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Abstract: It is vital to effectively quantify the human movement parameters in rolling 15 

ships to save lives in maritime emergency and/or accidents. This study aims to develop 16 

a new two-layer social force model (2LR-SFM) to improve human evacuation 17 

efficiency in rolling ships. Firstly, the forces acting on humans are analysed in terms of 18 

physical forces, psychological adjustment, and inertial analysis, and the three-19 

dimensional human moving process is described by a modified model. Secondly, the 20 

individual’s velocity and acceleration are calculated at each time step according to the 21 

walking direction, rolling amplitude, and rolling period. Thirdly, the accuracy of the 22 

human walking speed attenuation in 2LR-SFM simulation is verified by using the 23 

velocity data collected from real ship experiments. Finally, simulations are carried out 24 

in the dining room of a ship to reveal the human movement patterns in different rolling 25 

scenarios. The results reveal that the simulation process of 2LR-SFM satisfies the basic 26 

rules of human evacuation. With the increase of rolling amplitude, humans are more 27 

affected by the rolling motion, resulting in exponentially increased evacuation time. 28 

This study enables to simulate the evacuation process under different rolling scenarios 29 

and hence realizes a dynamic analysis for the first time in the area. 30 

 31 
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 34 

1. Introduction 35 

Passenger ships are fast growing in size and comfort to meet the demands of the 36 

mature high-end tourism market(Christensen et al., 2022). However, accidents such as 37 

the “Costa Concordia” and “Sewol” have resulted in significant loss of life and property 38 

damage, highlighting the importance of safe and efficient passenger evacuation (Kim 39 

et al., 2020; Rong et al., 2022a). Effective and efficient evacuation strategies can greatly 40 

reduce casualties during maritime emergencies (Cao et al., 2023b; Valcalda et al., 2022; 41 

Xia et al., 2023). One illustration is the evacuation of the crew and passengers from the 42 

"Lisco Gloria" when a fire broke out during the voyage.  43 
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Compared to land-based evacuation, there are unique challenges to address when 44 

analysing and implementing human evacuation onboard ships (Gai et al., 2018; 45 

Rodriguez et al., 2023). Factors such as harsh external environments, special assembly 46 

stations, and unique ship layouts contribute to these challenges (Cao et al., 2023a; Fang 47 

et al., 2023; Wang et al., 2021d). The effect of these factors on limited studies in the 48 

current literature on passenger ship personnel evacuation (Wang et al., 2023). Although 49 

the International Maritime Organization (IMO) had issued guidelines to encourage 50 

member states to advance the relevant research and fill the gaps, quantification of the 51 

impact of ship motion on evacuation efficiency has not been addressed in full and 52 

scientifically. 53 

During ship navigation, severe sea conditions caused by strong winds and waves 54 

can lead to significant ship movements, increasing the risk of capsizing(Lee and Yu, 55 

2023; Rong et al., 2022b). The sinking of the transport ship "Gulf Livestock 1" during 56 

a typhoon in 2020 serves as a tragic example (Wang et al., 2021a). Fig.1 illustrates the 57 

six degrees of freedom motion of a ship at sea, with roll being the most likely to occur 58 

due to its length exceeding its width. A ship's low damping characteristic of the rocking 59 

response around the X-axis makes it easy to generate a severe rolling response around 60 

the X-axis when stimulated by marine environmental disturbances such as large waves. 61 

In Fig. 2, during the ship's roll motion induced by external forces, the vessel deviates 62 

from its equilibrium balanced position and rolls to one side around the X-axis. As the 63 

rolling angle reaches its maximum value, the ship experiences a restoring torque, 64 

compelling it to move back towards the balanced position. Upon returning to 65 

equilibrium, the ship resumes rolling to the opposite side due to inertia force. The ship 66 

oscillates between these movements, with the restoring torque counteracting the inertial 67 

forces. The duration for the ship to undergo the complete reciprocating motion in Fig. 68 

2 is defined as the rolling period, the maximum rolling angle experienced during this 69 

process is termed the rolling amplitude. If the rolling period aligns with the wave period, 70 

a "resonance phenomenon" can occur, resulting in a significant increase in ship rolling 71 

amplitude and potential capsizing. Additionally, ship rolling can significantly affect 72 

human movement, even causing experienced crew to exhibit a "swaying gait" after 73 
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returning to land (Islam et al., 2018). Therefore, it is necessary to consider the influence 74 

of ship rolling motion on human movement, particularly during emergency evacuations. 75 

However, most current studies on shipboard evacuation reply on the relatively well-76 

established land evacuation theories and lack datasets specifically applicable to ship 77 

motion scenarios. As a result, the current analysis of evacuations becomes arguable 78 

when being used in extreme scenarios, as it could fail to provide any effective guidance 79 

for evacuation strategy formulation in maritime emergency situations (Cotfas et al., 80 

2023; Wang et al., 2022b). 81 

 82 

 83 
Fig. 1 Six degrees of freedom diagram of a ship. 84 

 85 
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 86 
Fig. 2 Diagram illustrating ship rolling motion. 87 

 88 

Currently, studies on human characteristics in moving ships are still largely in the 89 

data collection phase. Some researchers have attempted to gather human behaviour 90 

parameters in different ship motion scenarios through real ship experiments (Bles et al., 91 

2001; Kim et al., 2004; Walter et al., 2016; Wang et al., 2021c). However, due to safety 92 

concerns, these studies have only measured walking speed and stride at small rolling 93 

angles, resulting in relatively discrete results that cannot provide a comprehensive 94 

picture on the continuous quantitative rules governing human movements during ship 95 

motion. To overcome these limitations, simulation modelling has become an effective 96 

method for studying evacuation in extreme scenarios. In this study, a new two-layer 97 

social force model (2LR-SFM) is established by improving the original social force 98 

model (SFM) to systematically analyse the influence of ship rolling on human 99 

movement. The human walking speed collected from a real ship experiment is used as 100 

the verification parameter to reproduce the human evacuation process in extreme rolling 101 

scenarios. This study also analyses the influence of different rolling amplitudes and 102 

periods on human walking speed and evacuation time. The findings of this study 103 

provide valuable insights for developing human evacuation strategies on ships in 104 
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environments with heavy winds and rough waves. 105 

The rest of this study is organized as follows. Section 2 presents the relevant 106 

studies on analysis of walking experiments and on simulation models suitable for 107 

evacuation onboard ships, respectively. Section 3 describes the 2LR-SFM model in 108 

rolling ships, including the influence of rolling motion on different walking directions 109 

and speed. In section 4, the validity and accuracy of the improved model are verified 110 

by comparing the experimental results with commercial software. Section 5 illustrates 111 

the simulation results of different rolling amplitudes and rolling periods. Finally, 112 

Section 6 concludes this study and discusses the future research agenda in the area. 113 

2. Literature review 114 

Many marine accident reports show that ships tend to heel or roll due to water 115 

ingress or adverse weather conditions, eventually leading to capsizing, such as the "Da 116 

shun" shipwreck accident (Wang et al., 2021a). Before they capsize, the crew members 117 

and passengers will normally still have time and opportunities to evacuate. 118 

Unfortunately, the heeling or rolling states of the ships during this critical period poses 119 

significant challenges to normal human mobility. The impact of these scenarios on 120 

human evacuation efficiency on ships has attracted the attention of many academics 121 

who analyse evacuation influential factors and human behaviour in heeling or rolling 122 

ships from different perspectives. Generally, these studies focus on two aspects: real 123 

experiments and modelling simulations (Arshad et al., 2022; Fang et al., 2024; Liu et 124 

al., 2022). 125 

2.1 Pedestrian walking experiments 126 

Currently, the latest guidelines issued by the IMO only refer to the results of land-127 

based evacuation and do not provide the key parameters related to ship motion during 128 

human evacuation. To address this limitation, several institutions have conducted a 129 

series of experiments to update the existing database. Researchers from the Netherlands 130 

Organization for Applied Scientific Research used a ship motion simulation module to 131 

study human behaviour characteristics in rolling and pitching ship environments. They 132 

discovered that dynamic ship motion can reduce human walking speed by 133 
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approximately 15%, with slower speeds observed during uphill walking compared to 134 

downhill walking (Bles et al., 2001). Similarly, the researchers from Korea Research 135 

Institute of Ships and Ocean Engineering found that ship rolling resulted in a reduction 136 

in walking speed ranging from 10% to 20%, and the type of floor in the corridor 137 

simulator also had an impact on experimental results(Kim et al., 2004). The researchers 138 

from University of Science and Technology of China designed a two-degree-of-139 

freedom inclined ship corridor simulator and conducted a series of walking experiments. 140 

Their findings revealed that human walking speed, affected by gravity, increased in 141 

downhill scenarios with an inclined angle less than 10°, while heeling had lesser effect 142 

on walking speed than trimming at the same inclined angle (Sun et al., 2018a; Sun et 143 

al., 2018b). Moreover, researchers from Dalian Maritime University conducted a study 144 

to observe human movement behaviour in the rolling ship environments by a maritime 145 

rescue simulator. The results demonstrated that the attenuation of human walking speed 146 

attenuated significantly with the increase of rolling angle, and people may pause and 147 

adjust their movements when the rolling angle reached an extreme value (Zhang et al., 148 

2017). 149 

It is worth noting that most of the existing studies have used corridor simulators 150 

as experimental tools to analyse human movement characteristics, primarily 151 

considering static inclined scenarios. Although these experimental results provide 152 

valuable insights, some studies have further carried out human walking experiments in 153 

real ships to make the scenarios closer to the real ship motion. Walter et al. analysed the 154 

different influence degrees of rolling and pitching on human walking. The results 155 

showed that people had less ability to walk when the rolling and walking directions 156 

were consistent compared to the scenario when they were perpendicular to each other 157 

(Walter et al., 2019). Chang et al. used wireless tri-axial accelerometers to measure 158 

human motion data before and onboard a ship. The study revealed that people required 159 

more force per step compared to their pre-boarding condition, as this force was used to 160 

adjust their gait to adapt to the ship's rolling motion (Chang et al., 2015). However, 161 

these experiments did not systematically quantify the effect of ship motion on human 162 

speed, and only experienced crew members were tested. Wang et al. measured trainees' 163 
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walking speed in the corridors and stairs under training ship rolling scenarios. The 164 

results demonstrated that the speed of trainees reduced by 7% to 16% when the rolling 165 

angle ranged from 0° to 9°, and the walking speed on stairs decreased by about 5%. In 166 

addition, human walking speed was also affected by the distance between the deck and 167 

the rolling centre (Wang et al., 2021b; Wang et al., 2021c). Similarly, Lee et al. placed 168 

an inclined corridor simulator on a ship and discovered that under the influence of ship 169 

motion, human walking speed would decrease by 10% to 20% compared to the same 170 

static inclination (Lee et al., 2004). 171 

Considering that existing studies have predominantly been conducted on fixed test 172 

platforms, and the involved participants typically possess strong seagoing experience, 173 

there exists a certain gap between these studies and the actual situation of human (e.g. 174 

passengers) evacuation in emergencies. Although the results are the closest available to 175 

the actual human evacuation in inclined scenarios, they are not scientifically proven 176 

and representative as reference data for passenger evacuation studies. These results 177 

should be further tested by using more accurate experimental data. The results will thus 178 

no doubt further enhance our understanding of human evacuation dynamics on ships. 179 

2.2 Simulation models for pedestrian movement 180 

Due to the limitations of experimental equipment, human walking experiments are 181 

often conducted under ideal conditions, leading to discrete results. As a result, it is often 182 

the case that these findings cannot fully capture the complete characteristics of human 183 

movement at arbitrary inclined angles. To purify the results of evacuation experiments, 184 

some human motion models in inclined ships have been proposed in the literatures (Niu 185 

et al., 2021; Wagner and Agrawal, 2014). These models primarily employ continuous 186 

calculation simulation tools to systematically analyse the effect of inclination on human 187 

movements. 188 

Kang et al. improved the SFM based on pedestrian dynamics to analyse the human 189 

evacuation process in different accident scenarios. They pointed out that different 190 

walking directions under the same inclined angle would also lead to differences in 191 

results (Kang et al., 2019). Zhou focused on the human evacuation behaviour at the 192 

corners of corridors and introduced centrifugal forces in the rotating non-inertial system 193 
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using biomechanics and other relevant methods. The study determined the range of 194 

variation in human walking speed at corners when the ship was floating on even keel 195 

and inclination (Zhou, 2012). Fang et al. studied the walking speed of multi-directional 196 

flow in inclined scenarios and determined that heeling had a greater impact on walking 197 

speed than trim under the same inclined angle. Moreover, human speed had a significant 198 

decrease when the inclined angle exceeded 15° (Fang et al., 2022a). Based on the crowd 199 

dynamics theory under the influence of wave dynamics, Balakhontceva et al. simulated 200 

the multi-agent motion on the inclined deck by a force-based model. The results 201 

illustrated that the effect of ship motion on evacuation was minimal when the angle 202 

between the ship and the waves was 0° or 180° and most significant when the angle 203 

was 60° (Balakhontceva et al., 2015). Chen et al. established a mathematical model of 204 

human movement by analysing the characteristics of swaying ships. The results 205 

concluded that the parallel component of the inertial force resulting from ship swaying 206 

in the human moving direction affected walking speed, which was manifested as 207 

acceleration followed by deceleration, providing that the gait of people remained 208 

unchanged. The lateral component affected the gait period of people but had little effect 209 

on walking speed (Chen et al., 2015). A German research project provided equations 210 

for the walking speed attenuation factor under different inclined angles and listed the 211 

speed attenuation segment function for heeling and trimming ships, which had been 212 

widely used in subsequent studies (Valanto, 2006). Meanwhile, researchers from the 213 

University of Greenwich presented three ship motion scenarios and provided a method 214 

to calculate the speed attenuations for three different populations within an inclination 215 

angle of 20° (Gella et al., 2022). Kim et al. explained crowd behaviour using density 216 

and congestion algorithms and used walking experiment results from a specific scenario 217 

to estimate human walking speed in inclined ships. These results were used to predict 218 

and analyse the number of casualties by comparing and calculating the relationship 219 

between evacuation status, time, and inclination angle (Kim et al., 2016). Based on 220 

human escaping routes, Lee et al. used MIXAMO's animated 3D characters and 221 

introduced a coupling coefficient to calculate human walking speed and analyse the 222 

effects of trimming and heeling on walking speed, respectively (Lee et al., 2022). 223 
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In general, the influence of these different factors on human movement is mostly 224 

expressed by evacuation models. By improving the existing evacuation models, it 225 

becomes possible to analyse not only the effects of serious inclination but also the 226 

effects of wind, waves, sea, and human moving directions. Although model simulation 227 

can be an effective solution when the experiments are not feasible, it is crucial to have 228 

reliable input parameters to ensure the accuracy and validity of the model. 229 

2.3 Strategy research of phased evacuation 230 

During an evacuation process, particularly in an emergency, it is crucial to address 231 

key factors that impede the evacuation process. When confronted with hazards like fire 232 

or flooding, individuals often experience panic, resulting in a concentration of evacuees 233 

in areas where smooth passage is hindered (Sharifi et al., 2017). This creates bottleneck 234 

zones in evacuation routes, contributing to the well-known "fast is slow" phenomenon. 235 

To mitigate the adverse effects of this phenomenon on overall evacuation, researchers 236 

have proposed a phased evacuation strategy aimed at reducing evacuation time 237 

(Cepolina, 2009; Wu and Mizuno, 2019). 238 

Wu et al. (2023) conducted a comparative analysis of real fire drill results in high-239 

rise buildings using the control volume model. Through numerical calculations and a 240 

detailed examination of the evacuation process, they identified stair congestion as a 241 

pronounced bottleneck in high-rise evacuations. This resulted in prolonged wait time 242 

for individuals on stair-accessible floors, forming bottleneck areas. Their suggestion 243 

was to enhance stairs’ capacity in phased evacuations to improve efficiency. Koo et al. 244 

(2013) explored simultaneous and phased evacuation processes based on the maximum 245 

structural capacity of buildings. Prioritizing people with limited mobility, such as 246 

people with disabilities, during evacuation was found to reduce overall evacuation time 247 

by 25%. In simulating human evacuation at an airport, Manley et al. (2015) considered 248 

dynamic evacuation behaviour and psychological characteristic of people, identifying 249 

stairs as a bottleneck. They emphasized the need to focus on people with limited 250 

mobility during evacuation, as their presence in bottleneck areas could slow down the 251 

entire process. Noh et al. (2016) also noted that slow-moving people occupying a 252 

significant area could impede passage and affect others' evacuation. They proposed a 253 
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partially dedicated evacuation strategy, segregating heterogeneous groups (e.g., 254 

disabled people) and normal groups along different routes, resulting in a 10% reduction 255 

in evacuation time. To address the overcrowding issue in the evacuation process, 256 

Hosseini et al. (2021) introduced an integrated model combining the social force model 257 

and meta-heuristic optimization to determine the optimal phased evacuation strategy. 258 

Compared to simultaneous evacuation, phased evacuation significantly mitigated 259 

congestion severity, minimizing total evacuation time. 260 

In comparison to traditional simultaneous evacuation, the phased strategy offers 261 

greater flexibility, allowing for the strategic division of evacuation channels based on 262 

real-time conditions (Koo et al., 2014; Manley and Kim, 2012). This targeted guidance 263 

of evacuee flow maximizes evacuation efficiency. Human evacuation onboard rolling 264 

ships involves panic and emergency situations, often leading to severe congestion at 265 

evacuation channel bottlenecks. This strategy may hold significant value in the human 266 

evacuation on rolling ships, particularly where panic-induced congestion is likely, 267 

highlighting its pronounced advantages. Therefore, in anticipation of potential 268 

evacuation congestion during ship rolling, considering the adoption of the phased 269 

evacuation strategy is advisable. This approach not only enhances overall evacuation 270 

efficiency but also ensures the safety of human evacuation in emergency situations. 271 

2.4 Research gaps and contributions 272 

The above extensive review has revealed a research gap in human evacuation 273 

models considering ship motions. Currently, only a limited number of studies have 274 

explored the influence of changes in ship motion on the results of human evacuation. 275 

However, most of these studies focused on the analysis of ship motion on human 276 

walking speeds, resulting in discrete data that fail to reveal the continuous changing 277 

rules governing human walking speed in serious rolling scenarios. Meanwhile, some 278 

studies have attempted to address the impacts of sea conditions such as waves on 279 

evacuation effects, but these efforts have only provided a macroscopic calculation of 280 

evacuation time. The whole evacuation process has yet been described in detail, and the 281 

effectiveness of the model arguably lacks verifications. To address these limitations, 282 

this study combines experimental analysis and modelling simulation to develop a new 283 
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2LR-SFM method by modifying and improving the original SFM. The human 284 

movement speed extracted from the real ship experiments is used as the verification 285 

parameter to analyse the process of human evacuation under different rolling scenarios. 286 

The contributions of this study are significant, including: 287 

(1) This study enhances the original SFM by analysing the spatial forces of human 288 

in rolling ships from three aspects: physical forces, psychological adjustment, and 289 

inertia analysis. A comprehensive model is established to describe the process of human 290 

movement in a three-dimensional space during evacuation in rolling ships. Through 291 

simulation calculations, the model enables the systematic quantification of the effects 292 

of various ship rolling parameters (especially rough sea conditions, such as heavy winds 293 

and waves) on human movement speed and evacuation time. This approach overcomes 294 

the limitations of the studies on real ship evacuation experiments in extreme scenarios. 295 

(2) This study enhances the description of human movement during evacuation. 296 

Specifically, the model takes into account the rolling angle and rolling angular velocity 297 

of a ship, which are updated in each time step. Additionally, the model incorporates a 298 

self-adjusting force that takes into account the walking directions. This improved model 299 

is more realistic and provides a detailed description of human movement behaviours 300 

during the evacuation process. As a result, the simulation results exhibit better 301 

rationality and can be used as a valuable basis to make informed decisions regarding 302 

evacuation strategies in rolling ships. 303 

(3) The simulation experiment results obtained in this study provide an effective 304 

and practical solution to human evacuation from passenger ships. Considering the high 305 

compatibility of SFM, the findings can be used as input parameters in human 306 

evacuation simulations of full-size large-scale ship, taking into account the 307 

characteristics of the available experimental data. This reference experience enables the 308 

development of feasible and reasonable evacuation strategies for ships experiencing 309 

rolling motions. Based on such findings, the stakeholders can enhance their 310 

preparedness and response measures for emergency situations on rolling ships. 311 
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3. Methodology 312 

SFM is a continuous model that can comprehensively accommodate both physical 313 

forces and psychological states during human movement. It can effectively describe the 314 

self-organization phenomenon that occurs during an evacuation process. Due to its 315 

strong applicability, researchers often investigate the influence of different factors on 316 

an evacuation process by adding new forces or changing the dimensions of forces. 317 

Based on the Newton's second law, the basic SFM mathematically expresses human 318 

walking dynamics by Eq. (1). 319 

 
d

 
d

i
i will ij iW

j(j i) W
m = + +

t ≠

+∑ ∑v
f f f ξ  (1) 320 

where, mi denotes the mass of pedestrian i, vi is the velocity of pedestrian i at the current 321 

moment, fwill, fij. and fiw represent desired force, the force between pedestrian i and 322 

pedestrian j, and the force between pedestrian i and wall or obstacle W, respectively, ξ 323 

is the random force. 324 

In the force model, human movement is determined by speed and acceleration. 325 

The external environment and its effects are described in the form of force. This process 326 

of movement driven by forces can be classified as the motivational level of a human 327 

walking process. During emergencies, the psychological state of individuals in the face 328 

of dangerous situations (such as panic, fear, etc.) can lead to a series of heterogeneous 329 

behaviours that directly affect their judgment and decision-making in the given 330 

situation. Therefore, the process of continuously adjusting movement behaviour based 331 

on the perception of the scene environment represents the decision-making level in the 332 

human walking process. However, the 2LR-SFM serves as a link between the 333 

motivational level and the decision-making level in human movement. It incorporates 334 

information from the motivational level and, by analysing human intrinsic desires and 335 

probable behaviours, produces the output that supports decision-making actions. The 336 

following section provides all the equations that describe the modelling process of 2LR-337 

SFM in detail. 338 



14 

3.1 A two-layer SFM in rolling ships (2LR-SFM) 339 

Ship roll is a periodic swaying motion of a ship from side to side caused by external 340 

forces. It is shown that the schematic diagram of ship rolling motion in the top view 341 

(X-Y plane) in Fig. 3 (a), where the ship rocks back and forth along its fore-aft axis 342 

(longitudinal axis). To analyse the effect of rolling ships on human movement, Fig. 3 343 

(b) depicts a sketch of the forces acting on a human in the X-Y plane. The blue area 344 

represents the deck plane at a rolling angle θ, which is determined by the angle between 345 

the lateral and horizontal planes of the ship. In the absence of ship motion, it is assumed 346 

that humans are subjected to the resultant force fSFM in the bow direction and walk along 347 

the fore-aft line in the X direction at speed vi. When considering static incline, Fang et 348 

al. pointed out that humans experience an inclining force fb in a ship with a static incline, 349 

which was always oriented from a higher terrain to a lower terrain and had a magnitude 350 

equal to the component force of their own gravity (Fang et al., 2022a). Humans 351 

instinctively react to overcome the effects of static incline on body balance by applying 352 

self-adjusting force f’adj, which also bring the corresponding friction force ffric. However, 353 

this self-adjusting behaviour comes at the expense of speed, as shown in Eq. (2). 354 

Moreover, ship rolling motion can be decomposed into multiple static inclined 355 

scenarios, however it is still necessary to determine the influence of the continuous 356 

change in inclination angle on human movement. The fast or slow change in an 357 

inclination angle is determined by the rolling angular velocity w. In the X-Y plane, to 358 

ensure that humans walk in a straight line along the target direction and avoid a zigzag 359 

pattern (as shown by dotted lines), it is necessary to ensure for the resultant force acting 360 

on humans to point towards the target direction in this plane, as shown in Eq. (3). 361 

 362 
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Fig. 3 Illustrations of ship rolling and pedestrian forces in X-Y plane. 363 

 364 
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Ship rolling motion involves ship's floating state changes in a three-dimensional 367 

space, which means that the single-layer SFM in a two-dimensional space is not 368 

competent for the description of human walking in a three-dimensional space. To 369 

analyse the influence of rolling motion on human movement in a changing space, it is 370 

necessary to build an additional layer of forces on the Y-Z plane, which is composed of 371 

2LR-SFM. Therefore, in addition to the X-Y plane, the forces acting on humans should 372 

also be analysed in the Y-Z plane, as shown in Fig. 4. Fig. 4(a) illustrates different ship 373 

attitudes from the stern view during rolling motion, and Fig. 4(b) analyses the forces 374 

acting on humans when the rolling angle is θ and the angular velocity is w. In the Y-Z 375 

plane, external forces generated by ship motion can be more clearly displayed, 376 

including rolling force froll, centrifugal force fcen, Coriolis force fcor, Euler force feul, 377 

normal force on an inclined plane ftan, gravity G, and the component of the self-378 

adjusting force in this plane fadj
’’. Among these forces, fcor represents the force of motion 379 

deviation caused by inertia in rotation space; feul represents the force generated by 380 

humans moving in a non-uniformly rotating space; fadj
’’ represents the adjustment force 381 

generated by humans overcoming the dynamic changes of an external space. It is worth 382 

noting that the fcor, feul, and fadj
’’ are hypothetical forces that do not actually exist. To 383 

ensure that humans move only in the X-Y plane, the resultant force on humans in the 384 

Y-Z plane should be 0. Therefore, the 2LR-SFM in a dynamic space is established, as 385 

shown in Eqs (4)-(11). Eqs (6)-(9) are expressions of ftan, fcen, fcor, and feul, respectively. 386 

The rolling force on humans caused by ship rolling motion can be calculated by Eq. 387 

(10). The fadj of humans in a rolling space can be expressed by Eq. (11), which is 388 

composed of the X-Y dimension and Y-Z dimension components fadj
’ and fadj

’’. 389 

Furthermore, the self-adjusting force of longitudinal walking is denoted as fadj-y to 390 

distinguish the human walking direction. 391 
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 392 

Fig. 4 Illustrations of ship rolling and pedestrian forces in Y-Z plane. 393 
 394 
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where, r represents the vector of the acceleration point relative to the axis of rotation, 403 

w represents the ship rolling angular velocity, g represents acceleration of gravity, wt 404 

and wt+1 represent the angular velocity at current time step t and the next time step t+1, 405 

respectively, and ∆θ represents the change amount of rolling angles in two adjacent 406 

time steps. 407 

3.2 Description of the desired direction of pedestrian during ship rolling 408 

In section 3.1, the modelling process of 2LR-SFM for human longitudinal walking 409 

(along the fore-aft line) has been introduced. However, it is crucial to consider the 410 

complexity of the living quarters' layout on a ship when analysing the effect of rolling 411 

motion on human movement during evacuation. Humans may need to change their 412 
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walking directions frequently, which can affect their movement patterns in various ways. 413 

Fig. 5 illustrates two types of lateral walking (parallel to the y-axis) on a rolling ship: 414 

walking downhill in the direction of a low terrain and walking uphill in a high terrain 415 

direction. In either direction, humans are subjected to both the combined force fSFM and 416 

the rolling force froll and must maintain their body balance using self-adjusting force fadj. 417 

Since the ship's rolling motion is periodic, humans in both walking directions 418 

experience a series of complete rolling scenarios, such as upward floating, uphill, and 419 

downhill, within one unit rolling period. Therefore, when analysing the influence of 420 

ship rolling motion on human lateral walking, it is necessary to comprehensively count 421 

the changing characteristics of human movement parameters throughout the rolling 422 

period, rather than limiting it to a single rolling angle or a specific walking direction. 423 

When the ship is rolling, the forces acting on humans walking laterally and 424 

longitudinally are similar. However, it is still essential to ensure that the combined 425 

forces in the X-Z plane sum to 0 to prevent human trajectories from deviating from the 426 

intended destination. The movement model of humans walking laterally is shown in Eq. 427 

(12), where fadj-x represents the self-adjusting force of laterally walking. However, when 428 

humans walk laterally, the desired speed direction remains at the same level as the 429 

inclined direction. Therefore, the centre of gravity needs to be continuously adjusted 430 

forward and backward to accommodate the influence of changing rolling angles and 431 

angular velocities. 432 
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 434 
Fig. 5 The influence of rolling motion on pedestrian walking (athwartship). 435 
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 436 

Human movement during an evacuation process is often random, especially on 437 

open or large empty decks. This implies that the desired walking directions of humans 438 

in each time step may be arbitrary, except for the specific longitudinal and lateral 439 

directions. Based on a previous study (Fang et al., 2022b), the angle between the human 440 

desired direction and coordinate axis y is introduced in 2LR-SFM to analyse the effect 441 

of the ship’s rolling motion on various walking directions. Specifically, when λ=90°, 442 

humans walk longitudinally, and when λ=0°, humans walk laterally. In the simulation 443 

process, a spline function is used to determine the forces acting on humans at each time 444 

step according to their walking directions, as shown in Eq. (13). 445 

 2 2=adj adj x adj y
λ π λ
π π− −

−
+f f f  (13) 446 

Fig. 6 illustrates the execution procedure of the model. At each time step, the latest 447 

rolling angle and angular velocity are calculated based on the input rolling amplitude 448 

and period. Subsequently, the humans walking speed and acceleration, including the 449 

magnitude of the self-adjusting force based on their walking directions, are calculated. 450 

Finally, the locations and speeds of humans are updated and recorded at each time step 451 

until successful evacuation of all individuals. 452 
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 453 
Fig. 6 The flowchart of 2LR-SFM calculation. 454 

 455 

4. Parameters setting and validation 456 

After a new model is developed, necessary measures need to be taken to verify its 457 

validity. In order to verify the effectiveness of the proposed 2LR-SFM, on the one hand, 458 

the simulation results are compared with the real ship experimental results. On the other 459 

hand, the simulation results are compared with three commercial simulation software 460 

(NetLogo, Anylogic and Pathfinder). 461 

4.1 Collection and comparison of real ship experiment results 462 

Previous studies recorded videos of humans walking on a ship during actual sailing 463 

(Wang et al., 2021c). Pedestrian tracking software Tracker was used to extract human 464 

walking speeds in the experimental area. However, due to a limited space in the cabin, 465 

it was not feasible to use a high-angle overhead camera. Therefore, it is necessary to 466 

reset the coordinate axes and establish a correct benchmarking in Tracker to ensure the 467 

effectiveness and accuracy of the extracted information, as shown by the blue line in 468 
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Fig. 7. The shoot video analysis of walking in the fore-aft and athwartship directions is 469 

shown in Fig. 7 (a) and (b), respectively. Upon participants entering the test area, their 470 

corresponding position coordinates, speed, and other relevant parameters are obtained 471 

every 25 frames. It should be noted that only the walking speed data when the ship's 472 

rolling angle is less than 10° is obtained to ensure the safety of the participants. 473 

 474 

(a) Fore-aft walking. 475 

 476 

(b) Athwartship walking. 477 
Fig. 7 Shoot video analysis of fore-aft and athwartship walking in Tracker. 478 

 479 

To effectively capture the influence of ship rolling motion on human movement, 480 

the differential equation and frequency response function of rolling motion are 481 

simplified into a sinusoidal function in the model based on the existing literature 482 

(Acanfora et al., 2020), as shown in Eq. (14). 483 

 max
2sin
T
πθ θ φ= （ + ） (14) 484 

where, θmax indicates the maximum rolling angle, i.e. the rolling amplitude; T represents 485 

the rolling period, which determines how fast the rolling angle changes; and φ defines 486 
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the start time of rolling motion. The hypothesis can make the calculation easier and 487 

ensure that the change in the ship’s rolling angle is basically in line with the reality. 488 

To closely match the parameters of the real ship experiment and minimize the 489 

interference of other influential factors, a 10 m long and 2 m wide corridor scenario is 490 

set in the simulation. The simulation environment allowed for testing the influence of 491 

the ship's rolling motion on human walking while minimizing the influence of factors 492 

such as opposite pedestrian flow and obstacles. By utilizing the 2LR-SFM, the speed 493 

attenuation factor is calculated for the same rolling angle and period as the real 494 

experiment, comparing with the measured results of normal and fast walking. The 495 

comparison results, as shown in Fig. 8, demonstrate that the simulation results align 496 

with the observed trend of real walking speed changes with the increasing rolling 497 

amplitude. The speed attenuation in simulation results shows a linear trend with the 498 

increasing rolling amplitude compared with the measured results of normal and fast 499 

walking. When the rolling angle is less than 10°, the impact of rolling motion on human 500 

movement is low. Humans can adjust their walking posture in time, resulting in a speed 501 

attenuation of no more than 16% in these scenarios. It is worth noting that rolling 502 

motion is a real-time change process in 2LR-SFM. Therefore, humans should re-503 

evaluate the current rolling angle and angular velocity at each time step. Although 504 

discrete models take into account ship rolling motion as a combination of numerous 505 

static inclined scenarios, the influence of scenario change on human movement still 506 

needs to be further discussed. The speed attenuation factor calculated by 2LR-SFM is 507 

compared with the results of the studies on human evacuation in static inclination of 508 

ships in Table 1 (Fang et al., 2022a; Sun et al., 2018b; Valanto, 2006). It can be found 509 

that the rolling motion has a greater effect on human walking speed than static 510 

inclination at the same inclined angle, with a difference ranging from 3% to 6%. 511 

Additionally, the difference in speed attenuation caused by rolling motion and static 512 

inclination becomes more significant with the increased rolling angles, which is 513 

consistent with the findings of TNO. 514 
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 515 

Fig. 8 Comparison of simulation and experimental results. 516 
 517 

Table.1 Comparison of ship rolling and static inclination at same angles. 518 

 0° 1° 3° 5° 7° 9° 
Rolling 1 0.96 0.94 0.91 0.87 0.84 
Static 1 0.99 0.98 0.94 0.92 0.90 

 519 

4.2 Verification of Test 10 in Guidelines 520 

Verification is an ongoing activity for any complex simulation software, serving 521 

as an integral part of its life cycle. In the IMO guidelines, four forms of verification are 522 

proposed for a newly developed model: component testing, functional verification, 523 

qualitative verification, and quantitative verification. Test 10, recommended by the 524 

guidelines, represents a typical simulation scenario involving multiple rooms and exits. 525 

This scenario requires 23 people distributed in 12 cabins to evacuate by designed exits 526 

(IMO, 2016). The configuration of Test 10 in association with the guidelines is shown 527 

in Fig. 9. It should be noted that humans are subject to the rule of proximity in Test 10, 528 

with those in cabins 5, 6, 11, and 12 being assigned to evacuate by the second exit, 529 

which is narrower but closer. The simulation has to not only to prohibit non-realistic 530 

phenomena such as human overlap and crossing walls but also meet higher 531 

requirements for human self-organizing behaviour, collision avoidance, and exit 532 

selection. Test 10 is selected as the benchmark scenario to verify the reliability of 2LR-533 
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SFM since it can effectively judge whether the proposed evacuation model meets the 534 

requirements for human evacuation onboard ships. However, since the guidelines lack 535 

a quantitative time criterion, benchmark simulation results of 2LR-SFM and three other 536 

commercial software are compared to offer additional validation. 537 

 538 
Fig. 9 Configuration cabin area of test 10 in the “Guidelines”. 539 

 540 

The comparison of 2LR-SFM with various evacuation software aims to verify the 541 

proposed model's ability to meet the simulation requirements of human evacuation 542 

aboard rolling ships. Simultaneously, the reliability and applicability of 2LR-SFM are 543 

assessed by comparing the simulation results with different baseline models. In Fig. 10, 544 

evacuation snapshots of the four models (2LR-SFM, NetLogo, Anylogic, and 545 

Pathfinder) are compared at the 9 s in a benchmark scenario (without ship motion). The 546 

results indicate that the distribution of evacuees in the four models is generally 547 

consistent, with minor differences attributed to variances in initial positions and 548 

movement rules. This demonstrates that 2LR-SFM satisfies basic simulation 549 

requirements of human movement and avoids unrealistic occurrences. Total evacuation 550 

times for 2LR-SFM, NetLogo, Anylogic, and Pathfinder is 29.4 s, 33 s, 25.3 s, and 26.9 551 

s, respectively, as depicted in Fig. 11. However, the other three commercial software 552 

packages can only conduct the evacuation time on flat terrine while only SLR-SFM can 553 

do it on a rolling ship. Further analysis of Fig. 11 reveals a consistent trend in the 554 

number of un-evacuated people in these simulation models. While variations in total 555 

evacuation time may arise from disparities in random parameters, the overall impact on 556 

simulation results remains a small scale. The key trends of un-evacuated people 557 

numbers validate the reliability and effectiveness of 2LR-SFM in simulating human 558 
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evacuation. Critically, commercial software is limited to addressing common human 559 

evacuation issues on flat terrain and lacks the capability to simulate special scenarios 560 

like rolling ships. In contrast, 2LR-SFM can analyse influential factors in unique 561 

onboard evacuation scenarios based on specific requirements. Therefore, 2LR-SFM, 562 

designed for human evacuation onboard ships, demonstrates expected functionality in 563 

terms of scenario applicability, human behaviour rationality, and simulation result 564 

reliability. 565 

 566 

 567 

Fig. 10 Snapshot comparison between 2LR-SFM and commercial software when evacuation time 568 
is 9s; a) 2LR-SFM; b) NetLogo; c) Anylogic; d) Pathfinder. 569 

 570 
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 571 
Fig. 11 Comparison of evacuation results of 2LR-SFM and commercial software. 572 

 573 

In comparison with real experiments and commercial software, the outstanding 574 

performance of the proposed 2LR-SFM for human evacuation in rolling ships is 575 

thoroughly demonstrated. On the one hand, the comparison with real experiments 576 

highlights that 2LR-SFM accurately calculates the attenuation factor of human speed 577 

in rolling ships. This not only reflects the model's exceptional simulation capability for 578 

real scenarios but also verifies its reliability in complex environments. On the other 579 

hand, the comparison with commercial simulation software reveals that 2LR-SFM can 580 

effectively prevent unreal phenomena, such as people overlapping and crossing walls, 581 

which indicates that 2LR-SFM possesses significant advantages in the effectiveness 582 

and applicability of the simulation process. In summary, the 2LR-SFM model not only 583 

addresses the gap in the field of human evacuation simulation in rolling ships but also 584 

provides a comprehensive and reliable solution for human evacuation in complex 585 

scenarios. 586 

 587 
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5. Simulation results and analysis 588 

5.1 Simulation scenario setup 589 

The evacuation scenario selected in this study is the public area (dining room) of 590 

a ship, which provides dining and leisure for people on board and is known to gather a 591 

large number of people. Therefore, this evacuation scenario is chosen to demonstrate 592 

the typical characteristics of human evacuation onboard ships. The ship has an overall 593 

length of 116 m, a breadth of 18 m, and an inherent rolling period of 7.88 s. The dining 594 

room is located on the promenade deck and is divided into two parts by the fore-and-595 

aft line, as shown in Fig. 12. The physical layout of the dining room is a square with a 596 

side length of 15 m, in which the x-axis coincides with the fore-and-aft line and points 597 

to the bow, while the y-axis points to the starboard side. In the simulation, 100 people 598 

are randomly allocated within the room, and their positions, desired speed, and radius 599 

are also randomly assigned to reflect the applicability of the model. The purple circles 600 

in Fig. 12 indicate the human positions, with the circle size representing the human 601 

radius. The green line segment is the exit, which has a width of 1 m. The evacuation 602 

paths of 100 people are plotted in Fig. 13. Initially, it is observed that most people walk 603 

directly towards the exit, following smooth and straight paths. However, when people 604 

gather near the exit, their paths tend to curve and become denser due to the congestion. 605 

This phenomenon can be attributed to the tendency of humans to compete for the space 606 

near the exit, leading to the congestion and reduced speeds for individuals approaching 607 

the exit (Cao et al., 2021). 608 

 609 

Fig. 12 Evacuation scenario and random distribution of pedestrians. 610 
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 611 

 612 
Fig. 13 Evacuation trajectories of pedestrians in benchmark scenario. 613 

 614 

The variation curves of the number of un-evacuated people in the benchmark 615 

scenario (without rolling motion) over time are shown in Fig. 14. These curves 616 

represent the simulation results of the benchmark scenario that is repeated 12 times. It 617 

can be observed that with the increasing evacuation time, there are slight variations in 618 

the number of un-evacuated people due to the random assignment of human parameters. 619 

However, the overall trends of these curves remain consistent, indicating the robustness 620 

of the 2LR-SFM model. Considering the randomness of the initial positions of humans, 621 

each scenario is repeated 100 times during the subsequent simulation. This approach 622 

helps mitigate large random errors that may arise from a single simulation. The final 623 

evacuation results are taken as the average value of these 100 simulations (Lovreglio et 624 

al., 2014; Lovreglio et al., 2019). 625 
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 626 

Fig. 14 Curves of the number of people not evacuated in 12 tests. 627 

 628 

5.2 Effects of different rolling amplitude 629 

According to the regulations on ship construction proposed by the IMO, the 630 

disappearance angle of passenger ships should fall within the range of 30° to 40°. To 631 

investigate human evacuation onboard ships in extreme situations, the maximum 632 

rolling amplitude is set to 30°. The average evacuation time in different rolling 633 

scenarios is shown in Fig. 15, with the red curve representing the fitting curve of 634 

evacuation time. The results indicate that as the rolling amplitude increases, the 635 

evacuation time extends exponentially from 89.9 s (without rolling motion) to 218.4 s, 636 

as shown in the fitting function in Fig. 15. When the rolling amplitude is 10°, the total 637 

evacuation time only increases by 15.2%. However, when the amplitude reaches 20°, 638 

the evacuation time sharply increases by 42.5%, resulting in a delay of 38.2 s in the 639 

evacuation process. As the rolling amplitude continues to increase, the impact of the 640 

ship’s motion on humans exceeds their tolerance. In particular, when the rolling 641 

amplitude reaches 30°, the evacuation time surges by 142.9%, and humans can only 642 

move slowly or nearly stop walking. The range of evacuation time (represented by 643 

maximum and minimum values from 100 simulations) under different rolling scenarios 644 

is also marked in Fig. 15, and this range expands with increasing rolling amplitude. The 645 

findings of this study align with some simulations of static inclination, but the rolling 646 

motion has a greater impact on human walking and longer evacuation time than static 647 
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inclination at the same inclined angle (Fang et al., 2022b; Sun et al., 2018b). 648 

 649 
Fig. 15 Effects of different rolling amplitudes on evacuation time. 650 

 651 

To analyse the human evacuation process in more detail, the curves of the number 652 

of un-evacuated people in different scenarios over time are plotted in Fig. 16. The 653 

fastest evacuation efficiency is observed when there is no rolling motion, and the curve 654 

exhibits a nearly linear trend. As the rolling amplitude θmax reaches 5°, 10°, 15°, and 655 

20°, the slope of the curves fluctuates to some extent. This indicates that the human 656 

walking speed is reduced due to the rolling motion, resulting in congestion near the exit 657 

where people can no longer pass in an orderly manner. Previous studies on passengers 658 

who experienced ship accidents have shown that these evacuees often exhibit strong 659 

competitive behaviour when they approach the exit. The presence of too many 660 

competitive individuals at the exit hampers the evacuation process, resulting in 661 

prolonged evacuation times (Bartolucci et al., 2021; Cao et al., 2021; Kang et al., 2019). 662 

However, when the rolling amplitude reaches 25° and 30°, the curves of the number of 663 

evacuees exhibit linear characteristics again, but the slope becomes significantly 664 

smaller. This suggests that the flow at the exit gradually becomes smaller, resulting in 665 

the total evacuation process to stagnate. 666 
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 667 
Fig. 16 Curves of the number of people not evacuated in different rolling scenarios. 668 

 669 

5.3 Effects of combination at different rolling amplitude and rolling period 670 

When studying the influence of a ship’s rolling motion on human movement, it is 671 

important to consider the rolling period, as it affects the human walking speed, the speed 672 

of the rolling angle changes and the amount of human adjustment time. Considering 673 

human physical endurance, the rolling period should be greater than 5-6 s (Krata and 674 

Szlapczynska, 2018). Therefore, the minimum rolling period is set as 6 s when 675 

analysing the influence of different rolling periods on evacuation results. Evacuation 676 

time of different rolling periods in scenarios with multiple rolling amplitudes are 677 

calculated separately to avoid the possible occasionality in a single rolling amplitude 678 

scenario, as shown in Fig. 17. The results indicate that the total evacuation time 679 

decreases with the increase of rolling period. This can be attributed to the fact that a 680 

larger rolling period make humans onboard feel more comfortable, resulting in less 681 

impact on their walking speed, which is consistent with the existing literature (Wang et 682 

al., 2021c). The changing trend of evacuation time with the rolling period remains 683 

consistent across all the scenarios with different rolling amplitudes. In detail, the 684 

decreasing rate of evacuation time become gradually slower when the rolling period 685 

exceeds 10 s. However, during the increase from a rolling period of 6 s to 10 s, the 686 

evacuation time is reduced by 6.9% to 18.5%. Therefore, it is recommended that the 687 
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ship should ensure a rolling period greater than 10s as far as possible from the 688 

perspective of pedestrian dynamics, as this can effectively improve evacuation 689 

efficiency. 690 

 691 

Fig. 17 Effects of different rolling periods on evacuation time. 692 

 693 

The average human walking speed is plotted in Fig. 18 when the rolling amplitudes 694 

are 15° and 25°, respectively, with the rolling period increasing from 6 s to 20s at an 695 

interval of 2 s. The results show that the average walking speed increases with the 696 

increase of the rolling period and presents a nearly linear change, as shown in the linear 697 

fitting in Fig. 18. Although the trend in the variation of human walking speed is 698 

consistent across different rolling amplitudes, it is illustrated that the change slope of 699 

average walking speed is larger and the change range is 0.44 m/s when θmax is 15°, and 700 

0.18 m/s when θmax is 25°, respectively. This suggests that the human walking speed is 701 

still related to the rolling amplitude when the rolling period changes. Moreover, 702 

although a long rolling period allows humans more time to adjust their posture in 703 

response to larger rolling amplitudes, it remains challenging to fully recover the normal 704 

walking speed due to the significant inclination, which poses difficulties for human 705 

movement. 706 
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 707 

Fig. 18 Influence of roll period on average speed of pedestrian. 708 

 709 

5.4 Analysis of arch congestion in the evacuation process 710 

In the evacuation process, pedestrians can exhibit a variety of self-organizing 711 

phenomena, especially arch congestion near the exit. Arch congestion is a typical 712 

phenomenon in pedestrian dynamics, caused by the increase of human density and 713 

congestion at the bottleneck (Wang et al., 2022a). A series of studies have found that 714 

arch congestion is related to the flow rate and congestion levels of the crowd (Gao et 715 

al., 2022; Li et al., 2019; Tamang and Sun, 2023). In this study, this phenomenon is 716 

observed in each scenario, taking the scenarios where the rolling period is the inherent 717 

period as examples, i.e., T=7.88s. Two typical cases with θmax set at 0° and 20° are 718 

shown in Fig. 19. It can be seen that a large number of people gather at the narrow exit, 719 

leading to high crowd density near the exit. With the constant squeezing of the external 720 

people, the crowd near the exit reaches a temporary equilibrium state, which forms an 721 

arch. However, consistent with the phenomena observed in the previous studies in the 722 

field (Gella et al., 2022; Li et al., 2019), the formation and fragmentation of this arch 723 

are repeated and irregular. 724 
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 725 

Fig. 19 Arch congestion at exit when θmax=0° and θmax=20°. 726 

 727 

Although the narrow exit can lead to the formation of the arch phenomenon, the 728 

time of arch formation in different rolling scenarios and the number of un-evacuated 729 

people are not fixed. As shown in Fig. 19, the arch first appears at 10.7 s after the start 730 

of evacuation when θmax is 0°, and there are still 92 un-evacuated people remaining in 731 

the room, while the arch appeared at 33.6 s and there are only 76 people remaining in 732 

the room when θmax is 20°. To comprehensively analyse the influence of the ship's 733 

rolling motion on the arch in the evacuation process, the time of arch formation and the 734 

number of un-evacuated people for different rolling amplitudes when T=7.88 s are 735 

plotted in Fig. 20. It can be seen that with the increase of the rolling amplitude, the time 736 

of arch formation also increases continuously. However, the number of evacuees 737 

remaining in the room shows the opposite trend. The reason may be that the human 738 

walking speed decreases with the increase of rolling amplitude, which leads to the 739 

progressively slower gathering speed of the crowd near the exit(Rendón Rozo et al., 740 

2019). Moreover, the energy required for humans to overcome the unbalanced state 741 
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caused by rolling motion leads to a reduced squeezing effect on the overall crowd. 742 

Consequently, more people are able to successfully evacuate before the arch congestion 743 

phenomenon forms. 744 

From a holistic perspective of the evacuation process onboard ships, the ship’s 745 

rolling motion is considered to have a direct impact on human walking speed, which is 746 

one of the key factors leading to the difference in arch congestion. Although the 747 

formation characteristics, advantages, and disadvantages of the arch congestion and its 748 

movement have been analysed in some studies, existing mainstream methods have 749 

struggled to effectively alleviate this phenomenon (Masuda et al., 2014; Suzuno et al., 750 

2015; Wu et al., 2022). Therefore, even if the human walking speed is greatly attenuated 751 

due to ship motion, it is still necessary to consider the arch congestion at the bottleneck 752 

when developing evacuation strategies. To address this challenge, it is recommended to 753 

arrange managers or leaders in appropriate positions to guide and organize human 754 

evacuation. Their presence can help in directing the flow of individuals and reducing 755 

congestion at the bottleneck. By providing clear instructions and facilitating orderly 756 

movement, these managers or leaders can enhance the overall efficiency of the 757 

evacuation process (Xu et al., 2021). 758 

 759 

Fig. 20 Evacuation time and number of evacuees when the arch first appeared in different 760 
scenarios. 761 

 762 

6. Conclusion 763 

In this study, a new 2LR-SFM model is proposed to analyse human evacuation in 764 

different rolling scenarios and accurately quantify human movement parameters in 765 
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rolling ships. The 2LR-SFM is designed to adapt to dynamic environments and provide 766 

a comprehensive analysis of the forces acting on humans during ship rolling motion 767 

from three perspectives: physical force, psychological adjustment, and inertia analysis. 768 

The improved model expands the dimensions of human force analysis based on the 769 

basic SFM. The human self-adjustment force is calculated in each time step according 770 

to the desired walking direction and rolling angle. The effect of a single rolling motion 771 

on people walking in different moving directions is analysed in detail. Finally, the effect 772 

of various rolling amplitudes and periods on evacuation results is quantified and 773 

obtained based on a case study. This analysis allows for a comprehensive understanding 774 

of how various rolling parameters affect the evacuation process and provides valuable 775 

insights for improving ship evacuation strategies. 776 

The study reveals that rolling motion has a more adverse effect on human 777 

movement than static inclination at the same inclined angle. With the increase of rolling 778 

amplitude, there is a significant decrease in human walking speed, resulting in a 779 

constant decrease of the flow rate at the exit. Consequently, the total evacuation time 780 

also increases exponentially with the increase of rolling amplitude. Specifically, when 781 

θmax reaches 20°, the evacuation time experiences a substantial increase of 42.5%. 782 

However, the longer rolling period is more helpful for humans to adjust their walking 783 

posture and has a more favourable impact on evacuation results. The total evacuation 784 

time decreases with the increase of the rolling period, evident by a more significant 785 

reduction observed when the rolling period reaches 10 s. Furthermore, human walking 786 

speed varies linearly with the rolling period. Nevertheless, the slope and range of such 787 

changes are still related to the rolling amplitude, indicating that a larger rolling 788 

amplitude can lead to a smaller change in the walking speed per unit rolling period. In 789 

addition, the effect of rolling motion on the arch congestion near the exit is analysed. 790 

The beginning time of the arch is lengthened as the rolling amplitude increases due to 791 

the slower human walking speed, resulting in fewer people remaining in the room when 792 

the arch forms. 793 

The results indicate that an excessive rolling angle has a negative effect on human 794 

movement onboard. Based on these results, some recommendations are proposed to 795 
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enhance evacuation safety and efficiency. Firstly, it is recommended to evaluate the 796 

changing trend of ship rolling amplitude in time when evacuation activities are carried 797 

out in rolling ships. Passengers should be notified to arrive at assembly stations as early 798 

as possible to avoid situations where people cannot walk normally due to excessive 799 

rolling amplitude during the evacuation process. Secondly, it is recommended to 800 

appropriately improve the inherent rolling period of the passenger ship, which can 801 

effectively increase the comfort of people, improve human walking speed, and 802 

accelerate the evacuation process. Thirdly, in order to improve evacuation efficiency, 803 

the arch effect at the evacuation bottlenecks should be better addressed by crew 804 

coordination when formulating evacuation strategies. Crew members should be 805 

arranged to organize and guide evacuation to avoid excessive congestion or even 806 

stampede accidents. 807 

The findings of this study offer valuable insights and data support for 808 

understanding human evacuation in dynamic environments, contributing to the 809 

enhancement of safety measures in passenger ships. However, this study does not fully 810 

take into account all characteristics of human evacuation onboard ships due to the 811 

limited validation data, revealing some limitations. Firstly, the used simulation model 812 

is only set up for crowd evacuation in a single room with a single exit. It might not 813 

necessarily reflect the full-scale evacuation simulation model. Secondly, this study 814 

mainly analyses the impact of rolling motion on human evacuation, and overlooks the 815 

help, competition, and other heterogeneous behaviours of passengers in emergency 816 

situations. Thirdly, validation data were obtained from only a single ship and did not 817 

cover a wide range of passenger ships (cruise ships), potentially limiting the 818 

generalizability of the findings to a broader spectrum of passenger ships. This limitation 819 

raises the possibility of variations in human behaviour influenced by differences in ship 820 

layout and stability characteristics across various passenger vessels. Finally, this study 821 

does not specifically analyse the speed changes of individuals when they lean against 822 

the wall or grasp handrails for stability during rolling motions. Further work should 823 

therefore be carried out to address these issues. 824 
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