doi.org/10.1177/0013916591235002. 1041 

[42]   J.R. Hall, How many people can be saved from home fires if given more time to escape?, 1042 

Fire Technology, 40 (2004), pp. 117–126, 1043 

https://doi.org/10.1023/B:FIRE.0000016839.11376.b3.  1044 

[43]   R.F. Fahy, G. Proulx, Toward creating a database on delay times to start evacuation and 1045 

walking speeds for use in evacuation modeling. In 2nd International Symposium on 1046 

Human Behaviour in Fire, (2001), pp. 175-183, https://nrc-1047 

publications.canada.ca/eng/view/accepted/?id=4fef7a5e-f184-408a-b11f-3ffbf2a61ddf, 1048 

Accessed date: 30 May 2020. 1049 

https://pdfs.semanticscholar.org/999d/7673212edbe7fa685f6623f806d156e10293.pdf
https://www.nist.gov/services-resources/software/fds-and-smokeview
https://www.nist.gov/services-resources/software/fds-and-smokeview
https://doi:10.3801/IAFSS.FSS.5-725
https://doi.org/10.1002/ejsp.2420220302
https://doi.org/10.1521/psyc.2005.68.2.95
https://doi.org/10.1016/0379-7112(85)90036-0
https://doi.org/10.1111/j.1540-6237.2011.00759.x
https://doi.org/10.1023/a:1022145900928
https://doi.org/10.1177/0013916591235002
https://doi.org/10.1023/B:FIRE.0000016839.11376.b3
https://nrc-publications.canada.ca/eng/view/accepted/?id=4fef7a5e-f184-408a-b11f-3ffbf2a61ddf
https://nrc-publications.canada.ca/eng/view/accepted/?id=4fef7a5e-f184-408a-b11f-3ffbf2a61ddf


 

[44]   M.L. Chu, A computational framework incorporating human and social behaviors for 1050 

occupant-centric egress simulation, Stanford University, (2015), pp. 1-156, 1051 

https://purl.stanford.edu/jw835rf0798, Accessed date: 24 November 2019. 1052 

[45] E.D. Kuligowski, Modeling human behavior during building fire, NIST Technical Note 1053 

1619, National Institute of Standards and Technology. U.S. Department of Commerce, 1054 

(2008), 1055 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.462.3209&rep=rep1&type=p1056 

df, Accessed date: 24 November 2019.  1057 

[46] M.K. Lindell, R.W. Perry, The protective action decision model: theoretical 1058 

modifications and additional evidence, Risk Analysis, 32 (2012), pp. 616-632, 1059 

https://doi.org/10.1111/j.1539-6924.2011.01647.x.  1060 

[47] A. Turner, A. Penn, Encoding natural movement as an agent-based system: an 1061 

investigation into human pedestrian behaviour in the built environment, Environment 1062 

and Planning B: Planning and Design, 29 (2002), pp. 473-490, 1063 

https://doi.org/10.1068/b12850.  1064 

[48] H.H. González-Baños, J.C. Latombe, Navigation strategies for exploring indoor 1065 

environments, The International Journal of Robotics Research, 21 (2002), pp. 829-848, 1066 

https://doi.org/10.1177/0278364902021010834.  1067 

[49]   R. Challenger, C.W. Clegg, M.A. Robinson, Understanding crowd behaviours: guidance 1068 

and lessons identified, London: the Cabinet Office, (2009), 1069 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment1070 

_data/file/62638/guidancelessons1_0.pdf, Accessed date: 24 November 2019, (ISBN 1071 

978-1-874321-20-0). 1072 

[50]  B.E. Aguirre, Emergency evacuations, panic, and social psychology, Psychiatry: 1073 

Interpersonal and Biological Processes, 68 (2005), pp. 121-129, 1074 

https://doi.org/10.1521/psyc.2005.68.2.121. 1075 

[51] Autodesk Corporation, Autodesk CAD software, (2018), 1076 

https://www.autodesk.com/solutions/cad-software, Accessed date: 24 November 2019. 1077 

[52] R.J. Roux, B.D. Chase, C.D. Coache, NFPA 72: national fire alarm and signaling code 1078 

handbook, National Fire Protection Association, (2019), https://catalog.nfpa.org/NFPA-1079 

72-National-Fire-Alarm-and-Signaling-Code-Handbook-P15539.aspx?icid=D535, , 1080 

Accessed date: 30 May 2020, (ISBN 978-1455920563). 1081 

[53] British Standards Institution, Fire safety engineering in buildings - guide to the 1082 

application of fire safety engineering principles, (1997), 1083 

https://infostore.saiglobal.com/en-au/Standards/BS-DD240-1-1997-1997-1084 

222061_SAIG_BSI_BSI_522127/, Accessed date: 30 May 2020.  1085 

[54] E.D. Kuligowski, D.S. Mileti, Modeling pre-evacuation delay by occupants in World 1086 

Trade Center Towers 1 and 2 on September 11, 2001, Fire Safety Journal, 44 (2009), pp. 1087 

487-496, https://doi.org/10.1016/j.firesaf.2008.10.001.  1088 

[55] C.M. Zhao, S.M. Lo, S.P. Zhang, M. Liu, A post-fire survey on the pre-evacuation 1089 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.462.3209&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.462.3209&rep=rep1&type=pdf
https://doi.org/10.1111/j.1539-6924.2011.01647.x
https://doi.org/10.1068/b12850
https://doi.org/10.1177/0278364902021010834
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/62638/guidancelessons1_0.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/62638/guidancelessons1_0.pdf
https://doi.org/10.1521/psyc.2005.68.2.121
https://www.autodesk.com/solutions/cad-software
https://catalog.nfpa.org/NFPA-72-National-Fire-Alarm-and-Signaling-Code-Handbook-P15539.aspx?icid=D535
https://catalog.nfpa.org/NFPA-72-National-Fire-Alarm-and-Signaling-Code-Handbook-P15539.aspx?icid=D535
https://infostore.saiglobal.com/en-au/Standards/BS-DD240-1-1997-1997-222061_SAIG_BSI_BSI_522127/
https://infostore.saiglobal.com/en-au/Standards/BS-DD240-1-1997-1997-222061_SAIG_BSI_BSI_522127/
https://doi.org/10.1016/j.firesaf.2008.10.001


 

human behavior, Fire Technology, 45 (2009), pp. 71-95, https://doi.org/10.1007/s10694-1090 

007-0040-6.  1091 

[56]   E. Ronchi, E.D. Kuligowski, P.A. Reneke, R.D. Peacock, D. Nilsson, The process of 1092 

verification and validation of building fire evacuation models, NIST Technical Note 1093 

1822, National Institute of Standards and Technology. U.S. Department of Commerce, 1094 

(2013), http://dx.doi.org/10.6028/NIST.TN.1822, Accessed date: 30 May 2020. 1095 

[57]   E.R. Galea, S. Deere, L. Filippidis, R. Brown, I. Nicholls, Y. Hifi, N. Besnard, The 1096 

Safeguard validation data-set and recommendations to IMO to update MSC Circ 1238, 1097 

Safeguard Passenger Evacuation Seminar, (2012), pp. 41-60. 1098 

http://www.cedomare.com/wp-content/uploads/2018/05/RINA-SAFEGUARD-1099 

Seminar2.pdf#page=43, Accessed date: 30 May 2020.   1100 

[58]   International Maritime Organization, Guidelines for evacuation analysis for new and 1101 

existing passenger ships, (2007), https://nsof.no/media/1129/imo-msc-guidelines-for-1102 

evacuation-etc.pdf, Accessed date: 30 May 2020. 1103 

https://doi.org/10.1007/s10694-007-0040-6
https://doi.org/10.1007/s10694-007-0040-6
http://dx.doi.org/10.6028/NIST.TN.1822
http://www.cedomare.com/wp-content/uploads/2018/05/RINA-SAFEGUARD-Seminar2.pdf#page=43
http://www.cedomare.com/wp-content/uploads/2018/05/RINA-SAFEGUARD-Seminar2.pdf#page=43
https://nsof.no/media/1129/imo-msc-guidelines-for-evacuation-etc.pdf
https://nsof.no/media/1129/imo-msc-guidelines-for-evacuation-etc.pdf

