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Abstract: The effectiveness of a cruise ship’s emergency evacuation is greatly influenced by the way
people interact; this paper uses the social force model to simulate two different evacuation scenarios
considering the impact of small groups. It uses an agent to simulate the behavior of a single occupant,
and leverages the social force model to quantify the effect of group behavior on the group members.
According to the influence of the group on the members, this paper corrects the expected speed of the
members to determine the speed of crowd evacuation. It uses the SAFEGUARD cruise ship as the
evacuation platform to simulate the process of evacuating the passengers to the boarding station and
assembly station, respectively, and calculates the evacuation time, congestion area, and congestion
duration of passengers under the action of groups. The simulation results of the two scenarios show
that the group effect increases the average evacuation time by 15.29% and 21.79%, and increases the
average detour distance by 24.54% and 17.89%, respectively.

Keywords: emergency evacuation; maritime safety; social force model; small group behavior;
evacuation method

1. Introduction:

The cruise industry is experiencing growth due to the rapid development of the
marine tourism industry. Large cruise ships are characterized by their high passenger
capacity, intricate internal structure, limited passageways, and limited exits. In the event
of an emergency such as fire or flooding on a large cruise ship, heavy casualties may be
caused, and passengers have to abandon the ship and board the lifeboat. For example,
in 2021, a fire broke out on the luxury cruise ship Omar Khayyam on the Nile River in
Egypt, causing the entire ship to be engulfed in flames and passengers were forced to
abandon the ship. Fortunately, due to timely evacuation, there were no casualties. In 2021,
a passenger ship caught fire while in transit in Bangladesh, leading to several casualties.
At least 38 people died and over 200 were injured as a result of delayed rescue efforts and
evacuation. Thus, establishing a model for passenger evacuation is crucial in effectively
assessing and enhancing the safety of such evacuations on cruise ships.

Many scientists conducted research on ship evacuation routes, taking into account
the effects of personnel loads and evacuation distances. Zheng et al. [1] used the shortest
path and genetic algorithms to acquire optimal evacuation plans with the goal of reducing
congestion. Yu et al. [2] used the equivalent shortest path algorithm to determine the
optimal evacuation path for passenger ship personnel, fully considering the ease of passage
in each section. Liao et al. [3] optimized the evacuation routes of pedestrians departing
from different locations using a genetic algorithm and found that the shortest path is not
necessarily the optimal path for ship personnel evacuation. Qiao et al. [4] proposed a
method for determining the optimal evacuation path considering distance factors, chan-
nel congestion levels, and personnel behavior, which significantly improved passenger
evacuation efficiency. Guo [5] established an evacuation model for small groups of people,
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obtaining the optimal route for the point-to-point flow of small groups and improving evac-
uation efficiency. However, these studies mainly focus on the optimal paths for passenger
evacuation, and insufficient research was conducted on the selection of quasi-safe areas for
ship personnel evacuation.

The macro model focuses on the overall pedestrian flow in crowd evacuation activities.
It draws on the laws of fluid mechanics and mainly studies the relationship between the
macroscopic statistical parameters (speed, flow, and density) of pedestrian flow. For the
evacuation scenario, it mainly focuses on the configuration of the evacuation space and the
distribution of people, without considering the details of the interaction between personnel
and the influence of various elements in the facility on the movement of people, and focuses
on analyzing the overall movement law of the pedestrian flow. Henderson first proposed a
research model of microfluid dynamics [6], treating pedestrians as gas molecules and the
movement of pedestrian flow as the movement of liquid. Q.Y. Hao et al. [7] proposed a gas
model. Microscopic models focus on the individual behavior of pedestrians in crowd evac-
uation activities, considering various elements in the evacuation scenario. They specifically
observe, record, extract, and analyze the microscopic characteristics of pedestrian groups
in the scene. These models describe individual behavior in evacuation activities using
mathematical formulas, logical judgments, or evolutionary rules. The microscopic models
for cruise ship evacuation include Helbing’s social force model [8], the cellular automaton
model [9,10], and the agent-based model [11,12]. The social force model converts the envi-
ronmental impact on individuals into the force exerted on pedestrians by the environment
and quantifies the influence of environmental information on pedestrian movement speed
as the magnitude of the force. Previous studies [13–15] improved the classical social force
model by optimizing the effects of crowd density and visual perception on personnel
evacuation. Hu et al. [16] applied the microscopic model to simulate passenger evacuation
in ship environments, specifically simulating the evacuation process during emergency
situations. Wan et al. [17] used computer simulations to analyze the spatiotemporal pat-
terns of pedestrian movement, considering factors such as panic and herd behavior, and
proposed an improved social force pedestrian flow model. This model effectively captures
the evacuation patterns of onlookers and assesses the safety of personnel evacuation. The
aforementioned studies primarily focus on the influence of individual characteristics on
crowd evacuation dynamics, with relatively limited consideration of the constraints and
effects of small group tendencies within the crowd on overall evacuation.

During the evacuation process in various scenarios, pedestrian congestion occurs
when individuals gather in a specific area, leading to increased crowd density and resulting
in congestion and decreased pedestrian speed. As a result, many scholars conducted
studies on localized congestion during evacuations. Zhang et al. [18] established a multi-
objective and multi-level evacuation model for passenger ships using the fundamental
theories of cellular automata. This model can simulate the evacuation process, accurately
monitor changes in crowd density, and observe congestion. Cheng et al. [19] quantitatively
analyzed the possibility of congestion propagation between grids and real-time variations
in congestion locations using dynamic Bayesian networks. They applied measures to block
congestion propagation paths and guided evacuees from the source to suppress congestion
spread. Guo et al. [20] analyzed congestion areas in the evacuation process of a specific
passenger ship using International Maritime Organization (IMO) standards. These studies
focused on monitoring localized congestion areas and mitigating congestion. However,
the influence of group factors on congestion areas and the duration of congestion was not
sufficiently researched.

Studying the role of small groups in cruise ship evacuation is crucial as emergency
evacuations involve both individuals evacuating independently and small groups of people.
Several scholars conducted detailed research on the problem of congestion caused by group-
behaved factors. For instance, Li et al. [21] established a behavior simulation model based
on social force modeling to investigate the behavior of individuals in small groups in
multi-exit venues, finding that the presence of small group factors hampers the evacuation
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process and reduces efficiency. Haghani M et al. [22] studied the influence of group size
and horizontal pressure on group behavior through experiments, revealing that group
size has a significant impact on pre-evacuation time and decision-making time. Zheng
et al. [23] incorporated rules for conformity behavior and small group behavior into a
cellular automaton model, discovering that small-scale small groups can facilitate orderly
evacuation and improve efficiency, although excessive crowd density within groups leads
to congestion and reduces efficiency. K. Kostas et al. [24] used the velos platform to simulate
and analyze how crews assist passengers in evacuating and how passengers are divided
into different groups, and investigated the effect of orderly command and small groups
on improving evacuation efficiency. Ginnis, A.I. [25] used the enhanced crowd modeling
approach employed in VELOS to model the social conventions of panic aspects and social
conventions of inter-relations for evacuated people to simulate the reality of crowd behavior
in emergency situations so that ships can be evaluated and analyzed for evacuation. Lu
et al. [26] conducted evacuation simulations and established an extended cellular automaton
(CA) model, finding that increased crowd density intensifies the negative impact of group
behavior on evacuation. Fu et al. [27] investigated the relationship between assembly time,
crowd velocity, and evacuation density, and concluded that larger group size exacerbates
the negative impact on evacuation time. The focus of previous studies lies in the relationship
between group dynamics and evacuation efficiency, pre-evacuation time, decision-making
time, and crowd density. However, the impact of group factors on the evacuation of cruise
ship personnel remains insufficiently studied. Therefore, this paper compares the impacts
of the presence or absence of group effects on personnel evacuation from cruise ships.

The remainder of this study is structured as follows. Section 2 is devoted to the analysis
of small group forces. Section 3 defines two evacuation methods and corrects the group
evacuation speed. Section 4 presents the data of the cruise ship model and sets the initial
parameters of the cruise ship simulation model. In Section 5, the two evacuation methods of
the cruise ship are simulated with and without group effects, and the results are compared
and discussed to analyze the effects of group effects on the evacuation parameters and
congestion. Section 6 summarizes the research content of this paper.

2. Analysis of Small Group Behavior

In an unexpected situation, small group behavior is impacted by emotions, thoughts,
choices, and the environment of other individual members within the group. In the process
of evacuation, individuals tend to exhibit social behavior by giving priority to other group
members, choosing evacuation speeds and paths that are consistent with their peers, and
selecting the same evacuation exits. Additionally, during evacuation, group members
actively adjust their movement speed to avoid getting separated from each other, resulting
in almost all members arriving at the assembly area. If a member of the group deviates from
the group, other members in the small group will spontaneously pause at their original
location or return to search for the lost member. Helbing et al. [28] used the principle of
mutual forces in mechanics to analyze the different forces that people are subjected to
during movement. In the process of searching for and approaching the group partners, the
members of a small group will mainly be affected by the driving force of the pedestrians
themselves, the attraction and repulsion between pedestrians, and the repulsion force
between pedestrians and obstacles.

2.1. Members’ Own Driving Forces

Self-propulsion is a type of inertia force that refers to pedestrians being driven and
spontaneously moving towards their destination, and its main manifestation is that the
pedestrian speed is expected to approach the maximum evacuation speed [29]. The self-
propulsion of members can be expressed as Equation (1).

fn(t) = mn
v0

n(t)en(t)− vn(t)
σn

(1)
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where fn(t) is the nth member of the moment t your own driving force, mn is the quality of
the nth member, respectively, and v0

n(t), vn(t), σn indicates the desired speed and the actual
speed of the nth member at the moment t and hesitation time. en(t) is the expected direction
of movement of the nth member at the moment t by the real position xn of the member at
the moment t and the evacuation safety channel position x, as shown in Equation (2).

en(t) =
xn − x
‖xn − x‖ (2)

2.2. People Forces

During the evacuation process, members of the group are often influenced by both
internal members and external obstacles, internal group members’ attraction or avoidance
behavior towards each other, or external stimuli [30,31]. The interaction force between
group members is characterized by the attraction among internal members and the repul-
sion from external ones in order to prevent collisions, as shown in Equations (3) and (4)

fmn(t) =
{

Ame
smn
Bm + Kg(smn)

} →
nmn + Kgsmn4 vt

nm
→

tmn (3)

smn = rmn − dmn (4)

where fmn(t) indicates the interaction force between personnel n and personnel m at the
moment t, rmn = rm + rn indicates the sum of the radius of personnel m and personnel n,
and dmn =

∥∥∥→rm +
→
rn

∥∥∥ indicates the distance between personnel m and personnel n circle

center.
→
nm = (

→
rm −

→
rn)/dmn indicates the normal vector of personnel m and personnel

n connecting direction. Am,Bm,K, and k; for the given constants, ∆vt
nm = (

→
vn −

→
vm)

→
tmn

indicates the velocity difference between personnel m and personnel n in the tangential
direction.

With the step function to express the personnel m and personnel n linear distance, x
stands for the personnel of the radius value and the difference between the two distances
from the center of the circle. When the difference x is less than 0, there is no interaction
force between persons, as shown in the following Equation (5):

u(x) =
{

0 dmn > rmn
x dmn ≤ rmn

. (5)

2.3. Obstacle Repulsion Force

This force is similar to the repulsive force between non-group members. During the
evacuation process, group members will spontaneously avoid obstacles, which generates a
repulsive force between the members and obstacles. This can be expressed as follows:

fmw(t) =
{

Ame
smw
Bm + Kg(smw)

}→
n mw + kgsmw

(
vt

m·
→
t mw

)→
t mw (6)

smw = rm − dmw (7)

where fmw(t) is the interacting forces between the ith member and obstacle w at moment t,
dmw is the distance between member ith and obstacle w in the normal vector direction,

→
n mw

is the normal unit vector in the direction of the line between pedestrian ith and obstacle w,

and
→
t mw is the tangential unit vector in the direction of the line between pedestrian i and

obstacle w.
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3. Cruise Ship Personnel Evacuation Model Establishment
3.1. Cruise Ship Personnel Evacuation Stages and Evacuation Methods

According to the International Maritime Organization (IMO) MSC.1/Circ1533 circu-
lar [32] on the evacuation guidelines for new passenger ships and existing passenger ships
issued by MSC, during the emergency situations, the area where passengers gather in
an emergency is called the assembly station, and the boarding station is an area where
passengers can board lifeboats. Each assembly station can serve multiple boarding stations
and should be located close to them. On a cruise ship in an emergency, the crew instructs
and directs passengers to follow emergency procedures. The crew first evacuates them to
the assembly stations and then guides them to their respective boarding stations, and if
necessary, organizes them to abandon ship procedures to board lifeboats. The emergency
evacuation process on the cruise ship is divided into three parts as follows:

(1) Response duration (R): It is the duration that takes for people to react to the station.
This duration begins upon initial notification (e.g., alarm) of an emergency and ends when
the passenger accepted the situation and begins to move towards an assembly station.

(2) Total travel duration (T): it refers to the duration it takes for passengers to evacuate
from an initial unsafe location to a relatively safe assembly station.

(3) Embarkation and launching duration (E): the maximum allowed duration is 30 min.
Therefore, the time to assemble is a crucial part of the evacuation process, which is

vital for accurately assessing the safety performance of the cruise ship evacuations. The
International Maritime Organization (IMO) established a time control standard for the
emergency evacuation phase as described in Equation (8).

1.25(R + T) +
2
3
(E + L) ≤ n (8)

Among them, n represents the maximum allowed evacuation time. For passenger
ships, it is 60 min for those with less than three levels, and 80 min for large ships with more
than three levels. Therefore, the time taken to assemble is a crucial factor in determining the
evacuation time, which is very important for accurately evaluating the safety performance
of the evacuation personnel.

As shown in Figure 1, the passenger assembly method is divided into two categories
in this paper:

Appl. Sci. 2023, 13, x FOR PEER REVIEW 6 of 21 
 

Evacuation method I: in the event of an escalation of incidents on the cruise ship, it 
requires immediate action to abandon the ship and direct passengers to move directly 
from their initial location to the boarding stations. 

Evacuation method II: if the accident on the cruise ship does not exceed the accident 
limit range, and the cruise ship still has the ability to safely return, arrange for passengers 
to evacuate to the nearest assembly station. 

 
Figure 1. Two ways of evacuating passengers. 

3.2. Crowd Evacuation Speed Determination 
In many emergency situations, the movement speed of a crowd is crucial for evacu-

ation. The crowd is composed of individual passengers and various sized small groups. 
This study aims to analyze the speed of individual passengers, adjust the movement 
speed of members in small groups, and ultimately determine the overall movement 
speed of the evacuating crowd in order to construct an evacuation model for cruise ships. 

(1) The calculation of individual evacuation speed includes self-propulsion, per-
sonnel force, repulsive forces between pedestrians and obstacles, and disturbance force 
[33,34]. Therefore, the kinematic equation for n personnel at moment t  is represented by 
Equation (9). 

( )
( ) ( )m

n nm mw m
n,m n w

dv t
m ( ) f f ε t(

d
( ) )

t mf tt t
≠

= + + +   (9)

where ( )mε t  is the disturbance force received by the nth passenger at moment t ,
( )

( )
n

n
dv t

m
d t

 is the individual evacuation speed, and ( )nv t  indicates the actual moving 

speed of person nth at time t. 
(2) Speed correction for small groups: During the evacuation process, group mem-

bers will spontaneously adjust their own movement speed in order to stay together with 
other group members and avoid getting separated. As a result, the expected speeds of 
group members remain relatively consistent, leading to similar arrival times at the as-
sembly point. 

The expected speed of person n during the evacuation process of small group 
members is represented by Equation (10). 

Figure 1. Two ways of evacuating passengers.



Appl. Sci. 2023, 13, 9976 6 of 19

Evacuation method I: in the event of an escalation of incidents on the cruise ship, it
requires immediate action to abandon the ship and direct passengers to move directly from
their initial location to the boarding stations.

Evacuation method II: if the accident on the cruise ship does not exceed the accident
limit range, and the cruise ship still has the ability to safely return, arrange for passengers
to evacuate to the nearest assembly station.

3.2. Crowd Evacuation Speed Determination

In many emergency situations, the movement speed of a crowd is crucial for evacu-
ation. The crowd is composed of individual passengers and various sized small groups.
This study aims to analyze the speed of individual passengers, adjust the movement speed
of members in small groups, and ultimately determine the overall movement speed of the
evacuating crowd in order to construct an evacuation model for cruise ships.

(1) The calculation of individual evacuation speed includes self-propulsion, personnel
force, repulsive forces between pedestrians and obstacles, and disturbance force [33,34].
Therefore, the kinematic equation for n personnel at moment t is represented by Equa-
tion (9).

mn
dvm(t)

d(t)
= fm(t) + ∑

n,m 6=n
fnm(t) + ∑

w
fmw(t) + εm(t) (9)

where εm(t) is the disturbance force received by the nth passenger at moment t, mn
dvn(t)

d(t) is
the individual evacuation speed, and vn(t) indicates the actual moving speed of person
nth at time t.

(2) Speed correction for small groups: During the evacuation process, group members
will spontaneously adjust their own movement speed in order to stay together with other
group members and avoid getting separated. As a result, the expected speeds of group
members remain relatively consistent, leading to similar arrival times at the assembly point.

The expected speed of person n during the evacuation process of small group members
is represented by Equation (10).

vn
0
group(t) =

1
k− 1 ∑k

j=1,j 6=n vj
0
group

(t) (10)

where vn
0
group(t) indicates the expected speed of the nth person at time t, k and j, respectively,

indicate the number of people that belong to group i and other members of the small group,
and vj

0
group

(t) indicates the expected speed of the other member j at time t.
(3) Determination of crowd evacuation speed: During the cruise ship evacuation, the

crowd is composed of numerous individual passengers and different numbers of small
groups. The expected speed of passenger n is represented by v0

i (t).

v0
i (t) =

{
vj

0
group(t)

(
i ∈ Ugroup

)
v0

i (t)
(
i /∈ Ugroup

) (11)

where Ugroup denotes small groups.

4. Cruise Ship Evacuation Simulation Model Construction

The interior of a large cruise ship can be divided into several areas according to
different functions, and the internal structures of these areas differ greatly, such as cabins,
corners, staircases, aisles, restaurants, and assembly areas A, B, C, and D. Among them,
assembly stations B and C have the function of boarding stations. To guarantee evacuation
data accuracy and personnel evacuation model rationality, this paper analyzes the spatial
layout of the cruise ship, the characteristics of the personnel movement speed, and the
distribution of the number of people in each area of the cruise ship.
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4.1. Cruise Ship Model Data

The European SAFEGUARD project is used as a model for cruise ship evacuation
in this paper. The vessel comprises three decks. The first and second decks are 138 m in
length, 24 m in width, and 3 m in height. The third deck measures 138 m in length, 24 m in
width, and 3 m in height. The ship measures 42 m in length, 15 m in width, and has a depth
of 2.8 m. Figure 2 depicts the spatial layout of the cruise ship, including the distribution of
its various functional areas, stair connections, and channel distribution positions.
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In addition, several staircases are utilized to connect each two decks, with the specific
connection methods, widths, and heights detailed in Table 1.
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Table 1. Connections between each deck.

Lower Deck Upper Deck Deck Connecting Stairs Width/m Height/m

Deck 1 Deck 2 Stairs 1/Stairs 5 1.0 3.0
Deck 1 Deck 2 Stairs 2/Stairs 6 1.35 3.0
Deck 1 Deck 2 Stairs 3/Stairs 7 1.35 3.0
Deck 1 Deck 2 Stairs 4/Stairs 8 1.35 3.0
Deck 2 Deck 3 Stairs 6/Stairs 9 1.35 3.0
Deck 2 Deck 3 Stairs 7/Stairs 10 1.2 3.0

4.2. Initial Personnel Distribution of Each Functional Area

This example shows the initial distribution of passengers on a passenger cruise ship
based on the validation dataset [35–37] provided by the European Union’s Seventh Frame-
work Project Safeguard. The initial personnel distribution of the model evacuation is
shown in Table 2 below. In evacuation mode I, personnel need to evacuate to the nearest
boarding station. Therefore, except for the initial positions of staging stations B and C,
which have boarding functions, all other personnel should evacuate to the boarding station.
By calculation, in evacuation mode I, the total number of people evacuated to the boarding
station is 1580. In evacuation mode II, passengers evacuate from the initial location to the
nearest assembly station; in this mode, 1220 people were evacuated in total.

Table 2. Initial personnel distribution by functional area.

Passenger Initial Distribution Number of People

Level 1-Bar 104
Level 1-Storage area 243
Level 1-Shopping area 52
Level 1-General area 163
Level 2-Bar 98
Level 2-General area 157
Level 2-Restaurant area 271
Level 3-Seating area 132
Level1-Assembly Station A 150
Level1-Assembly Station B 71
Level1-Assembly Station C 66
Level2-Assembly Station D 210
Total number of evacuees 1717

4.3. Determination of Evacuation Speed

In the evacuation process of cruise ships, the passenger characteristics significantly
impact the movement speed of each functional area. Among these characteristics, age and
gender are particularly influential factors. In this paper, different movement speed is set
based on the passenger characteristics of each functional area, and the age range of general
passengers is from 20 to 65 years old, and for special passengers, the range is under 20 years
or over 65 years old.

Among them, the cruise lines are summarized based on the 2016–2018 Global Cruise
Crew Consumer Survey Report (see Figure 3) compiled by the Cruise Lines International
Association (CLIA) and the characteristics of cruise cabin crew members surveyed by
Wang [38]. The age composition characteristics of the total crew and each functional area are
shown in Table 3, and the ratio of male to female cruise crew members is approximately 1:1.
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Table 3. Percentage distribution of passengers in different age ranges in each functional area (unit: %).

Functional Area

General Members Special Members

20–30
Years Old

30–50
Years Old

50–65
Years Old

Years Old < 20 Years Old
and > 65 Years Old

Bar area 13 37 40 10
Storage area 8 32 31 29
Shopping area 11 33 36 20
General zone 7 21 22 50
Restaurant area 10 30 33 27
Seating area 6 22 24 48
Gathering station 14 30 37 19

Using the composition characteristics of passengers in each functional area summa-
rized in Table 3, combined with the classification of passenger types and walking speeds in
the International Maritime Organization (IMO) “Guide”, the evacuation speed of passen-
gers in each functional area is determined. Taking the bar area as an example, the age of
general passengers in the bar is divided into three categories: 20–30 years old, 30–50 years
old, and 50–65 years old. Based on the proportion of occupants in each age group presented
in Figure 3, we obtained the occupancy ratio for different classes.

P(B20−30) = P(B)
P20−30

P20−65
(12)

where P(B20−30) is the proportion of passengers aged 20–30 years old in the bar area, P(B)
is the total proportion of general passengers in the bar area, and P20−30, P20−65 are the
proportions of occupants in the two age groups in the CLIA statistics.

Based on Equation (13), the calculation was obtained P(B20−30) = 0.13.
Table 3 shows the proportion of passengers of different age groups in each functional

area. According to the evacuation speed range of age group and gender passengers
stipulated by IMO in the “Guidelines”, this paper sets the average evacuation speed of
passengers of different gender and age groups, and the specific parameters are shown in
Table 4.

Table 4. Average evacuation speed of occupants for passengers ages and genders (unit: m/s).

Passenger General Passenger Special Passenger

Gender 20–30
Years Old

30–50
Years Old

50–65
Years Old

Years Old < 20 Years Old
and > 65 Years Old

male 1.48 1.30 1.12 0.79
female 1.24 0.95 0.75 0.55

The simulation program can estimate the evacuation speed of passengers in each
functional area based on the proportion of passengers in each age group summarized in
Table 3 and the evacuation speed of passengers in each age group shown in Table 4.
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4.4. Passenger Information Parameters

The size and proportion of passenger groups are set according to the cruise ship
statistical data collected by Wang X et al. [39]. The number of small groups is divided
into a single group, two-person group, three-person group, and four-person group. The
passenger diameter is 0.4 × 0.4 m, and the specific parameters are shown in Table 5 below.

Table 5. Small group information.

Number of Group Members Percentage of Total Number of Members

1 10
2 17
4 40
6 33

5. Cruise Ship Emergency Evacuation Simulation and Analysis
5.1. Modeling Steps Based on Social Force Model

The main steps of modeling simulation using the pedestrian library mainly include
the following steps, as shown in Figure 4.
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(1) Create a cruise ship model. The CAD drawings of the cruise ship are imported as a
base map to create the model scene. Following this, the architectural environment, including
walls, stairs, target lines, and evacuation routes, is established. Finally, a passenger flow
chart is developed.

(2) Parameter setting. Set parameters such as passenger diameter, correction speed,
passenger characteristics, small group ratio, etc.

(3) Statistics. This includes changes in pedestrian density and the number of passen-
gers evacuated using two different evacuation methods in a given area.

(4) Model tuning. The model constructed is used to run simulation experiments, set
different parameters for comparison, and finally analyze and summarize the data obtained.

5.2. Evacuation Time of Two Evacuation Methods without Groups

This paper refers to the Monte Carlo method to repeatedly simulate each evacuation
situation 500 times, and then conduct statistical analysis on the obtained data. Based on the
cruise evacuation model without group interaction, the evacuation time and cumulative
distribution function of passengers can be obtained by using Anylogic 8.8.1 simulation
software, as shown in Figure 5. The 95% quantiles evacuation times for evacuation methods
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I and II were 1052 s and 861 s, respectively. Using the 95th percentile passenger assembly
time as a representative, the assembly time for evacuation method II was 18.15% shorter
than that of evacuation method I.
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Figure 5. Frequency distribution of evacuation time without groups.

In addition, through Figure 5, it can be found that the 90% confidence intervals
of passenger assembly time for evacuation mode I to II are 842~1052 s and 741~861 s,
respectively. Through the analysis, it can be seen that the passenger assembly time for
evacuation mode I has a large range of variation, while the passenger assembly time of
evacuation mode II has a small range of variation.

The mean, maximum, minimum, deviation, median, and 0.05 (P5), 0.50 (P50), and
0.95 (P95) percentiles of passenger evacuation times under different evacuation methods
without group interaction are shown in Table 6.

Table 6. Important parameters for evacuation without groups.

Parameter Evacuation Evacuation Method I Evacuation Method II

Average value/s 985.26 648.54
Minimum value/s 715 506
Maximum value/s 1132 878
Standard Deviation/s 47.67 27.21
Median/s 982 631
P5 934 558
P50 981 530
P95 1016 698

Therefore, in the event of an emergency on a cruise ship, the staff should choose the
appropriate evacuation method. Under the condition of ensuring a safe return to port,
evacuation method I can be selected, which involves notifying passengers to proceed to
the nearest boarding station with boarding capabilities, although this method has a longer
evacuation time. However, if the cruise ship still has the ability to safely return to port,
evacuation method II can be chosen, which involves notifying passengers to proceed to
the nearest assembly station. This method has higher efficiency and can effectively reduce
the risk of accidents. Therefore, in the event of an emergency, the severity of the incident
should be taken into consideration.

5.3. Congestion Area and Duration of Congestion for Two Evacuation Methods without Groups

During the process of evacuating a cruise ship, congested areas have a significant
impact on the efficiency of evacuation. According to the International Maritime Organi-
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zation’s MSC.1/Circ.1533, to determine if an area is congested, we check its population
density. If the density exceeds four people per square meter, it is determined that the
area is a congestion area. Additionally, if the congestion in this area accounts for more
than 10% of the total evacuation time, it is regarded as having a substantial impact on the
ship’s evacuation.

At t = 170 s, the personnel density thermal map for the evacuation of the cruise ship
without grouping is shown in Figure 6. Based on the congestion determination method
above, there are congested areas in evacuation mode I, including areas I-a, I-b, and I-c as
shown in Figure 5a, and there are congested areas in evacuation mode II, including areas
II-a and II-b as shown in Figure 5b. Figure 7 displays the variation in personnel density in
specific areas without any group effect. The congestion duration of Area I-a ranges from
365 to 651 s, while for Area I-b it ranges from 482 to 671 s. For Area I-c, the congestion lasts
from 382 to 805s. Area II-a experiences congestion for a duration of 372 to 641 s, while Area
II-b experiences congestion for 410 to 724 s.
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Table 7 presents the continuous congestion time data without group interaction. The
data show that the maximum congestion density in the five selected areas exceeds four
people/m2, and the maximum congestion density is area II-b. Additionally, the continu-
ous congestion time in all five areas accounts for over 10% of the total evacuation time,
with some areas even exceeding 40%. Among them, region II-b has the largest ratio of
congestion time to total evacuation time. These data indicate that congested areas during
the evacuation process have a significant impact, so it is necessary to prioritize control and
properly guide passengers in these congested areas [38].

Table 7. Continuous congestion time in the area without groups.

Congestion
Area

Continuous
Congestion Time/s

Percentage of Total
Time/%

Maximum Congestion
Density Person/m2

I-a 286 29.03 4.6
I-b 189 19.18 4.2
I-c 423 42.78 5.7
II-a 269 42.79 4.7
II-b 314 48.42 9.2

5.4. Evacuation Time of Two Evacuation Methods with Groups

Based on the cruise evacuation model with group action, the evacuation time and
cumulative distribution function of passengers can be obtained by using Anylogic 8.8.1
simulation software, and the results are shown in Figure 8.

The results are shown in Figure 8. The 95th percentile of passenger evacuation time
for evacuation modes I and II are 1237 s and 932 s, respectively. Represented by the
95th quantile of assembly time, it can be observed that the passenger assembly time for
evacuation method II is 32.73% lower than that for evacuation method I.

In addition, Figure 8 indicates that the 90% confidence intervals for passenger assembly
times in evacuation modes I to II were 981~1237 s and 811~932 s. Evacuation mode I and
II had the highest number of evacuees in the time periods 975~1025 s and 775~825 s,
respectively. Furthermore, it was also found that the evacuation time of passengers varied
more in evacuation mode I and less in evacuation mode II. The range of variation is small
in evacuation mode II.

The mean, maximum, minimum, deviation, and median data of the evacuation time
of passengers without group effect are shown in Table 8.
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Table 8. Important parameters of evacuation time with groups.

Parameter Evacuation Evacuation Method I Evacuation Method II

Average value/s 1021.27 765.53
Minimum value/s 825 628
Maximum value/s 1358 984

Standard deviation/s 71.12 44.70
Median/s 1018 763

P5 962 634
P50 1023 771
P95 1184 862

5.5. Congestion Area and Duration of Congestion for Two Evacuation Methods with Groups

The same as the evacuation of the congested area of the cruise ship personnel without
group, the change in the personnel density of a specific area with the evacuation time is
shown in Figure 9, where the congestion duration in Area I-a ranges from 408 to 801 s, in
Area I-b ranges from 508 to 798 s, in Area I-c ranges from 491 to 1050 s, in Area II-a ranges
from 510 to 756 s, and in Area II-b ranges from 495 to 830 s.
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The percentage of the total evacuation time occupied by the continuous congestion
time in the affected region is shown in Table 9. It can be seen that the continuous congestion
time of the five selected congestion areas accounts for more than 10% of the total evacuation
time, and even some areas exceeding 40%. Among them, the largest proportion is found in
region B of evacuation mode II, with a value of 43.76%, while the smallest proportion is
observed in region B of evacuation mode I. Furthermore, all five regions have a maximum
congestion density exceeding four persons per square meter. These data indicate the
significant impact of congested areas on the overall evacuation process. Therefore, it is
recommended to assign personnel to these congested areas for guidance and to alleviate
congestion based on the different evacuation modes.

Table 9. Continuous congestion time in the area with group.

Congestion
Area

Continuous
Congestion Time/s

Percentage of Total
Time/%

Maximum Congestion
Density Person/m2

I-a 393 38.48 5.2
I-b 290 28.40 4.9
I-c 559 31.63 7.6
II-a 246 32.13 4.4
II-b 335 43.76 9.1

5.6. Comparison of Important Parameters with and without Groups Evacuation

The comparison of important statistical parameters with and without group assembly
time is shown in Figure 10. It can be seen from the figure t the effect of group action on the
evacuation time of the two evacuation methods, where the average of the evacuation time
for methods I and II increased by 15.29% and 21.79%, respectively, as compared to without
group action, which had the greatest impact.
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5.7. Comparison of Congestion Duration with and without Groups

According to Figure 11, it can be observed that regions I-a, I-b, I-c, and II-b increased
by 37.41%, 44.53%, 32.15%, and 6.69%, respectively, compared to the non-group situation.
However, region II-a decreased by 8.55%. This indicates that group effects have different
impacts on different evacuation methods.
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Figure 11. The rate of change in sustained congestion time under the effect of more no clusters.

From Table 10, we can see that the time of starting congestion in area II-a without
group is 372 s and lasts 269 s. The time of starting congestion with group action is 510 s
and lasts 246 s. The data show that the group effect slows down the congestion formation
in area I-b and also reduces the duration of congestion, which has a positive effect on
evacuation. This is because members of the group tend to leave in pairs, but the response
time of each passenger is different, and passengers who respond quickly need to wait for
other group members, causing the congestion start time in this area to be delayed and the
congestion duration to be shortened.

Table 10. Comparison of congestion durations with and without group.

Congestion Duration/s I-a I-b I-c II-a II-b

Without group 365~615 482~671 382~805 372~641 410~724
Without group 408~801 508~798 491~1050 510~765 495~830

From Table 10, we can see that the start of congestion in the area II-c without group
is 482 s and lasts 189 s. The start of congestion with group effect is 508 s and lasts 290 s.
These data indicate that the group effect slows down the formation of congestion in I-b,
while also increasing the duration of congestion. This is due to the response time of group
is the maximum response time among group members, this waiting behavior hinders the
movement of other passengers, thus causing congestion situation increases, which has a
negative effect on evacuation.

In summary, considering the differences in congestion formation and duration with
and without groups in different regions, it can be concluded that the effect of groups on
congestion formation and duration is not singular.

5.8. Comparison of Bypassing Distance with and without Groups

Influenced by the behavior of small groups, detouring behavior occurs during the
evacuation of passengers. The detour distance, which is the difference between the actual
distance people move from the starting position to the destination and the straight-line
distance, is used to measure the detour phenomenon in the evacuation process. The detour
distances for evacuation methods I and II with and without groups are shown in Figures 10
and 11, respectively.

From Figure 12, it can be seen that in Evacuation mode I, the average detour distance
for individuals without groups is 14.38 m, while for individuals with groups, it is 17.91 m.
This small group behavior results in a 24.54% increase in the average detour distance for
passengers. In Evacuation mode II, the average detour distance without groups is 18.70 m
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and with groups is 22.05 m. The small group behavior increases the average detour distance
for passengers by 17.89%.
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From the simulation results, under the effect of small group behavior during evacua-
tion, the personnel behaved as looking for companions, resulting in inconsistent or even
opposite movements compared to others. This behavior hinders the evacuation of other
personnel and increases the overall average detour distance during evacuation, thus mak-
ing the evacuation behavior of cruise passengers more disorderly, increasing the overall
evacuation time and decreasing the evacuation efficiency.

6. Conclusions and Discussion

Based on the basic social force model, this study considers the evacuation charac-
teristics of different passengers, including evacuation speed, response time, and initial
distribution. A simulation model of passenger evacuation on a cruise ship is constructed
using Anylogic 8.8.1 software. Two different evacuation methods and the impact of group
behavior on passenger evacuation time and congestion areas are studied. The simulation
results are as follows:

(1) After an emergency occurs, there is a significant difference in the time required for
passengers to reach their destination under the two evacuation methods. Method II, which
involves reaching the closest assembly point, has a shorter evacuation time. Therefore,
cruise ship personnel should choose the appropriate evacuation method based on the
urgency of the accident to achieve a reasonable evacuation time.

(2) Group behavior inhibits the efficiency of assembly for passengers under different
evacuation methods, and it increases the variation range of assembly time. Moreover, the
congestion area of passenger ships with and without group influence is the same, while
the influence of group factors on the formation moment and duration of congestion area is
more complicated, mainly related to the location of congestion area and the response time
of group members.

(3) Under the effect of the group factor, due to the behavior of small groups waiting
for their group members to leave, the response time of the group becomes the maximum
response time among all members within the group. As a result, passengers do not evacuate
simultaneously, and group effects reduce the duration of congestion. When the group
is located near the gathering station, this group waiting behavior will prevent the rear
passengers from evacuating and cause the congestion duration to increase.

(4) Group behavior increases the average detour distance for personnel, which greatly
increases the disorderliness of emergency evacuation on the cruise ship and lowers the
overall evacuation efficiency.
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The limitation of this paper is that in exploring the influence of small groups on
evacuation time and congestion area, only the influence of a specific proportion of group
factors on evacuation is proposed, but the specific trend of the influence of small group
sizes of two, three, and four people on evacuation time is not confirmed.

Of course, further research could be conducted to expand the scope of the study. In
future research, it is expected that further experimental studies will be conducted from the
perspective of small group size to expand the existing data and summarize the law of small
group size influence on evacuation efficiency.
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