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Abstract— A reliable and efficient emergency evacuation of a dam-
aged cruise ship is essential for passenger safety. Although many
advanced evacuation approaches based on wireless sensor net-
works (WSNs) are capable of exploring dynamic environmental
hazards and provide real-time navigation service, such approaches
are mainly used in buildings on land, taking no account of the
complex ship structure, deadline for ship survival, and dynamic
ship inclination, and therefore may fail to evacuate passengers be-
fore ship capsizing. This paper proposes WEND, an efficient WSN-
assisted emergency navigation algorithm for dynamic hazardous
ship indoor environment, which informs each passenger about a
hazard-avoid route that minimizes the total dynamic typical delay
with error bound guarantee while meeting the deadline for ship capsizing in a real-time manner. To achieve this aim,
WEND investigates ship interior layout to construct a 3D topological model and analyzes the time-history of the roll
motion of a damaged passenger ship to evaluate ship survival time and the dynamics of pedestrian movement. Then, an
efficient adaptive emergency navigation algorithm building on the ideas of Hassin’s algorithm is presented to provide a
hazard-avoid path from each passenger’s current location to boarding stations such that the worst-case delay along this
path is no greater than the specified deadline, and the total dynamic typical delay is small. We evaluate our algorithm
by conducting extensive simulations. The results demonstrate that WEND improves the navigation success ratio by
approximately 30% and 10% compared with the state-of-the-art navigation methods, namely the Expected Number of
Oscillations (ENO)-based oscillation-free method (OPEN) and the deadline-aware adaptive emergency navigation strategy
(ANT), respectively.

Index Terms— Dynamic navigation model, Approximation algorithm, Ship evacuation, Wireless sensor networks.

I. INTRODUCTION

EMERGENCY evacuation of a passenger ship becomes
very important, especially considering the enormous loss

of life in case of passenger ship disasters [1], [2]. Costa
Concordia disaster left 32 passengers and crew dead and
more than 4,000 traumatized [3]. The sinking of the Al-
Salam Boccaccio 98 ferry took the lives of more than 1,000
people [4]. According to a safety technical investigation report
submitted by the Italian Ministry of Infrastructure and Trans-
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port, inefficient emergency evacuation is considered one of
the primary factors for such serious casualties [5]. Therefore,
an efficient and safe ship evacuation strategy plays a critical
role in protecting passengers’ lives when ships encounter
accidents. Ship evacuation is very complex because of the
ship’s complicated internal structure, the dynamic evacuation
environment, and the limited ship survival time.

Most of the existing ship evacuation research focuses on
developing simulation programs that can handle complex nav-
igation scenarios, i.e., the influence of ship motion and human
behaviors [6]–[9]. However, the simulation-based approaches
are high-priced and time-consuming, which has a negative per-
formance impact on the time-critical ship evacuation service.
In addition, the results from these approaches are only effective
for the previously specified damage case. That is to say, they
cannot provide appropriate navigation service for evacuees in
a real-time manner, considering dynamic emergency scenarios.

Wireless Sensor Networks (WSNs), which can be widely
deployed in the fields of interest, are capable of automat-
ically exploring and interacting with the dynamic environ-
ment. Therefore, we can incorporate WSNs into emergency
navigation systems to extensively monitor the ever-changing
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ship indoor environment and then provide real-time navigation
service to users equipped with portable devices such as Per-
sonal Digital Assistants (PDAs) and smartphones [10]–[16].
However, considering the complex 3D model of ship internal
structure, the dynamic ship inclination, and the deadline for
ship sinking, most existing WSN-assisted emergency naviga-
tion approaches for land cannot be directly applied to ship
evacuation.

According to presently valid regulations passenger ships
need sufficient hydrostatic stability to survive from certain
damage cases (e.g., fire, collision, and grounding) [17]–[19].
However, the required damage stability does not, in all cases,
guarantee the survival of a ship over an infinite period of time,
especially if an accident takes place at unfavorable sea states
or weather conditions. In such a case, the time available for
ship evacuation is limited. That is, passengers and crew must
escape from their current locations to a specified boarding
point for lifeboats or Marine Evacuation Systems within a
specified deadline. Otherwise, there is very little chance of
surviving for them. However, to the best of our knowledge,
the existing WSN-assisted navigation methods do not take the
hard deadline into account, which can dramatically jeopardize
users’ chances of survival. Specifically, these approaches con-
sider the impact of variations of hazards and aim to guide
users to escape without oscillations while away from hazards,
but they ignore navigation efficiency, leading to passengers’
remaining in danger for a long period of time and thus missing
the deadline for ship survival [14].

For general land-based buildings, the traversal speed of
evacuees is only affected by their own properties (e.g., their
age, gender, physical and psychological status) [20], [21] and
the density of passageways which is related to the distribution
and spatial-temporal movement of evacuees [22]. While on a
passenger ship, there is a special feature for the movement
speed of passengers distinguishing it from that in land-based
buildings since the fact that evacuees escape on an unstable
surface. That is, the walking speed on a passenger ship
is not only influenced by the above-mentioned factors, but
also severely influenced by the changing slope angles, which
is unrelated to the passengers’ personal attributes or their
spatiotemporal movement [23], [24]. When the inclination
angle varies over time, passengers tend to feel dizzy, and their
gait alters as well, all of which results in a change in individual
walking speed. We can evaluate the dynamic passengers’
movement during evacuation using simulated data from the
following organizations: the Korea Research Institute of Ship
and Ocean Engineering, the Netherlands Organisation for Ap-
plied Scientific Research (TNO), the Swiss Federal Institute of
Technology, and the Monash University in Australia [25], [26].
However, the existing WSN-assisted navigation systems do not
fully consider the dynamics of passenger walking speeds due
to changing inclination states, which can result in the variation
of transit time on the same passageway. They utilize the path
length, which is considered to maintain invariable in time, to
design different metrics of path planning (e.g., the shortest
route, the minimum exposure route, and the oscillation-free
route to navigate evacuees), and thus the paths may be time-
consuming or impassable in practice [14], [27]–[29].

In addition, most of the existing WSN-based navigation
approaches deal with only 2D sensing fields and take no
account of actual arrangement of navigation environment [30],
[31]. These approaches explore physical obstacles in the
environment and construct the route graph during run-time
phase, which spends a significant amount of time due to the
extremely complicated internal structure of a cruise ship, and
thus cannot offer real-time navigation services for trapped
users.

In this paper, we propose WEND, an efficient WSN-assisted
emergency navigation algorithm for dynamic hazardous ship
indoor environments, which can, in real-time or near real-
time, provide passengers with hazard-avoid navigation paths
that achieve no more than (1+ϵ)dp

∗

T (T ) 1 typical delay while
simultaneously guaranteeing to respect the specified deadline
even if the worst-case delay is encountered in traversing the
path. To achieve this purpose, WEND first constructs the 3D
topological model of a real-world passenger ship and then
deploys sensors based on the 3D model to monitor dynamic
hazards and serve as landmarks to guide passengers to a
destination. Then WEND analyzes the effect of dynamic ship
inclination on delay and combines the impact of crowd density,
flood water depth, as well as locations of segments and dam-
ages on a passenger ship to determine the typical delay and the
worst-case delay bound across each path accordingly. Based on
the two delay parameters and the monitored hazard situation
and movement, an adaptive emergency navigation strategy
with low time complexity, motivated by a fully polynomial
approximation scheme, namely, Hassin’s Algorithm [32], [33],
is proposed. We evaluate WEND by conducting extensive
simulations. The results demonstrate that WEND improves the
navigation success ratio by approximately 30% and 10% com-
pared with the state-of-the-art navigation methods, namely, the
Expected Number of Oscillations (ENO)-based oscillation-free
method (OPEN) and the deadline-aware adaptive emergency
navigation strategy (ANT), respectively.

The main contributions of our study are summarized as
follows:

• To the best of our knowledge, this is the first WSN-
assisted navigation strategy taking 3D topological struc-
ture of a real passenger ship into consideration. We utilize
a Voronoi Diagram (VD)-based method to automatically
tessellate complex rooms (i.e., rooms with more than one
door in the ship), and construct a variable navigable net-
work before the application of our path finding algorithm.

• We synthetically consider the dynamics of both hazards
and changing walking environments and construct a dy-
namic navigation model.

• Given the serious threat of ship capsizing to passengers’
survival, we design WEND, an efficient emergency navi-
gation algorithm that can, in near real-time, find hazard-
avoid paths with no more than (1+ϵ)dp

∗

T (T ) total typical
delay while guaranteeing to respect the deadline for ship
capsizing under all circumstances.

• We theoretically analyze the upper and lower bounds on

1ϵ is an approximation factor, p∗(T ) is the optimal path defined in Section
III-B, dp

∗

T (T ) denotes the typical delay of path p∗(T )
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the typical delay of the path provided by our approximate
algorithm and evaluate WEND using extensive simu-
lations. Experimental results demonstrate that WEND
outperforms the state-of-the-art evacuation methods in
terms of navigation efficiency and navigation success
ratio.

The remainder of the paper is organized as follows. Section
II presents our motivation and preliminary. Section III presents
the dynamic navigation model and problem formulation. The
detail of the design of our method is introduced in Section IV.
Section V presents theoretical analyses and proofs on several
important issues. We evaluate the performance of our approach
through extensive simulations in Section VI. Finally, Section
VII concludes this work.

II. MOTIVATION

In this section, we motivate our design by showing the
three particular characteristics of ship evacuation, which are
not considered in prior works.

A. Deadline-aware emergency navigation
The main difference of emergency evacuation between ships

and other scenarios is that there exist specific deadlines for
the ship tasks, i.e. the ship sinks or is too banked to move.
Our prior work, i.e., Deadline-aware Adaptive Emergency
Navigation Strategy for Ship Evacuation with Wireless Sensor
Networks (ANT), takes into account the two features of ship
passenger evacuation and assumes a model that characterizes
each passageway by a worst-case delay (i.e., a guaranteed
upper bound on the delay) and a typical-case delay (i.e., an
estimate of the delay that is typically encountered upon travel-
ing a passageway) [34]. The performance objective considered
in ANT is to identify the next node that minimizes the typical
delay while respecting the deadline for ship capsizing and
avoiding hazards under all circumstances. ANT can select
different directions for different passengers based on their
actual walking delay, which will be affected by dynamic ship
motion. However, ANT does not consider the variation of the
estimate of the typical delay of each segment. That is, the look-
up tables in ANT are established only using the initial typical
delays, and thus escaping along the provided guiding direction
may not be optimal. If we only depend on the periodic recal-
culation of look-up tables, whose construction is extremely
time-consuming, there will be a negative performance impact
on the time-critical ship evacuation service. In addition, ANT
deals with only 2D sensing fields and takes no account of the
actual arrangement of the navigation environment.

B. Effect of dynamic ship inclination on walking time
Due to the ship’s complex indoor environment, the phys-

ical distance may not represent the closeness between two
landmarks corresponding to two sensor nodes. Therefore, in
our design, we measure the closeness in terms of passen-
ger walking time that, in some cases (see Fig. 1), is not
proportional to the physical distance. As mentioned above,
there is a deadline for ship evacuation by which passengers
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Fig. 1: The examples of walking condition on a passenger
ship

need to escape from their current locations to the specified
boarding point. Otherwise, it denotes navigation failure for
them. Therefore, except for the estimate of the delay typically
encountered across a link between two nodes, each link is also
characterized by an estimate of the upper bound on maximum
delay on it, which is trustworthy at very high assurance levels.
The calculation procedure of the two delay parameters is
introduced in detail in Section IV-C.

When considering the effect of dynamic ship inclination, it
becomes even more challenging to design navigation routes.
Because of the inflow of water through any opening produced
by damage (e.g., a collision), the mass, the center of gravity,
and the moment of inertia of the ship will vary accordingly,
which causes the changing slope angle and thus alters the
typical delay on each link. Therefore, our algorithm needs to
handle the scenario where typical delays are dynamic.

In addition, according to the investigation by TNO, the
decrease in walking speed for dynamic motion conditions is
less than for the static list. [35] For this reason, the effect of
the ship pitching and rolling on walking time is not taken into
account in our paper. Specifically, typical delays on certain
links are represented as a monotonically decreasing staircase
function whose staircase height and width are determined by
the specific evacuation scenario.

C. Effect of complex 3D ship indoor environment
When facing the rapid increase in ship size and the more

complicated topology of ship indoor environment, it becomes
more challenging to provide real-time navigation suggestions
to passengers. Large cruise and passenger ships, typically
with 6 to 16 stories and having the capacity to accommodate
thousands of passengers (e.g., Harmony of the Seas, a Royal
Caribbean cruise ship, which can contain 6,360 passengers),
are packed with restaurants, entertainment venues, and accom-
modation categories [36]. Exploring the internal topological
structure of such ships and then constructing a route graph
during the run-time phase is extremely time-consuming and
may cause heavy traffic overhead. Therefore, the provision of
situational awareness in the pre-processing phase for emer-
gency evacuation becomes particularly important. That is, we
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need to extract the 3D topological model of a passenger ship
before the run-time phase to find all feasible navigation routes
containing corridors, staircases, and elevators.

In addition, due to the large-scale network configurations,
exact navigation algorithms will be computationally expensive
and time-consuming. Therefore, in our paper, we need to
design an efficient approximation scheme for ship emergency
navigation.

III. MODEL & PROBLEM FORMULATION

In this section, we first introduce the navigation model and
then formulate the problem.

A. Model and definitions

In this part, we provide an in-depth description of the
navigation model, with notations presented in Table 1.

TABLE I: Notations and definitions used in the model.

Notation Meaning

V Set of landmarks
E Set of segments
Vh Set of hazardous landmarks
Vg Set of general landmarks
vu User landmark
ve Exit landmark
−−→vivj Segment between landmark vi and vj
d
−−→vivj
T (t) Typical delay of a segment at time point

d
−−→vivj
W Worst-case delay of a segment
Dv

h(t) Set of the shortest interval of hazardous
arrival time at segments at time t

D
−−→vivj
h (t) The shortest interval of hazardous arrival time

at a segment −−→vivj at time t
Ev Set of neighbor segments of a landmark
pue Navigation path from user landmark vu

to exit landmark ve
dpT (T ) Typical delay of p during time interval T
dpW Worst-case delay of p

In order to provide real-time navigation service, a WSN
is deployed in the navigation scenario according to the 3D
topological model of ship indoor environment, which is de-
rived in the pre-processing phase. The WSN is modeled by a
directed graph G = (V, E), where V is the set of landmarks
and E denotes the set of walking paths between two landmarks
(called segments in our design). Each landmark v (v ∈ V)
corresponds to a sensor node. There are two types of landmark
roles: hazardous landmark Vh and general landmark Vg , which
indicate a landmark inside or outside of hazardous regions.
The hazardous region is modeled as a convex hull of the
subset of hazardous landmarks. We assume that there are a
finite number of hazardous regions threatening users’ safety,
and regarding the pattern of dynamics of hazard, we suppose
that hazardous regions can only expand as time passes. Note
that the landmark’s role may transform with the dynamics of
hazards. The landmark that a user currently arrives at is defined
as the user landmark (vu ∈ V), and the landmark closest to
a muster station is considered as the exit landmark (ve ∈ V).
Fig. 2 shows the scenarios of emergency navigation using a
WSN at different times and corresponding navigation models.

(a) Scenario of emergency navigation
at time t1

(b) Model of emergency navigation at
time t1

(c) Scenario of emergency navigation
at time t2

(d) Model of emergency navigation at
time t2

Fig. 2: Scenarios of emergency navigation and corresponding
navigation models. The black circles denote general land-
marks, the red circles represent hazardous landmarks, the
green circle indicates the exit landmark, and the blue landmark
represents the user landmark.

In our scenarios, there is an exit that users are required to lead
to.

Each directed segment −−→vivj (i.e., the directed walking
path between a landmark vi and another landmark vj) is
characterized by two delay parameters: typical delay d

−−→vivj
T (t)

(d
−−→vivj
T (t) > 0) and worst-case delay d

−−→vivj
W (d

−−→vivj
W ≥ d

−−→vivj
T (t)),

which represent an estimate of the delay that is typically
encountered, and a guaranteed upper bound on the maximum
delay, across the segment −−→vivj , respectively. Considering the
effect of the continuously increasing heel angle of a damaged
passenger ship on pedestrian movement during navigation
process, the typical delay on each segment will vary dy-
namically. Each landmark v is presented as a three-tuple:
⟨ID,LC,Dv

h(t)⟩. ID is a unique landmark identifier, which is
assigned when a sensor network is deployed, and LC denotes
the location coordinate of a landmark, which is assumed to be
available in our navigation scenario. D

−−→vivj
h (t) represents the

shortest interval of time during which hazard expands from
the initial location until encroaching on the neighbor segment
−−→vivj of the landmark vj . Dvj

h (t) is defined as follows:

Dvj
h (t)

△
=

{
D

−−→vivj
h (t) | −−→vivj ∈ Evj

}
Evj represents the set of the neighbor segments of the landmark
vj , which is defined as follows:

Evj
△
= {−−→vivj | −−→vivj ∈ E}

The calculation procedure of Dv
h(t) is introduced in detail in

Section IV-C. For segment −−→vivj (−−→vivj ∈ Evj , vj ̸= ve), if
D

−−→vivj
h (t) ̸= +∞, then hazard is approaching it. Otherwise, it

means hazards do not influence the segment.
A navigation path pue consists of a landmark sequence, on

which the user landmark vu is the header and the exit landmark
ve is the rear:
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pue(T )
△
= ⟨vu, .., vi, vj , ..., ve⟩

where pue(T ) denotes the landmark sequence which is dy-
namically updated according to the dynamics of typical delay
and stored in every landmark between a user landmark and an
exit landmark. T indicates the cumulative time which is the
sum of ∆t of the segments on pue(T ). The typical delay and
the worst-case delay of a path p(T ) are defined as follows,
respectively:

dpT (T )
△
=

∑
∀−−→vivj∈p(T )

d
−−→vivj
T (t)

and

dp
W (T ) △

=
∑

∀−−→vivj∈p(T )

d
−−→vivj
W

B. Problem formulation

The objective of our emergency navigation strategy is to
plan a path p∗(T ) apart from hazardous regions, through
which a user can arrive at the exit landmark within a specified
deadline under all circumstances, while experiencing the mini-
mum typical delay from initial user landmark to exit landmark.
Below, we formulate the properties we desire in our navigation
strategy:

• Path safety guaranteed. Let Pje denote the set of
paths from vj to ve and Vs

i be the set of safe neighbor
landmarks of vi. Vs

i is defined as follows: if ∃ pje ∈ Pje,
∀vn ∈ pje (vn ̸= vj) satisfies:

d
−−→vivj
W + d

pjn

W ≤ D
−−−→vmvn
h (t), vm ∈ pje ∧

−−−→vmvn ∈ Evn , (1)

then vj is regarded as a safe neighbor landmark of vi,
and all safe neighbors of vi form the set Vs

i . Let Ps
ie be

the set of safe paths from vi to ve. We have the following
expression for Ps

ie: with respect to a path pie, if and only
if for each landmark vi that lies on pie, vj ∈ Vs

i , then pie
is considered as a safe path from vi to ve, where vj ∈ pie
and −−→vivj ∈ Evj , and all safe paths from vi to ve form the
set Ps

ie.
• Path efficiency guaranteed. Let d∗pie

T (ti) be the the
minimum typical delay that can be achieved from vi to
ve while simultaneously guaranteeing the avoidance of
both dynamic hazards and exceeding a hard deadline with
regard to time ti (timestamp of arriving at the landmark
vi). d∗pie

T (ti) is defined as follows:

d∗pie

T (ti)
△
= min

{
d
−−→vivj
T (t) + d∗pje

T (tj)
}

where vj ∈ Vs
i . That is, d∗pie

T (ti) is the minimum value
of the typical delay from vi to vj plus the minimum
typical delay that can be achieved from vj to ve while
guaranteeing the avoidance of both dynamic hazards and
exceeding a hard deadline with regard to time tj .
Then we define πi as the optimal neighboring landmark
of vi which determines the value of d∗pie

T (t) (−−→viπi ∈ E),
and thus the safe path pue ∈ Ps

ue can be called the optimal
path p∗(T ), if and only if for each landmark vi that lies
on pue, vj = πi.

• Algorithm efficiency guaranteed. An emergency nav-
igation scheme demands a time-critical response with
respect to the provision of guidance. The extensive time
cost required to run the navigation strategy has a negative
impact on ship evacuation service and thus is undesired.

IV. WEND DESIGN

In this section, we propose an efficient approximation
scheme, WEND, for emergency navigation in ship indoor envi-
ronments, which fulfills all the goals in Section III-B. We first
present an overview of WEND. The second part introduces the
3D navigation network construction of a passenger ship. The
third part describes the calculation procedure of the parameters
of our dynamic navigation model. Finally, we present the
process of path generation and navigation, followed by an
example of our navigation scheme.

A. Design overview

Fig. 3 shows an architecture overview of the proposed
navigation scheme. There are two modules in our scheme:
parameter predictor and routing predictor. These modules are
integrated on a path planning server, supporting a navigation
workflow consisting of several phases, namely initialization,
parameter estimation, and path generation.

We considering the following: a trapped passenger equipped
with a portable device is navigated towards a muster station
on a ship. The portable device uses a radio frequency (RF)
module to access the WSN deployed in advance. First, the
parameter predictor evaluates the typical delay dvT (t) and
worst-case delay d

−−→vivj
W on segments, and Dv

h(t), the set of the
shortest interval of time during which hazards encroach on
segments. Based on the dynamics of both emergency and ship
inclination, d

−−→vivj
T (t) and Dv

h(t) can be updated in a real-time
pattern. Second, the routing predictor is triggered to calculate
the path p∗(T ) for each user according to our proposed path
planning algorithm. The trapped user can avoid hazardous
regions and reach the exit within a specified deadline under all
circumstances while experiencing a no more than (1+ϵ)dp

∗

T (T )
typical delay from the initial user landmark to exit landmark
in accordance with the indicators on the device.

B. 3D navigation network construction.

In this part, we present the detail of generating a navigation
network in a 3D ship indoor environment, which is the
first step of WEND. This network includes only connection
available for pedestrian movement within a ship. That is to
say, adjacent floors are connected only by vertical connection
representing staircases, and spatial relationships between ad-
jacent rooms sharing a wall with a door are reflected in the
network.

If the navigation network in simple models, e.g., when it
consists of ‘cubical’ rooms with one door or two doors located
on opposite walls, is generated based on the Poincaré duality
[37]. In the network, a room is represented by a dual node
(corresponding to a landmark), a wall with a door is a dual
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Fig. 3: Overview of our navigation architecture

edge (corresponding to a segment) bounded by dual nodes
representing adjacent rooms.

However, the above network cannot be effectively used for
navigation routes when rooms have a complex shape and
many doors. A method of navigation network construction
in complex rooms, based on the Voronoi Diagram (VD), is
presented in Algorithm 1.

TLmax and TL denote the maximum tessellation level and
the current tessellation level respectively, T1 is the threshold
value for edge length; N represents the set of constraint
nucleation points for f, which are projections of door nodes,
concave corner nodes, and staircase nodes of f; R denotes the
set of VD cells; M is the set of cells for testing, in which
each cell is added from R and includes node Nj ; edge (j, k)
is bounded by the intersection points in I, which divides Rk

into two cells such that each cell includes one of the nodes
Nj and Nk; e denotes the edge connecting nucleation points of
adjacent cells in R; constraint edges are the original polygon
edges of f.

Fig. 4 illustrates a close-up of a single level, the second
floor, on a real-word passenger ship,“Yangtze Gold 7”. Feasi-
ble routes for passengers, generated after the first iteration
of tessellation and the second iteration of tessellation, are
represented in Fig. 4b and Fig. 4c respectively.

C. Navigation model parameter estimation.

1) Estimation of Worst-case Delay and Typical Delay: Table
II shows the walking speeds of an evacuee when the distance
from the front evacuee is more than 0.5 m, which are regulated
by MSC/Circ.1238 [38]. According to the speed data, we
assume that the initial typical speed across each segment is 1.0
m/s, 0.8 m/s, or 1.2m/s, depending on which type of facility
the segment is located in. One segment includes only one type
of facility. Considering the effect of the continuously increas-
ing heel angle of a damaged ship on pedestrian movement,
passengers’ typical speed will dynamically updated. Based on
[39], it is found that passengers’ age and gender have a trivial
impact on their speed at sea. Therefore, in this paper we only
utilize the current slope angle of a passenger ship and the
average individual walking speed to determine the dynamic

Algorithm 1: Navigation Network Construction Algo-
rithm

Input: Floor polygon f, TLmax, T1;
Output: Tessellation f;

1 R1 = f;
2 TL = 1;
3 while TL ≤ TLmax do
4 for each element Nj in N do
5 for each element Rk in M do
6 Calculate a bisector line bl of NjNk;
7 Calculate the set I of the intersection

points of bl with Rk;
8 if |I| ≥ 2 then
9 Create edge (j, k) and insert it into the

existing tessellation of the polygon f;
10 Add the cell including Nj to R;
11 Add the cells adjacent to the edges

intersected by (j, k) to M;
12 end
13 end
14 Remove edges from inside the boundary of the

newly created cell for Nj .
15 end
16 for each edge e in the tessellation of f do
17 if |e| ≥ T1, or e is bounded by two constraint

nucleation points, or end-points of e lie on
non-collinear constraint edges then

18 Calculate the bisector point bp for e and
add bp into N ;

19 end
20 end
21 TL = TL+1;
22 end

typical speed. Combining this speed and segment length gives
rise to the typical delay of each segment.

Considering the influence of watertight bulkheads on liquid
flow in ship compartments, two different procedures are used
to estimate worst-case speed across different segments: For
segments which are not affected by flooding water due to
watertight bulkheads, the worst-case speed across them can
be calculated as follows:

SW =


0.55× R30◦

1 Stairs (down)

0.44× R30◦

1 Stairs (up)

0.67× R30◦

1 Corridors

1.2× R30◦

1 Open space

(2)

where R30◦

1 denotes the reduction factor of walking speed at
heel angle 30◦; for segments affected by flooding water, the
worst-case speed is as followed:

SW =


0.55× R30◦

1 × R0.8
2 Stairs (down)

0.44× R30◦

1 × R0.8
2 Stairs (up)

0.67× R30◦

1 × R0.8
2 Corridors

1.2× R30◦

1 × R0.8
2 Open space

(3)

where we take the effect of flooding water on pedestrian
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S5

(a) A close-up of the second floor of a passenger
ship

(b) Navigation network generated after the first
iteration of tessellation

(c) Navigation network generated after the second
iteration of tessellation

Fig. 4: Navigation network of the second floor of a passenger ship

movement into account, R0.8
2 represents the speed reduction

factor at water depth 0.8 m [40].

TABLE II: VALUES OF SPECIFIC FLOW AND SPEED

Facility Type Flow (p/(ms)) speed of persons (m/s)

0 1.0

Stairs (down) 0.54 1.0

1.1 0.55

0 0.8

Stairs (up) 0.43 0.8

0.88 0.44

0 1.2

Corridors 0.65 1.2

1.3 0.67

2) Estimation of Dv
h(t): The default landmark role is general

landmark. In the initialization phase, each element in Dv
h(t0)

is set as follows:

D
−−→vivj
h (t0) =

{
+∞, if vj ̸= ve
Tc(t0), if vj == ve

(4)

Where Tc(t0) denotes the remaining ship survival time at time
t0. The interval of time from hazardous landmarks to segments
may be captured in a real-time pattern using the periodic
probes. A landmark vj receiving a probe from a hazardous
landmark determines whether to update the value in Dvj

h (t)
based on Algorithm 1 in [34].

D. Path generation algorithm.

This section describes our proposed ϵ-approximation algo-
rithm for emergency navigation in ship indoor environments.
We first briefly describe two basic techniques termed rounding
and scaling and relaxing used in the algorithm.

1) Rounding and scaling: To approximate p∗ in polynomial
time, we perform the rounding and scaling operation as shown
in Algorithm 2. The complexity of Algorithm 2 is O(|E|UL

n
ϵ ),

where U and L denote the upper and lower bound for the
optimal solution respectively, n is the number of landmarks,
and ϵ (0 < ϵ < 1) is an approximation factor.

gj(dT ) denotes the minimum worst-case delay of a u-j path
whose typical time is at most dT .

Algorithm 2: Rounding and Scaling Algorithm

Input: G=(V, E),
{

d
−−→vivj
W , d

−−→vivj
T

}
−−→vivj∈E

, Tc(t), L, U, ϵ;

Output: p̂∗ and d̂p̂
∗

T ;
1 for each −−→vivj ∈ E do

2 d̂
−−→vivj
T = ⌊d

−−−→vivj
T (n−1)

Lϵ ⌋+1
3 end
4 Û = ⌊U(n−1)

Lϵ ⌋+n;
5 for j̸=u do
6 gj(0)= +∞
7 end
8 for d̂T =0, 1, 2,..., Û do
9 gu(d̂T )= 0;

10 end
11 for d̂T =1, 2, 3,..., Û do
12 while j ̸=u do
13 relaxing gj(d̂T )
14 end
15 if ge(d̂T ) ≤ Tc(t) then

16 d̂p̂
∗

T =d̂T ;

17 return d̂p̂
∗

T and p̂∗;
18 break;
19 end
20 end

2) Relaxing: The relaxing operation is as follows:

gj(dT ) = min{gj(dT − 1),

min
k|d

−−−→vkvj
T ≤dT

{gk(dT − d
−−→vkvj
T ) + d

−−→vkvj
W }}, (5)

In the following, we present the overall structure of our
approximation algorithm.

3) Top-level algorithm: In reality, hazardous regions and
typical delay may vary in time as mentioned in Section II-B
and Section III-A. The effects of such dynamics on Algorithm
2 mainly reflect in two aspects. First, the path provided by
Algorithm 2 may not be optimal any more due to the change
of typical delay. Second, the path may be blocked because
the encroachment of hazards upon segments, which inevitably
results in user oscillations and thus keeps the user remaining in
danger for a longer period of time and finally misses the hard
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deadline for ship evacuation. In order to compensate for these
impacts, we design Algorithm 3 which informs each passenger
about a hazard-avoid oscillation-free route to reach the exit
landmark within a given deadline under all circumstances,
while guaranteeing to get the passenger to experience a no
more than (1+ϵ)dp∗

T (T ) typical delay. In the following, we
present the details of each step of Algorithm 3:

• Line 2, in the variable p̂∗(t), computes a Tc(t)-path from
vu to ve with a no more than (1+ϵ)dp∗

T (T ) typical delay.
• In Line 3, a variable test1 is set equal to FALSE, thereby

indicating that there are not segments in the path p̂∗(t),
which a user cannot cross before hazards encroach on
them.

• Line 4 constructs a set Etest to subsume segments that a
user cannot cross before hazards damage them along the
planned path.

• The for loop of Lines 5-10 check each segment already
in path p̂∗(t) to determine whether it should be subsumed
into Etest. In Line 7, p̂∗

uj(t) represents a connected se-
quence of segments from vu to vj , which are components
of p̂∗(t).

• Lines 11-14 remove the segments in set Etest from E in
order to reconstruct the navigation network connectivity
and call Algorithm 2 based on the current G=(V, E) to
get path p̂∗(t) and select the neighbor landmark π̂u on
path p̂∗(t) as the user’s next landmark. During the next
iteration, π̂u is set as the new user landmark as shown in
Line 15.

• Line 16 checks whether the typical delay has changed.
According to the result, Lines 17-21 perform in the
following manner:
1) If there is a change in typical delay then we recalculate
the path ̂p∗(tnew) from the current user landmark to exit
landmark according to the changed typical delay, where
tnew is the timestamp of arriving at the current landmark;
2) If the typical delay has not changed then the user
moves to the neighbor landmark of the current user
landmark on the path ̂p∗(tN−1), where tN−1 is the
timestamp of departing from the previous landmark.

E. An example of WEND
Let us now consider the path generation of the example

graph of Fig. 5a by the algorithm of Section IV-D above. The
blue circle represents the user landmark, the black circles de-
note general landmarks, the red circle represent the hazardous
landmark, and the green circle indicates the exit landmark.
Each segment is characterized by two delay parameters: the
typical delay d

−−→vivj
T (t) (see the blue numbers), and the worst-

case delay d
−−→vivj
W (see the red numbers). The red arrow indicates

the moving direction of the emergency site. Suppose that v1
becomes a hazardous landmark at time t = 30. In addition, it
is assumed that Tc(t0) and ϵ respectively equal 80 and 0.25.

1) Compute upper and lower bounds of the optimal path.
According to Algorithm 4, the upper bound of the optimal
path p∗(T ) is set to 5+5+14+5+14+12.5+5=60.5. As shown
in subgraph (b), G7 = (V, E7(t0)) has a 80-path p7 and all

Algorithm 3: Top-level Algorithm
Input: G=(V, E);
Output: p̂∗(T );

1 while vu ̸= ve do
2 Call procedure Rounding and Scaling Algorithm;
3 test1 = FALSE;
4 Etest={};
5 for each segment −−→vivj ∈ p̂∗(t) do

6 if d
p̂∗
uj(t)

W > D
−−→vivj
h (t) then

7 test1 = TRUE;
8 insert −−→vivj into Etest
9 end

10 end
11 if Etest ̸= {} then
12 Set E=E \ Etest;
13 Go to Line 2;
14 end
15 vu=πu;
16 if there is a change in typical delay then
17 Go to Line 2;
18 else
19 vu=πu;
20 Go to Line 16;
21 end
22 end

segments in p7 belong to Enh
s (p7), and in G6 (see subgraph

(c)) all paths from vu to ve have worst-case delays larger than
80. Then the lower bound equals d7T (t0)=10.

2) Call procedure Rounding and Scaling Algorithm.
Upon calling the procedure Rounding and Scaling Algorithm,
p̂∗(t0) = ⟨vu(v0), v8, v7, v6, v5, v9, ve⟩, an 80-path from vu
to ve with a no more than (1+0.25)dp

∗

T (t0) typical delay, is
obtained as shown in subgraph (d).

3) Check segments of path p̂∗(t0). According to the moving
direction and speed of the emergency site, we check all
segments of path p̂∗(t0) and obtain the set Etest={}. That is,
all segments in p̂∗(t0) belong to safe segments for p̂∗(t0).

4) User navigation guidance and path replanning. We set
v8 as the next landmark. Suppose that it takes 20 to arrive
at v8. That is, the duration remaining between the current
instant and the instant by which the user must reach the exit
is 60. Upon reaching v8, we assume that it checks there are
changes in typical delays as shown in subgraph (e). Invoke the
procedure Rounding and Scaling again. An updated optimal
path ̂p∗(t = 20) = ⟨vu(v8), v7, v10, v9, ve⟩ is calculated, and
thus v7 is set as the next landmark. The process of user
navigation guidance and path replanning is repeated until the
user is guided to the exit. In this example, there are no
variations in typical delays when the user gets to v7, v10, and
v9. Therefore, p̂∗(T ) = ⟨v0, v8, v7, v10, v9, ve⟩.

V. ANALYSIS AND DISCUSSIONS

In this section, we compute an upper bound and a lower
bound on the optimal route defined in Section III-B, and
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(5,2.4)
(14,12.2)
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Fig. 5: Example graph. (a) The navigation model at the initial time t0, G=(V ,E(t0)). A user is located at the landmark v0
(b) The graph G7 = (V, E7(t0)). (c) The graph G6 = (V, E6(t0)). (d) The graph after rounding and scaling each segment
−−→vivj in G=(V ,E(t0)), p̂∗(t0) = ⟨vu, v8, v7, v6, v5, v9, ve⟩. (e) The navigation model at time t=20, G=(V ,E(t = 20)). The user
moves to the landmark v8 (f) The graph after rounding and scaling each segment −−→vivj in G=(V ,E(t = 20)), ̂p∗(t = 20) =
⟨vu, v7, v10, v9, ve⟩.

then calculate the error bound of our proposed approximate
solution. Finally, the analysis of the impact of the correlation
of typical delay and worst-case delay is presented.

A. Upper/lower bounds on our defined optimal path.
Here we present how to calculate the high-quality upper and

lower bounds of the optimal path p∗(T ).
1) Upper bound of p∗(T ): First, we calculate a route pU

with the minimum worst-case delay based on the naviga-
tion graph model without hazardous regions inserted. The
minimum worst-case delay is an upper bound of the path
p∗(T ). Then, we gradually insert hazardous regions one by
one to update the upper bound, so that it can bound p∗(T )
more accurately. Algorithm 4 shows the pseudo code of the
estimation of the upper bound of p∗(T ). Rh denotes the set
of hazardous regions, nh is the total number of hazardous
regions, Gis = (V, E is(pU )), E is(pU ) denotes the safe segments
for pU after the i’th hazardous region is inserted. A segment
−−→vivj can be regarded as a safe segment for pU if and only if
d
puj

W ≤ D
−−→vivj
h (t0), puj ∈ pU .

2) Lower bound of p∗(T ): First, we start by ordering the
distinct values d

−−→vivj
T (t0). Let d1

T (t0)<d2
T (t0)<···<dlT (t0) be

all the distinct typical delay values of the segments. Clearly
l ≤ |E|=m. Define E i(t0) to be the set of segments with typical
delay not greater than diT (t0). That is, for 1≤ i ≤ l, E i(t0) is
defined as follows:

E i(t0)
△
=

{−−→vivj ∈ E | d−−→vivj
T (t0) ≤ diT (t0)

}

Algorithm 4: Calculating Upper Bound of p∗(T )
Algorithm

Input: G=(V, E), Rh;
Output: U;

1 Calculate U (corresponding to the minimum worst-case
delay from initial user landmark to exit landmark)
based on G0s ;

2 for i ← 1 to nh do
3 for each segment −−→vivj ∈ pU do
4 if −−→vivj /∈ E is(pU ) then
5 Update the path pU based on Gis;
6 break;
7 end
8 end
9 end

Let Gi = (V, E i(t0)), then Gl = G. Moreover, since Gl
must have a Tc(t0)-path pl and all segments in pl belong to
Enh
s (pl), (otherwise the instance has no solution) there must

exist a unique index j (1≤j≤l) such that Gj has a Tc(t0)-
path pj and all segments in pj belong to Enh

s (p), and in Gj−1

all paths Pj−1 from initial landmark to exit landmark (for
∀pj−1 ∈ Pj−1,∀−−→vivj ∈ Enh

s (pj−1)) have worst-case delay
larger than Tc(t0). Then

L=djT (t0) ≤ dp∗(T )
T
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B. Error bound of our proposed approximate solution.

Here we have discussion on the error bound caused by our
approximate algorithm. Fist, we estimate the error bound when
the typical delay is static, then based on the results in Lemma
1, we give the error bound when typical delay varies with
time.

Lemma 1. For the situation where the typical delay is static:
If U ≥ dp

∗

T then Algorithm 2 returns a feasible path, p̂∗, that
satisfies dp

∗

T ≤ dp̂
∗

T ≤ dp
∗

T + Lϵ.

Proof. By definition, dp
∗

T ≤ dp̂
∗

T . For each segment −−→vivj ∈

p∗, d̂
−−→vivj
T ≤ d

−−−→vivj
T (n−1)

Lϵ + 1. Thus,

d̂p
∗

T

△
=

∑
−−→vivj∈p∗

d̂
−−→vivj
T ≤ (n− 1)

Lϵ

∑
−−→vivj∈p∗

d
−−→vivj
T + n− 1

≤ (n− 1)U

Lϵ
+ n− 1 ≤ Û

(6)

Each segment −−→vivj ∈ p satisfies:

d
−−→vivj
T (n− 1)

Lϵ
≤ d̂

−−→vivj
T ≤

d
−−→vivj
T (n− 1)

Lϵ
+ 1. (7)

Thus,

dpT
△
=

∑
−−→vivj∈p

d
−−→vivj
T ≤ Lϵ

n− 1

∑
−−→vivj∈p

d̂
−−→vivj
T

△
=

Lϵ

n− 1
d̂pT

≤
∑

−−→vivj∈p

d
−−→vivj
T + Lϵ

△
= dpT + Lϵ

(8)

According to Equation (6) and Equation (8):

dp̂
∗

T ≤
Lϵ

n− 1
d̂p̂

∗

T ≤
Lϵ

n− 1
d̂p

∗

T ≤ dp
∗

T + Lϵ (9)

Lemma 2. For the situation where the typical delay is
dynamic: If U ≥ dp

∗

T (T ) then Algorithm 3 returns a feasible
path, p̂∗(T ), that satisfies dp

∗

T (T ) ≤ dp̂
∗

T (T ) ≤ dp
∗

T (T ) + Lϵ.

Proof. By definition, dp
∗

T (T ) ≤ dp̂
∗

T (T ). We assume that a
user traverses m1 segments after the first change on typical
delay. According to Equation (7):

∑
−−→vivj∈pun1

d
−−→vivj
T ≤ Lϵ

n− 1

∑
−−→vivj∈pun1

d̂
−−→vivj
T

≤
∑

−−→vivj∈pun1

d
−−→vivj
T +

m1Lϵ

n− 1

(10)

where pun1 denotes the route from vu to vn1 , which consists
of m1 segments. ni denotes the landmark at which a user
arrives after traversing m1 segments, and mi is the number
of segments that a user travels after the i’th change minus
the number of the already-traversed segments after the (i-1)’th
change. We assume that the typical delay changes Nc times
until arriving at the exit landmark ve. The overall delay of a

path thus:

dpT (T )
△
=

i=Nc−1,j=Nc∑
i=0,j=1

∑
−−→vivj∈pninj

d
−−→vivj
T (∆t)

≤ Lϵ

n− 1

i=Nc−1,j=Nc∑
i=0,j=1

∑
−−→vivj∈pninj

d̂
−−→vivj
T (∆t)

△
=

Lϵ

n− 1
d̂pT (T ) ≤

i=Nc−1,j=Nc∑
i=0,j=1

∑
−−→vivj∈pninj

d
−−→vivj
T (∆t)

+
(m1 + ...+mNc)Lϵ

n− 1
≤ dpT (T ) + Lϵ

(11)

where n0 and nNc
denote the user landmark vu and the exit

landmark ve, respectively. According to Equation (6):

d̂p
∗

T

△
=

i=Nc−1,j=Nc∑
i=0,j=1

∑
−−→vivj∈p∗

ninj

d̂
−−→vivj
T

≤ (n− 1)

Lϵ

i=Nc−1,j=Nc∑
i=0,j=1

∑
−−→vivj∈p∗

ninj

d
−−→vivj
T

+m1 +m2 + ...+mNc

≤ (n− 1)U

Lϵ
+ n− 1 ≤ Û

(12)

According to Equation (11) and Equation (12):

dp̂
∗

T (T ) ≤ Lϵ

n− 1
d̂p̂

∗

T (T ) ≤ Lϵ

n− 1
d̂p

∗

T (T ) ≤ dp
∗

T (T ) + Lϵ

(13)

C. Impact of the correlation of typical delay and
worst-case delay.

In this part, we analyze the impact of the correlation of
typical delay and worst-case delay on our path planning
algorithm. In our scenario, the correlation between typical
delay and worst-case delay is neither perfect positive nor
perfect negative, and thus the algorithm needs to build off
the ideas of the restricted shortest path algorithm. However, if
the correlation coefficient between the two delay parameters
is +1.0 or −1.0, various shortest path algorithm [41] may
be applied to calculate the hazard-avoid Tc(t)-path with the
minimum typical delay only utilizing the worst-case delay
on each segment. Actually, in such a case the path with the
minimum worst-case delay from the initial user landmark to
exit landmark is the defined optimal solution.

VI. PERFORMANCE EVALUATION

We carry out extensive simulations to evaluate the per-
formance of our approach. We compare this algorithm with
the state-of-the-art navigation approaches, namely OPEN and
ANT, from five perspectives, i.e., average escape time, navi-
gation success ratio, average path length, minimum distance
to hazards, and emergency response time.



AUTHOR et al.: WEND: EFFICIENT DYNAMIC ESCAPE STRATEGY FOR DAMAGED PASSENGER SHIPS 11

A. Experimental Scenario & System Flowchart

Fig. 6 shows the flow diagram of the proposed navigation
scheme. The current location of the passenger is detected using
the received strength of wireless signals on his/her smartphone.
The sensor with the strongest signal strength serves as the user
node, and the user node information is transmitted to the path
planning server. In addition, the location information on each
sensor is also sent to the server and used to construct the 3D
topological model and predict the typical delay and worst-
case delay on segments. In case of an emergency, the WSN
forwards the information of hazards to the server, and the path
generator is triggered to compute the route. The trapped user
can be guided to the next landmark by complying with the
indicator on the device. In addition, the guidance direction
can be updated in a real-time pattern based on the dynamics
of ship inclination.

To assess the performance of WEND on a damaged pas-
senger ship, we conduct our proposed scheme in navigation
scenarios that model the topological structure of a real-world
cruise ship, namely the ”Yangtze Gold 7” cruise. To examine
the scalability, we vary the number of iterations of tessellation
to generate navigation networks with different numbers of
landmarks. We define two different navigation scenarios as
shown in Fig. 4: (i) navigation network generated after the
first iteration of tessellation (named SF) where 98 nodes are
deployed (see Fig. 4b), (ii) navigation network generated after
the second iteration of tessellation (named SS) where 196
nodes are deployed (see Fig. 4c). ”Yangtze Gold 7” passenger
ship can carry 398 passengers. Therefore, the number of
evacuated users ranges from 30 to 390 in our simulations.
For each trial of the user count, we insert three hazardous
regions into the network and allocate hazards’ initial size
and expansion (i.e., expanding direction and speed). Hazard
is assumed to exhibit dynamics in only one pattern, i.e.,
expansion, in our simulation. During the simulations, the ratio
of the size of each hazardous region to the total network size is
maintained below 5%, the same with that assumed in [14]. The
locations of emergency sites and users are randomly generated
in the field for each round, and all users are required to arrive at
the same exit. For each trial, we exploit the navigation scenario
(i) unless explicitly stated otherwise.

Navigation model parameters including worst-case delay
and initial typical delay on each segment are set using pa-
rameters of a real-world passenger ship, “Yangtze Gold 7”
passenger ship. The hard deadline for ship evacuation and
dynamics of typical delay are determined by the analysis of
maritime accident investigation reports and case studies. In our
simulations, the worst-case and initial typical moving speed of
a user are set as 0.1088 meters and 0.4143 meters per second,
respectively. We assume that the typical speed changes every
10 s and the deadline for evacuation is fixed at 100 s. The
simulation results reported below are the average values after
20 runs.

We perform the simulation experiments written in Matlab
on a personal computer (Operating System: Windows 10
Education) equipped with Intel Core i5-8400 CPU @ 2.8GHz
and 8.0 GB memory.

Flow for a WSN Flow for path planning server

Is a hazard 
detected?

Is an alert 
received?

no

no

Send 
information on 

hazards 

A WSN is deployed 
in a passenger ship

Send information on 
sensors’position and 

inclined state 

Construct 3D 
topological model

yes

Update 3D 
topological model

Perform path 
planning procedure

Is a change of 
inclined state  

detected?
yes

Send next landmark

no

Flow for portable device

Receive signals of sensors 

Determine users’ locations

Send location information

Receive navigation guidance

yes

Is the next 
landmark the exit?

no

yes

Navigation terminate 

Fig. 6: Flow diagram of our navigation scheme

B. Average escape time

This group of simulations evaluates path efficiency by
comparing the user escape time of the route planned in each
approach. A shorter escape time indicates a more efficient
navigation path, as users are more likely to evacuate to the
exit within the deadline along this route.

Fig. 7 shows the user escape time of the three approaches
under different values of ϵ for navigation scenario (i) that has
one user node deployed randomly. The data is collected from
35 trials. We can see that our method outperforms OPEN and
ANT by yielding a shorter escape time in more than 90%
and 70% of trials, respectively. The escape time provided
by OPEN is much longer than that offered by our approach
and ANT in some cases, such as Experiment 3 in Fig. 7a
and Experiment 14 in Fig. 7b. That is because the OPEN
scheme aims at generating a navigation path that minimizes
the probability of oscillation. It proposes a novel path metric,
ENO, calculated only by the spatial and temporal accumulated
emergency level to achieve an oscillation-free path. Without
sufficient consideration of the typical delay on each segment,
OPEN is likely to result in large detours and thus long escape
time, and finally missing the hard deadline for evacuation. We
also notice that in rare cases, such as Experiment 12 in Fig.
7b, it takes longer to escape along the navigation route of our
approach and ANT. That is because two delay parameters are
specified on each segment in the WEND scheme, and thus the
provided path not only has the shortest typical time but also
guarantees the user’s arrival within the deadline considering
worst-case delays. That is, it is not the theoretically fastest
safe path. In addition, ANT shows equal or better performance
compared with WEND when the escaping time of the user is
less than 10 s. It is mainly because we assume that the typical
speed changes every 10 s. That is to say, there is no dynamic
variation when the escaping time is no greater than 10 s. In
this case, ANT can provide the optimal guidance p∗(T ), and
the path provided by WEND, an approximation scheme for
the ship emergency navigation, can achieve a no more than
(1+ϵ)dp

∗

T (T ) typical delay.
Fig. 8 shows the average escape time of each approach

under different numbers of users. In the figure, experimental
results for ϵ = 1, ϵ = 0.5, ϵ = 0.25 are shown. We can see that
in average WEND decreases the navigation time by 20%, 35%,
50% compared with OPEN, and 4%, 12%, and 20% compared
with ANT, for ϵ = 1, ϵ = 0.5, and ϵ = 0.25 respectively. This
result demonstrates the superior navigation efficiency using
WEND when ϵ is set as 0.5 and 1. WEND can determine a
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(c) ϵ = 0.25

Fig. 7: Comparisons of average escape time for navigation scenario (i) under different values of ϵ

navigation path with a no more than (1+ϵ)dp
∗

T (T ) typical delay
while simultaneously considering the hazard motion tendency
and the worst-case source-to-destination delay guarantee.

We further evaluate the scalability of WEND at larger
scales. Specifically, we carry out a group of simulations,
where 40, 90,..., 340, 390 users are inserted in navigation
scenarios (i) and (ii), respectively. Fig. 9 shows the average
escape time of OPEN, ANT, and WEND. OPEN98, ANT98,
and WEND98 indicate the results in scenario (i) where 98
nodes are deployed, and OPEN196, ANT196, and WEND196
denote the experiments conducted in scenario (ii) with 196
nodes deployed. We can observe that all three methods have
increased ratios as the network size is increased. That is
probably because distance-based delay measurement in the
two approaches becomes more accurate when more nodes
are involved as the network scale increases. However, WEND
outperforms both ANT and OPEN by always taking shorter to
navigate users in both scenario (i) and scenario (ii).

C. Navigation success ratio

We evaluate the navigation success ratio of the three meth-
ods in this group of simulations, which is measured by the
average arrival possibility within the deadline for evacuation.
The time available for passenger evacuation on a damaged ship
is limited. Passengers must arrive at a muster station within
the deadline; otherwise, their navigation fails. Therefore, we
can evaluate the navigation success ratio by calculating the
possibility of reaching the exit within the deadline. In our
simulation, this possibility is expressed as 1-F (dp

T (T ))

Tc(t0)
, where

F (dpT (T )) is computed by (14).

F (dpT (T )) =
{

0, if dp
T(T ) ≤ Tc(t0)

dpT (T )− Tc(t0), if dp
T(T ) > Tc(t0)

,

(14)
In the controlled simulation, we consider that missing the
deadline is the only factor, which causes navigation failure.

We inject 150 user nodes into the navigation scenario (i).
ϵ is set to 1, 0.5, and 0.25. Fig. 10 shows the CDF of the
arrival possibility within the deadline of OPEN, ANT, and
WEND. We can see that more than 70, 80, and 85 percent

of users can be successfully navigated to the exit within the
deadline for evacuation using WEND for ϵ = 1, ϵ = 0.5,
and ϵ = 0.25 respectively. All of them are much better than
the cases with OPEN which can guarantee that around 60%
of users can be successfully navigated. OPEN fails to ensure
navigation success in certain scenarios because it is likely to
cause detours, which increases user escape time and thus leads
to navigation failure. Moreover, WEND’s performance clearly
outperforms ANT because ANT does not update the look-up
tables according to the changing typical delay.

D. Minimum distance to hazards

We evaluate the effectiveness of WEND in terms of the
absolute safety of the planned path, which is measured by
the minimum distance from the route to hazardous regions.
A larger distance to hazards indicates a better safety of the
navigation route, as it provides a better chance for the guided
user to safely bypass hazardous regions. Fig. 11a shows
the minimum distance to hazards of the three approaches
under different numbers of users. We can see that the OPEN
approach presents the superior result with the distance more
than five meters. WEND and ANT have the distance of
approximately four meters, which is slightly lower than that of
OPEN, however, which does not indicate a considerable threat
to users. It is unnecessary to find a path for which the optimal
result with the maximum safe distance is achieved because
that means the navigation decision is often over-conservative,
which can increase the time spent in the navigation environ-
ment, thereby reducing the overall safety of guided users. In
comparison, WEND greatly reduces the stay time of users
in the hazardous environment, enhancing the opportunity to
arrive at the exit within the specified deadline.

E. The impact of deadline

We emphasize that the ability to deal with different dead-
lines is one of the core advantages of our method. To test
the impact of different settings of the deadline, we conduct
simulations on the navigation scenario (i) for ϵ = 0.5 with
different deadlines. As shown in Fig. 11b, for WEND and
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Fig. 8: Comparisons of average escape time for different values of ϵ under different numbers of users
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Fig. 9: Comparisons of average escape time for ϵ = 0.5 under
different numbers of users and navigation scenarios

ANT the escape time decreases as the deadline for evacuation
increases. For OPEN, the escape time is independent of the
deadline variation. We also notice when the deadline is set as
60 s, the escape time provided by both WEND and ANT is
approximately 65 s which exceeds the specified deadline. The
reason is that there is not a route satisfying the worst-case
bound when the deadline is set to 60 s. In such a case, the
minimum worst-case source-to-destination delay is selected
as the escape time by WEND. In addition, we can see that
the escaping time of ANT is close to that of WEND when
the deadline ranges from 70 to 100. The main reason is the
escaping time is less than 10 s, while the typical speed changes
every 10 s. That is, there is no dynamic variation when the
escaping time is no greater than 10 s.

F. Average emergency response time
An emergency navigation system demands a time-critical

response with respect to the provision of navigation decisions.

In this simulation, we compare the navigation efficiency of
each method in terms of response time (i.e., the running time
of each algorithm). We perform the simulation experiments on
a personal computer (Operating System: Windows 10 Educa-
tion) equipped with Intel Core i5-8400 CPU @ 2.8GHz and
8.0 GB memory. Fig. 11c shows the response time of OPEN,
WEND, ANT, and PPA (a pseudo-polynomial algorithm for
our problem, which does not round and scale typical delay).
We can see that OPEN achieves a similar result in terms
of the response time compared with WEND, while the path
provided by this scheme cannot guarantee users’ escape within
the deadline, which extremely jeopardizes the users’ chances
of survival. We also notice that our approach is much superior
to ANT and PPA.

VII. DISCUSSION AND CONCLUSION

Emergency navigation is essential for passengers on a
damaged ship. Considering the deadline for ship evacuation
and the dynamics of travel time on each segment caused by
the changing heel angle, it is challenging to ensure passenger
survival. In this study, based on graph theory, we design a
Hard-Real-Time emergency navigation strategy in dynamic
graphs to minimize escape time, WEND, for ship evacuation.
Our method can identify a navigation path with a no more than
(1+ϵ)dp∗

T (T ) typical delay while guaranteeing the avoidance
of dynamic hazardous regions and respecting the specified
deadline under all circumstances in scenarios where the typical
delay estimations are dynamic. Extensive simulations are used
to demonstrate the advantages of our method.

In this work, we do not take into account the physical and
psychological factors of moving passengers and the capacity
constraints of roads, which is to be addressed in our future
work. In addition, the load balancing among different exits is
also an important topic requiring an in-depth investigation.
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