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Abstract. The analysis of evacuation processes on-board passenger ships has attracted increasing interest over the last years. Most of the approaches utilise so
called ﬂow models. Cellular automaton models, widely used for traﬃc simulations,
on the other hand provide a more natural approach towards pedestrian dynamics.
Two major diﬃculties are intrinsical to the problem: two-dimensional movement
of pedestrians and the complexity of psychological and social inﬂuences. In this
paper a simple CA-model for the description of crowd motion is presented and its
implementation in a simulation software outlined. The validity of the assumptions
and the scope of the applications will have to be scrutinised by comparison with
empirical data from actual evacuations or drills.
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Safety of Passengers On-board Ships

The safety of passengers on-board ships is a central topic in the design and
operation of passenger ships [1,2]. Due to the special circumstances on-board
a ship, a careful consideration of problem areas and potential hazards is
necessary [3,4].
1. Depending on the area of operation it is usually not possible to provide
additional support in terms of men or material above those that are
available on-board within a short time span.
2. In case of a major incident where the ship has to be abandoned there is
an unalterable upper limit for the available evacuation time given by the
stability of the ship.
3. The connection between the design and operation of a ship and its safety
is very close. Therefore, shortcomings stemming from the design are hard
to counterbalance afterwards.
Passenger ships diﬀer in many respects: The area of operation, the number
of passengers, the speed, the proﬁle of the passengers (age, time of stay, etc.).
An illustrative example are the diﬀerences between fast ferries and cruise
ships, where the journey usually lasts a few hours for the former or days for
the latter and that are operated close to the shore or on the high sea.

In any case, it is essentially important to assess and validate the safety
of a certain design and operational procedure. There are two main aspects
that have to be kept in mind: one is the overall evacuation time which is
used as a benchmark and the second is the sequence of the evacuation. With
regard to the latter the aim is the identiﬁcation of potential bottlenecks and
retardation. Applied at an early stage of design such an analysis will not only
pursuit the validation of an existing design or evacuation plan but also their
improvement. Special attention has to be paid to the various inﬂuences on
the outcome of an evacuation illustrated in Fig. 1.

Fig. 1. The design and operation of a ship inﬂuence the movement of passengers
on-board. The diagram shows the most important factors with regard to safety and
evacuation. MES is short for Marine Evacuation System which comprises slides
and life-rafts. This is understood to include lifeboats where they are part of the
evacuation system.

The outline of the paper is as follows: The next section will give an
overview of the diﬀerent approaches to model pedestrian dynamics. In Section 3 we will present a cellular automaton model for pedestrian motion which
provides the basis for the simulations presented in Section 4. Finally, we will
summarise the results and give a conclusion regarding future developments.
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Diﬀerent Approaches to Pedestrian Dynamics

Pedestrian traﬃc can be modelled on diﬀerent temporal and spatial scales (for
an overview cf. [5,6] and references therein). In principal, there are two diﬀerent approaches for the mathematical modelling of pedestrian ﬂows, namely
the microscopic and macroscopic. Macroscopic models are based on the similarities of pedestrian ﬂows with liquids or gases [7–9]. The basis of such a
model is the continuity equation which has to be supplemented by data about
the relation of density and ﬂow. The analysis of empirical data has revealed
that the velocity distribution of pedestrians is nearly Gaussian [10,11]. Such
empirical data are used to calibrate the parameters, like the viscosity or the
Reynolds number. Unfortunately, these parameters are hard to identify in
real world systems.

In microscopic models the pedestrians are identiﬁed as basic entities [12].
On contrary to macroscopic models the movement of single persons is modelled. Although this increases the computational eﬀort, it allows to take into
consideration individual behaviour. Every person is described by a set of parameters, e.g., age, sex, or walking speed. For a realistic simulation these are
drawn from distributions.
One example for a microscopic model is the social force model by Helbing
[5]. The inﬂuences of the physical and social environment are described by
a social ﬁeld, which is continuous in space. In some microscopic models the
space is subdivided into cells of a certain size, which are either occupied by
one or several persons [13–16]. In the next section we will describe a ﬁrst
cellular automaton approach based on few ﬁrst principles.
For complex practical applications one can think of combinations of both
approaches, either in the sense that the scale lies in between a description of
single persons on the one and completely neglecting individuality on the other
hand. Furthermore, a combination of ﬂuid-dynamic and microscopic models
in a semi-phenomenological way is possible: Some parts of the system are described by cellular automata, the connection is made via a phenomenological
hydrodynamic model.

3

A Cellular Automaton Model for Crowd Motion

Cellular automata are widely used in traﬃc simulation. For an overview cf.
[17–20]. They are, however, basically one-dimensional. A road is divided into
lanes and the direction of the moving cars is ﬁxed. A similar approach for
pedestrian movement where overtaking or passing is introduced via lanechanging can be found in [16]. Pedestrian motion is usually diﬀerent: the
movement is truly two-dimensional, acceleration occurs instantly and change
of the direction is possible and takes only a very short time. Nevertheless, several cellular automata have been developed for pedestrian dynamics
[13,14,16]. The connection between the individual parameters and the crowd
ﬂow made in a simulation by an algorithm based on the motion of single
persons is shown in Fig. 2.
The basic principles of the cellular automaton model for pedestrian ﬂow
described in this paper are the following [21]:
1. The ﬂoor plan is divided into quadratic cells. The length of one side is
0.4 m (cf. Fig. 3).
2. Each cell can either be empty or occupied by only one person.
3. Individual persons may diﬀer in their characteristics or abilities. This is
reﬂected by a set of parameters. The values of those parameters vary
individually.
4. The motion of the people is described by their direction and walking
speed and obeys universal laws that hold for everyone.

Fig. 2. The algorithm models the evacuation sequence on the level of individual
persons interacting with each other. Due to the stochastic factors the result is nondeterministic, e.g., a statistical distribution for evacuation time, etc.

5. Walking speed and direction might be altered non-deterministically with
certain probabilities. This accounts for various psychological and social
factors not directly represented in the model.
The walking speed is at most 5 cells/second corresponding to 2 m/s where
i
due to his or her physical
every person has an individual upper limit vmax
i
i
abilities. For the actual speed it holds v ≤ vmax .
Once the ﬂoor plan is discretised and the initial distribution of the passengers entered, the positions are updated sequentially, where the current person
is chosen at random. It is desired to choose the direction along the shortest
i
. The route choice
escape route and maximise the walking speed v i → vmax
is supported by looking ahead as far as possible; the maximal distance covered is limited by an individual parameter disight , however; walls, bendings,
and other people reduce the sight. If the destination cell is occupied then
alternative cells are chosen, ﬁrst by varying the direction then by reducing
the walking speed. If forward motion is not possible the person comes to a
halt. This might cause “deadlock” situations that are resolved after a certain
number of time-steps. If a person has not moved at all longer than tidl she or
he turns around.
There is a random probability pidir for swaying (e.g., abruptly changing
the direction) and indecision pivel (e.g., stopping). Both are random numbers
between zero and one drawn from a uniform distribution. This is to account
for further inﬂuences that have not been included yet, like psychological factors or the dynamics of the ship.
Once the destination cell is determined (xdest , ydest ) the person tries to
move directly towards this cell swerving other persons and obstacles. The
algorithm is schematically presented in Table 1.
In our approach we have utilised a random sequential update, whereas a
parallel update is commonly used in cellular automaton models and in many
cases it is crucial for their validity and success. On the other hand in the
situation described here, where the update does not represent the movement
of bacteria or ants, but rather the dynamics of human beings which is more

Fig. 3. Schematic view of a number of cabins facing a corridor. The ﬂoor plan is
divided into quadratic cells where the length of one side is 0.4 m. Information about
possible walking directions is given by the small arrows that represent signposts or
panic bars. Possible routes emerging through orientation along the signposts are
shown by the thicker long arrows.

complex on the individual scale a sequential update might be tolerable or
even better than a parallel update. One might also think of an additional
individual parameter like the ability to assert oneself that would make a
parallel updating scheme superﬂuous. As long as those topics are neither
investigated by simulation nor by comparison to empirical data it would be
premature to give a decisive statement.
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Simulating Evacuation Processes for Passenger Ships

The investigation and simulation of evacuation processes has originally been
applied to buildings [15,22–24] or in the the aviation industry [25]. Recently,
however, the methodology has also been transfered to ship evacuation, taking
into account the special circumstances outlined in Section 1 [3,4,26,27].
Hitherto, escape routes on ships have been planned according to non-performance based rules stated in the regulations for “Safety of Live at Sea” (SOLAS) [1,28] formulated by the International Maritime Organisation (IMO).
The width of doors and hallways was determined by simple empirical formulas to ascertain a minimal ﬂow of persons. Interactions that occur in crowd
motion have been accounted for – if at all – by factors in these formulas.
On the way towards a performance based methodology, e.g. assessing the
evacuation sequence and time, a ﬁrst step has been to introduce preliminary
guidelines based on a hydrodynamic model [2].
The next logical step is to go towards a method that is based on single
persons as the smallest entities to take into account individual diﬀerences.
Bottlenecks will be identiﬁed during the simulation and it is possible to calculate the overall evacuation time based on the interaction of individuals,
which causes the complex phenomena observed in passenger ﬂow and evacuations. Moreover, it shows how many people will come to each assembly
station and where improvements in the architecture of the ship are possible.

for i := 1 to N umberOf P ersons step 1 do
The array of persons is assumed to have been shuﬄed.
Indecision := rand();
Sway := rand();
...
Scan ﬁelds ahead (at most disight ) following the signposts
→ sight, destination (xdest , ydest )
sight ≤ nisight
sight
i
v = max(vmax , 4 );
if (Indecision ≤ pivel ) then v = 0; fi
dir = (ydest − ycurr , xdest − xcurr );
only discrete values in steps of 45◦
i
i
◦
if counter > tdl then dir+ = 180 ; fi
resolve deadlock
with random probability
if (Sway >= pidir ) then dir = ±45◦ ; fi
for j := 0 to v − 1 step 1 do
if (destination cell free) then move;
with random probability;
else dir ± 45◦
if (destination cell free) then move;
else v = 0;
counter i + +;
fi
fi
od
if (current position on rescue cell)
then take personi out; fi
od
Table 1. Outline of the CA-transition function. This is the loop over all persons
done in one time step (assumed to be one second in reality). It will be repeated
until all persons have reached the rescue cells.

The advantages of a simulation are clear: In contrast to a incomprehensible
formal calculation, where only the output does have a well-deﬁned meaning,
the sequence of an evacuation is visualised.
i
Above the parameters vmax
, pidir , pivel , tidl , and nisight that pertain to the
individual person, there are two parameters that are mainly determined by
the evacuation system: the time to deploy the evacuation system tdeploy and
the time it takes one person to embark tiembark . Finally, the reaction time
tireact is a mixture since it comprises both, personal and external inﬂuences.
It may include the time it takes to detect a ﬁre and trigger the alarm as well
as the individual reaction time. The former can be represented by a general
oﬀset. However, this will just increase the overall evacuation time and can be
added afterwards. For a single person the time to leave the ship or dangerous
area is T i = max(tdeploy , timove + tireact ) + tiembark ), where timove is calculated
as outlined in Table 1. The overall evacuation time is then T = maxi T i .
The comparison of a simulation with evacuation drills bears a number of
diﬃculties, though. On the other hand, the advantages of a simulation stem
from the same reasons as the problems. Evacuation drills are carried out

under ideal conditions: The ship lies in the harbour, the people are instructed
and told not to hurry and take care not to get injured. There is of course
no ﬁre or structural damage. If a simulation, however, is able to reproduce
or predict the outcome, e.g. evacuation time or retardation areas, of a drill,
it can be used to include aggravating circumstances like heel or trim, ﬁre or
structural damage or the insuﬃcient orientation or non-optimal behaviour of
passengers due to stress.
Every fast ferry or High Speed Craft undergoes a practical evacuation
drill. To save costs and reduce the eﬀort, usually one half of the ship is used
carrying half or less of the maximal passenger load.

Fig. 4. A sample output of simulation of a high speed craft: Walls and inaccessible
areas are drawn black. Persons are represented by coloured dots (shown in greyscale here), dark grey means zero and light grey maximal velocity. Initially all the
people are in the right half, the exit is at the left, on the lower deck, shown in the
upper part of the picture.

For the test of the high speed craft that has been investigated in our
simulation (the ﬂoor plan is shown in Fig. 4) there have been 100 persons
on-board the ship that is build to carry a total of 450 persons. The escape
route for both the test and the simulation was chosen to be the worst case
namely passengers starting in the front and embarking via the evacuation
system in the rear. Figure 4 shows a sample output of the simulation at one
time step.
i
≤
The parameters are chosen from uniform distributions: 2 cells/s ≤ vmax
i
i
i
5 cells/s, 10 s ≤ tdl ≤ 40 s, 10 cells ≤ dsight ≤ 100 cells, 0 s ≤ treact ≤ 10 s,
0 ≤ pivel ≤ 0.3, and 0 ≤ pidir ≤ 0.01. tiembark was set to 5 s for all persons and
tdeploy to 300 s (5 minutes).
After 100 simulation runs the mean value of the evacuation time was close
to that gained in the test. For example, in the simulation the ﬁrst person
reached the embarkation station after 20 to 30 seconds, in reality after 24
seconds. The overall evacuation time of 14 minutes in the test lies within the
range determined in the simulation. The bottleneck is the time to deploy the

MES which caused jams in front of the exits. This comparison of evacuation
drills with simulation results will be used in future to collect more data and
calibrate the model.
The evacuation plans for ships that are already built can proﬁt by a simulation, too. If there are any bottlenecks they can be mitigated by an appropriate behaviour of the crew and the adaption of the evacuation procedure. And
the software might be used for training purposes. The clear visualisation can
provide a way to understand phenomena like crowd motion and the inﬂuence
of subtle changes or diﬀerences in the geometry or evacuation procedure.
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Summary and Conclusion

We have introduced a microscopic model for pedestrian dynamics. Based on
this cellular automaton, simulations of ship evacuations have been carried
out. It is possible to reproduce the results of evacuation drills that take place
under ideal conditions if the parameters are chosen appropriately. Scenarios
that cannot be accessed via evacuation tests — including increased stress, heel
or trim, ﬁre and structural damage — can be simulated. Therefore a computer
simulation is a fast and cost-eﬀective tool to assess and increase ship safety at
both design and operational phase. However, the desired standards in terms
of acceptable evacuation times in diﬀerent scenarios have to be set by the
authorities and the shipping industry.
Acknowledgement
The work presented in this paper has been done within the BYPASS research
project. We thank the German Federal Ministry of Education and Research
(bmb+f) for ﬁnancial support. We are indebted to Captain Peter Olsson from
the German Federal Ministry of Transport, Building, and Housing (BMVBW)
for fruitful discussions and valuable hints regarding the various aspects of ship
safety and relevant international regulations.

References
1. IMO, editor. Safety of Life at Sea (SOLAS), chapter II-2/28-1.3. IMO, London,
1974. http://www.imo.org.
2. IMO. Interim guidelines for a simpliﬁed evacuation analysis on ro-ro passengers
ships. MSC/Circ.909, 1999. www.imo.org/imo/circs/msc/71/list.htm.
3. L. C. Boer and W. Bles. Evacuation from ships: Account for ship motion.
In Safety of transportation: Imbalance between growth and safety, Delft, 1998.
detailed description of a simulation project for the evacuation of passenger
ferries; experiments with real passengers.
4. L. C. Boer and A. Vredeveldt. Way-ﬁnding behaviour and technical guidance
systems. In 21th Century Cruise Ship, London, 1999. Royal Inst. of Naval
Architecture.

5. D. Helbing. Verkehrsdynamik. Springer, Berlin, 1997.
6. H.W. Hamacher and S.A. Tjandra. Modelling emergency evacuation – an
overview. to be published, 2000.
7. L.F. Henderson. On the ﬂuid mechanics of human crowd motion. Transpn.
Res., 8:509–515, 1974.
8. D. Helbing. A ﬂuid-dynamic model for the movement of pedestrians. Complex
Systems, 6:391–415, 1992.
9. S.P. Hoogendoorn and P.H.L. Bovy. Pedestrian speed density functions using
gas-kinetic modelling. In Piet H.L. Bovy and R. Thijs, editors, Estimators of
travel time for road networks, pages 107–130. Delft University Press, 2000.
10. L.F. Henderson. The statistics of crowd ﬂuids. Nature, 229, 1971.
11. L.F. Henderson. Sexual diﬀerences in human crowd motion. Nature, 240:353–
355, 1972.
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23. G. G. Løvås. On the importance of building evacuation system components.
IEEE Transact. on Eng. Man., 45:181–191, 1998.
24. H.W. Hamacher and S. Tufekci. On the Use of Lexicographic Min Cost Flows
in Evacuation Modelling. Naval Res. Log., 34:487–503, 1987.
25. E.R. Galea, M. Owen, and P.J. Lawrence. Computer modelling of human
behaviour in aircraft ﬁre accidents. Toxicology, 115:63–78, 1996.
26. MEPdesign. Mustering and evacuation of passengers: Scientiﬁc basis for design.
BRITE-EURAM III, http://dbs.cordis.lu, 1997.
27. MASIS II. Human Element in Man/Machine Interface to Improve Saftey
and Eﬀectiveness Transport for the Eurpean ﬂeet.
RTD Programme,
http://www.cordis.lu/transport/src/masisii.htm, 1999.

28. IMO. Recomendation on evacuation analysis for passenger ships and high-speed
passenger craft. FP/44 WP.4, 2000. http://www.imo.org.

