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Summary

Traffic conflicts between ships are one of the most important reasons causing delays in
restricted waterways. Aiming to improve the traffic efficiency, a hybrid self-organizing
scheduling (HSOS) method for restricted two-way waterways is proposed. Ship transportation
system is treated as a distributive and self-organized system under uncertainties. Each ship
makes the decision on when to enter the waterway and how to keep the safe distance between
them, while the VTS center could manage the direction of traffic flow according to the
navigation situations. In order to reduce the traffic conflict between the opposite directions,
small ships are given higher priority than the large ships in the same direction. When the large
ships are accumulating, they are given higher priority than small ships in the same direction.
The large ships are delayed while small ships decrease the waiting time. The trade-off
between small and large ships can enhance efficiency by accumulating the large ships.
Comparing the results from HSOS with First Come First Served (FCFS), it can effectively
reduce the average delays brought by large ships, especially at high arrival rates.

Key words: restricted waterways; traffic efficiency; ship scheduling; self-organizing

1. Introduction

As one of the most important transportation modes, shipping is increasing with the
requirement of world and domestic trade in terms of volume and size [1,2]. This brings some
challenges to traffic efficiency in some busy waterways, especially the restricted waterways
[3]. Some ships have to wait a long time with long queues, which would result in high
economic loss. Enhancing the waterway infrastructure can be regarded as one of the most
effective ways to alleviate such problem. However, huge infrastructure investment on
waterways is not practical in many real cases. Another way is enhancing the efficiency to
promote the utility of waterway resource. Ship scheduling is a common way and is an
indispensable component in maritime transportation management. However, as an intuitive
scheduling methods widely applied to queue problems, First Come First Serve (FCFS) is not
the most efficient one because it prioritizes equality rather than efficiency.

15


http://dx.doi.org/10.21278/brod71202

Hongbo Wang, Wuliu Tian, A Hybrid Self-Organizing Scheduling Method
Jinfen Zhang, Yongjiang Li for Ships in Restricted Two-Way Waterways

1.1 Optimizing scheduling method

Scheduling is the process of creating a queue of the arriving ships to determine how to
order them and how to allocate resources considering the variety of possible objectives. The
procedure of scheduling is usually deemed as an optimization procedure. From this
perspective, the majority of scheduling methods rely on a “classical” or Cartesian mode of
thinking, which is expressed most explicitly in the classical or Newtonian mechanics [4].
Related studies concentrates on ship scheduling in one-way waterways. It is assumed that the
arrival time and speed of every ship are available. Berthing and traveling directions are the
main constraints while the objective of scheduling strategy is minimizing the average or
overall waiting time. For example, Zhang et al. [5] established a mathematical model by
coordinating channels and berths. The results show that the algorithm can ensure safety and
improve efficiency simultaneously. Furthermore, Zhang et al. [6] added the minimum total
waiting time as the objective, and then the ship scheduling become a multi-objective
optimization problem. The Pareto Optimum solutions were selected as the ship scheduling
schemes. However, the presumption that the speed of behind ship could not exceed that of
ahead is not practicable because the behind ship can keep the safe distance by reducing its
speed in real cases [7]. Liang et al. [8] proposed a method to sort vessel sequence for the
controlled waterways in the upper Yangtze River, where Fuzzy Analytical Hierarchy Process
(FAHP) was adopted to establish a hierarchical mode and calculate the weights of influencing
factors. The expert system was employed for data processing and reasoning. The results
showed that the waiting time of vessels can decrease to a large degree. Nevertheless, the
performance of the vessel scheduling is not reliable owing to the subjective judgments from
different experts.

With the increasing of ships navigating in waterways, one-way waterways cannot adjust
to the maritime transportation and are being replaced by two-way waterways. In practice, the
two-way traffic can be regarded as the combination of two one-way traffic flow and the
conflicts in two-way waterways can be addressed in accordance with the methods been
applied in one-way waterways. However, the dimensions of some ships are very large, so that
the two-way transportation is not allowed in many cases. As a result, the traffic mode usually
switches between one-way and two-way transportation. In dealing with this issue, a sequential
ship traffic scheduling approach [9] was presented. The proposed method can restrain the
waiting time at an acceptable level, especially when the proportion of large ships is
remarkable. It should be noted that an assumption is made that all the ships are navigating
under identical and stable speed in the model. However, the speed of ships usually varies a lot
within certain ranges in many real cases [10]. Also, every ship was assumed to arrive at the
entrance at the corresponding time reported at least two hours in advance in the approach. It
should be noticed that many ship incidents such as collision avoidance operations occurs and
cannot be predicted precisely. Hence, it is not practicable that all the ships are assumed to
arrive at the expected time.

1.2 Self-organizing scheduling method

From a mathematical point of view, traffic scheduling is a non-deterministic
polynomial-time hard (NP-hard) problem and it is not possible to find an analytical solution.
Moreover, many existing methods do not consider the real time traffic status. The
optimization methods are over constrained to “unusual” situations. For example, some ships
change speed or alter course for some reasons [11]. Besides, the rate of arriving ships also
fluctuates during different periods. Self-organization [12] is another method for solving such
problems. It is a process that the global order arises from local adjustment among the ships.
The ships that have effect on each other make coordination in an initially unordered system.
The organization is performed in a distributed mode over all the components of the system.
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Ships usually make decisions individually on the basis of local information and the conflicts
are alleviated to some extent. In this sense, waterway transportation should also be treated as
a distributive and self-organizing system [13]. Based on the idea of self-organization, the
traffic system is complex and unpredictable in essence. But the unexpected events could be
modelled in a self-organizing mode.

Many self-organization approaches have been investigated in biology from molecular to
ecosystem perspective [14]. It has been demonstrated that a biologically inspired approach
can solve some of the fundamental transportation problems such as in urban areas [15].
Gershenson and Rosenblueth [16] believed that traffic organization is not so much an
optimization problem, but rather an adaptation problem, since traffic flows and densities vary
a lot with time and space. Adaptive methods should be regulated by the traffic flow itself. The
research by Tonguz and Viriyasitavat [17] reveals that the vehicles can manage traffic in
urban areas with dedicated communications radios by themselves. It has shown that the
design of local rules enables the vehicles to approach an intersection to resolve the ensuing
conflict in a seamless and self-organizing manner. Self-organization has been observed in
ship traffic systems such as cellular automata [18]. Qu and Meng [19] proposed a modified
cellular automata model for ship movements in restricted waterways and considers
interactions between consecutive ships by expert judgment. Discrete event models are applied
to generate vessels with different types and speeds in the Singapore Strait. Ship following
rules and crossing rules are used to simulate the ships” motion in order to adapt to all types of
navigational scenes.

Self-organization has also emerged in multi-agent marine system [20] while considering
various navigational risks [21-23]. Vangk et al. [24] provided a data-driven simulation model
of the maritime transportation system affected by piracy. The model employed an agent-based
approach. The behavior of the system is represented as a composition of a series of micro-
level behaviors of individually simulated vessels. Observing that traffic efficiency is
influenced by speed differences, Wang et al. [25] proposed a mathematical model of delay
time in different entry sequences. On the basis of this, each ship could make a decision
regarding to its own sequence to find the local optimum. In short, ships could manage conflict
like vehicles in some conditions. Nevertheless, the traffic control is also vital when the
contradiction among ships is irreconcilable. Therefore, a ship scheduling method fusing the
self-organization with control adapts more to the real ship traffic.

Assuming that the arrival time and speed of ships are not precisely available, a novel
hybrid self-organizing scheduling method is proposed in this paper to assist the ships to pass
through a restricted two-way waterway to enhance traffic efficiency in an adaptive manner.
The remainder of this paper is organized as follows. Delay of ships in restricted a two-way
waterway is discussed in Section 2 considering the ship safety domain. The hybrid self-
organizing scheduling method through traffic conversion is introduced in Section 3. The
simulation experiments are performed and the results are discussed in Section 4. Finally,
conclusions are made in Section 5.

2. Problem description

2.1  Ship traffic system of restricted two-way waterways

The waterway discussed in this paper is a restricted two-way waterway with two
anchorages nearby the entrances, as shown in Fig. 1. It mainly includes a Vessel Traffic
Service (VTS) centre, two anchorages, and the arriving ships and so on. VTS is responsible
for supervising and scheduling the ship traffic from the macro perspective. The anchorages
are water areas for ship to anchor, lying at both sides of the waterway. When a ship arrives at
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the approach, it will enter the anchorage, or steer into the waterway when transit is allowed
and no conflict exists. All the ships obey the ship following rules until they pass through the
waterway. The automatic identification system (AIS) is a trajectory tracking system installed
on the ships. Information of a ship provided by the AIS equipment, such as unique
identification, position, course, and speed, can be identified by others ships and VTS. By AIS
data, the traffic situation and intention can be easily obtained by each ship in the system.
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Fig. 1 Ship traffic system for restricted two-way waterway

2.2 Conflicts between ships in opposite directions

Overtaking is usually prohibited to all ships navigating in the restricted waterway.
Moreover, ships are required to maintain safe distances between each other to avoid collisions
in the waterway. Ship safety domain is a generalization of a safe distance [26] and is one of
the criteria proposed for the safety of ships, particularly in restricted areas [27]. The widely
adopted model is an ellipse with an offset center. It is generally accepted that the size of ship
domain is closely related with ship’s size. Regarding the fact that a ship conflict occurs when
one ship enters another’s domain [28], the influence of ship traffic in opposite directions is
specially considered.

According to the size of ship domain, the ships in the waterway could be classified as
small ships or large ships. The limit value for the size of a small ship depend on the width of
the fairway. A demonstration is displayed in Fig. 2. A green checkmark in Fig. 2 (a) identifies
the allowed situation, which is a head-on situation between two small ships. It is adequately
safe for them to pass through each other with acceptable collision risk. The red error marks in
Fig. 2(b) and Fig. 2(c) express that a small ship or a large ship is not allowed to enter the
restricted waterway before a large ship passes through the waterway, due to the overlapping
of ship domain areas. Such conflicts should be avoided in order to guarantee navigation
safety. Therefore, the traffic flow in the opposite direction has to stop and wait at anchorage
when a large ship is navigating in the waterway, which leads to delays, and further influences
the traffic efficiency.
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Fig. 2 Conflict between ships in the head-on situation

2.3 Conflicts between ships in the same direction

Besides the above problem, each ship should also keep a safe distance away from the
preceding ship in the same directions as shown in Fig. 3 (a). That is to say, the following rules
should be satisfied: If a ship is faster than the preceding ship, the distance between them
would gradually reduce to be smaller than the safe distance. Noting that overtaking is not
allowed, the faster ship has to slow down to keep clearance with the front ship, which would
also reduce traffic efficiency. The collision risk would be unacceptable if speed reduction is
not performed, as presented in Fig. 3 (b).

.- 0 = - .- Om _
(a) following situation where the distance (b) following situation where a distance
is larger than the safe distance which is smaller than the safe distance

Fig. 3 Conflict between ships in the following scenarios

3. Ship scheduling method

3.1 Assumptions

The implementation of traffic system is based on the following assumptions:

* The ships’ arrival time and speed are uncertain, which are expressed by random
variables with different types of probability distributions;

* Overtaking is not allowed in the waterway;
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* All the ships are supposed to follow the traffic rules in the waterway. It should be
noted that the paper only consider the ships that are regularly navigating in the main channel
of waterways, not including the sailing vessels, fishing ships, or very small ships that usually
have free navigation within all the waters.

* Entering the waterway is not allowed when a large ship is transiting in the opposite
direction;

* VTS has the authority to control the traffic flow direction.

Ship-VTS communications have been set up and the self-adapting priority assignment is
possible within ship traffic system. On the one hand, the traffic scheduling is self-adapting
because the conversion of flow direction is adaptive to the current situation of traffic flow. On
the other hand, the ships with different velocities are self-adapting because they slow down to
keep the safe distance between each other and try to adjust to local collaboration.

In FCFS, the traffic flow is divided by the flow direction. In each direction, the ships
enter the waterway on the basis of the sequence of arrival time. Before a large ship enters the
waterway, the traffic flow in the opposite direction is forbidden. Once a large ship is
navigating in the waterway, the ships in opposite direction have to wait in anchorage. When a
small ship is navigating in the opposite direction, a large ship should also stay at anchorage
for safety. As a result, long waiting time brought by large ships is one of the main causes of
the delays. Special attention need to be paid to this issue.

3.2 Hybrid self-organizing scheduling method

Ship traffic modelling is time-consuming because there would be high probability that
the large and small ships are obstructed by each other. There are many ways in which the ship
traffic flow can be constrained for improving efficiency. One of them is self-organizing
according to the distributed characteristics of traffic system. Rules can also be introduced to
mediate among the conflicting ships by limiting or binding their behaviours. A ship
scheduling mechanism based on rules will coordinate large ships to mediate between large
ships and small ships to reduce the conflicts between them. Following this idea, an efficient
method is proposed, named Hybrid Self-Organizing Scheduling (HSOS), which is
accomplished through the control to traffic flow direction by VTS. HSOS has advantage in
the trade-off between small and large ships, so that there would be coordination between the
average waiting time of all the ships and the maximum waiting time. The priorities of small
and large ships would change during the scheduling process, based on which these two types
of ships can be scheduled efficiently. Been considered as agents, the behaviour model for
small ships is presented in Tab. 1, while large ship behaviour model is described in Tab. 2.

The definitions of several logical variables are explained as follows.
TES: Is the traffic flow in the same direction allowed ?

TFO: Is the traffic flow in the opposite directions allowed?

LSO: Are large ships navigating in the opposite direction?

SSO: Are small ships navigating in the opposite direction?

LSA: Are large ships waiting in own anchorage?

SSA: Are small ships waiting in own anchorage?

SD: Is the requirement on safe distance satisfied?

OSS: Is own ship the earliest small ship in own anchorage?

OSL: Is own ship the earliest large ship in own anchorage?
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Tab. 1 Small ship agent behaviour model (1 means YES and 0 means NO)

1. for every small ship arriving at an anchorage do

2 enter the anchorage;

3. wait at the anchorage until

4 (TFS=1andLSO=0and OSS=1andSD=1andSSO=0and TFO=0and LSA=0) or

(TFS=1and LSO =0and OSS =1 and SD =1 and SSO = 1);
5 enter the waterway;
6. obey the following rules in the waterway;
7 leave the waterway.
8 endfor

Tab. 2 Large ship agent behaviour model

1. for every large ship arriving at an anchorage do
2 enter the anchorage;

3 wait at the anchorage until

4, (TFS=1and TFO=0and LSO=0and SSO=0and OSL=1and SD =1) ;
5. enter the waterway;

6 obey the following rules in the waterway;

7 leave the waterway.

8 endfor

In HSOS, if the traffic flow in one direction is allowed by VTS, a small ship enters the
waterway as long as there is no large ships in the opposite direction. When a large ship is at
anchorage due to the impact of small ships in the opposite direction, it gives higher priority to
small ships in the same direction, as demonstrated in Fig. 4 (a). Such mechanism is different
with FCFS. However, if small ships have a high arrival rate, it is quite common that some
small ships are usually navigating in the opposite direction while large ships have to wait at
the anchorage for a very long time in HSOS. In dealing with such problem, a mechanism is
designed to allow these waiting large ships to enter the waterway as follows: VTS enumerates
the number of large ships waiting at an anchorage (li). When I; reaches a threshold This, the
traffic flow in the opposite direction would be closed by VTS. Once the ships in the opposite
direction are clear, the large ships waiting in anchorage could enter the waterway.
Furthermore, the waiting large ships are prior to the waiting small ships at the same anchorage
as shown in Fig. 4 (b), so as to clear the large ships from the anchorage as early as possible.
By doing this, the traffic conflict is alleviated to some extent.

Such mechanism is described in more detail in Tab. 3. It realizes self-organization in an
adaptive manner as follows: if there is only a few large ships in an anchorage, allowing them
entering the waterway would pose a lot of conflicts to the ships in the opposite direction. As a
result, they are encouraged to wait for some time, giving opportunity to other large ships to
join them. The accumulations of large ships alleviate the traffic conflicts to a large degree.
Once there are enough large ships (e.g. reach the threshold This), the opposite traffic flow is
forbidden even if the upcoming ships are arriving at the anchorage continuously. When there
are no ships in the opposite direction, large ship platoon generates like the vehicles in roads
[29] and enter the waterway with higher priority.
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Fig. 4 Interaction among small ships, large ships and VTS

Tab. 3 VTS agent behaviour model

for each timestep do

li += the number of large ships waiting at an anchorage;

if I, =Thys then

TFO =0 until
|i = 0;
TFO = 1;

endif

endfor

N A WM

The proposed scheduling approach operates in a hybrid manner under the assumption
that VTS periodically evaluates the number of waiting large ships in each anchorage and
determines if a traffic flow in a direction should be forbidden. It becomes obvious that it
would be useful to consider VTS as the agents as well. The objective of VTS is to keep the
allowed traffic as long as possible and promote large ships waiting at anchorage to leave as
early as possible. To do so, VTS should forbid traffic flow in the opposite direction when
many large ships are waiting at the anchorage. VTS also monitors the large ships in the two
directions, in order that the forbidden flow is resumed as soon as possible. In addition, ships
operate in a distributed manner with the assistance of AIS. Every ship announces its current
position and speed to other nearby ships as well as to VTS. The objective of ships is to enter
the waterway as early as possible while guaranteeing safety. A ship can therefore construct a
local map and determine if there is an ensuing conflict at the opposite and the same direction
where it is about to enter. Since the objectives of VTS and ships are complementary, they
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interact in the manner of self-organization to achieve synergy. Finally, HSOS can be realized
in an adaptive way, combining centralized control with distributed control.

4. Experiments and analysis

4.1 Parameters setup

In order to evaluate the influences of waiting and speed deceleration in a quantitative
way, the parameter of delay time Teelay iS introduced to evaluate traffic efficiency, which is
defined as the sum of waiting time and the increased navigation time caused by deceleration
(also denoted as deceleration time) [21]. Based on the above analysis, the objective function
for ship scheduling in a restricted two-way waterway is described as

m

Min Tgejay :EZTi e = EZ(Tiwa't +T;%°) 1)
i1 i1

where m is the number of arriving ships, Ti%!® is the delay time for ship i, Ti"®" is the waiting
time for ship i, and Ti%Cis the deceleration time. According to the above model, the objective
IS to minimize the sum of average waiting time and deceleration time, considering that the
large ships and the small ships are obstructed by each other when navigating in different
directions and speeds.

Monte Carlo simulations are used to make an evaluation by the law of large numbers,
which is widely applied to ship traffic studies. In order to evaluate the performance of HSOS,
the software of Arena (Version 14.0), a discrete event simulation and automation software
developed by Rockwell Automation, is used to construct a simulation model [30]. A 10-n-
mile waterway is assumed with anchorages lying at the end of waterway in each side in the
simulations. VTS centre is responsible for the management of traffic flow. All ships are
assumed to be equipped with AIS, which could cover the whole area including the waterway
and anchorages. Therefore, position, speed and direction of each ship can be obtained by other
ships as well as the VTS centre. According to the number of large ships waiting at an
anchorage, VTS will transmit the order of changing traffic flow direction, which would be
announced to all the ships.

Some experiments are analysed on restricted two-way waterway. The results from the
proposed HSOS method is compared with that from FCFS. The traffic generation pattern used
in the simulations is depicted in Tab. 4. The ships are supposed to arrive at an anchorage
randomly, which follows the Poisson distribution. According to the rate of arrival Rarr, there
will be on average 2 to 4 ships arriving per hour at each direction. The traffic flow follows
stochastic equilibrium distribution, which means that both directions have similar traffic
volume. In addition, the ratio of large ships Piar ranges from 0.1 to 0.3. As far as the ship
speed is concerned, normal distribution is used with the mean value of 10 kn and the standard
deviation of 1.5 kn. Considering the steerageway and regulations on maximum speed in some
restricted waterways, the values of speed are confined in the range between 4 and 20 kn. The
requirements on safe distances with previous ships also pose limitations to the scheduled
ships, which is supposed to be 1200 m for simplification.

Simulations of 200-day traffic are performed in the experiments and was repeated for 10
times to provide enough samples. The warm-up period in the simulations is set to be 10 days
and only the outputs in the following days are involved in data analysis. As discussed
previously, the number of large ships is one of the most influencing factors in traffic conflict.
It should be noticed that the number of arriving large ships is closely related with Rarr and the
proportion of large ship Piar. As mentioned in section 3, the threshold This of large ships
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waiting at anchorage in each changing of direction also needs to be determined in different
combination of arrival rate and large ship proportion before being compared with FCFS, so
that the overall traffic efficiency can be enhanced to the maximum extent. Maximum Thys is
limited to 6 in order that the large ships do not need to wait too long time. In general, the main
objective for the simulations is to observe the trend of ship delay times with the increment of
the 3 parameters (Rarr, Piar and Thys ).

Tab. 4 Parameter settings

Parameter Unit Values

Rate of arrival Rarr h! 2.0,25,3.0,35,4.0
Proportion of large ship Pjar 0.1, 0.15,0.2,0.25,0.3
Traffic flow distribution 0.5

Mean speed kn 10

Standard deviation of speed kn 15

Waterway length n mile 10

Safety distance m 1200

Number of replication 10

Replication length d 200

Warm-up period d 10

Threshold This 1,2,3,4,5,6

4.2 Results and analysis

In order to make a comprehensive analysis, a total of 5x5x6 = 150 scenarios of the
simulation runs are performed with different Rarr, Plar and Thyis. Delay time of ships are
collected from the simulations. It should be noted that such inputs follow some kind of
probability distributions, including the arriving time intervals and speeds of ships, making the
outputs fluctuant. In order to analyse the error or uncertainty in the measurement, error bars
representing a 95% confidence interval are presented.

It can be seen that smaller average delay time is more favourable. The results of average
delay time at the case (Rarr = 4 ™%, Piar = 0.25) with different Thys are presented in Fig. 5 (a). It
can be seen that average delay time of large ships have a sharp increasing tendency with Thys,
which means more average delay time of the large ships is generated with the increase of This
in HSOS method. It can be explained that a larger This signifies that a large ship usually needs
longer waiting time in order that there would be more large ships to accumulate.

Meanwhile, the average delay time of small ships have a slowly decreasing trend. It
indicates that the obstructed chance of small ships decreased and traffic efficiency of small
ships is promoted when large ships are grouped. In most cases, the proportion of small ship is
more than that of large ships. Therefore, global traffic efficiency can be improved when Ths
reaches a value, even if the large ships suffer from longer delay time. For example, it is
observed that the optimum appears when the number of large ships in each group is 4, as
presented in Fig. 5 (b).
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Fig. 5 Average delay time of ships with different Th;s

The tendencies of the average delay time of all ships with different values of Rarr, Plar
and Thys is present in Fig. 5 (c) and Fig. 5 (d). It can be seen that more ships or more
proportion of large ships would result in more delays. In addition, although the curvature
radiuses are small, turning points always appear in the curves of average delay time when Rarr
or Piar remains unchanged, which reflects that an optimal This should exist in a designed
combination of Rarr and Piar. This means that in order to make all ships passing through the
waterway as soon as possible, the traffic flow in the opposite direction should be forbidden
once there are Thys large ships are waiting at the anchorage.

It is noticed that the optimum Thys raises with the increase of Rarr and Piar. FOr example,
when Piar = 0.25 and Rarr increases from 3.0 to 4.0 in Fig. 5(c), the optimum Thys varies from
2 to 4, which illustrates that a larger group of large ships could promote the traffic efficiency
under the higher arrival rate circumstances. While Rarr = 4 h™t and Pjar changes from 0.1 to 0.3
in Fig. 5(d), the optimum Thys varies in the range of 3-5, which proves that the larger group of
large ships will contribute to reduce the average delay time of all ships with increasing
proportion of large ships.

In order to investigate the principle of the optimum This for all ships under different
parameters, the experimental results in 25 scenarios are listed in Tab. 5. “Difference” means
the difference between Tgelay in FCFS and in HSOS. The results indicate that there is a close
correlation between the optimum This and the two parameters. When ships arrive at a lower
frequency, one large ship as a group is enough. The values of delays is also very close to
FCFS. When the values of Rarr and Piar are larger, This should be set as a higher value for
obtaining lower Tgelay Of all ships.
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Tab. 5 Optimum This and Tgelay With different Rarr and Piar

Rarr p optimum Tdelay in FCFS Teelay in HSOS Difference
/ht lar This /min /min /min
2 0.1 1 27.66 27.61 0.05
2 0.15 1 36.30 36.14 0.16
2 0.2 1 42.96 42.80 0.16
2 0.25 1 48.91 48.59 0.32
2 0.3 1 53.79 53.58 0.21
2.5 0.1 1 36.93 36.77 0.16
2.5 0.15 2 47.06 45.21 1.85
2.5 0.2 2 55.22 52.99 2.23
2.5 0.25 2 62.39 60.32 2.07
2.5 0.3 2 68.94 66.40 2.54
3 0.1 2 47.29 42.40 4.89
3 0.15 2 60.14 53.91 6.23
3 0.2 2 68.35 64.44 3.91
3 0.25 2 77.89 73.57 431
3 0.3 3 87.25 84.09 3.16
35 0.1 2 60.11 50.80 9.31
35 0.15 3 75.04 64.70 10.34
35 0.2 3 88.13 78.26 9.87
35 0.25 3 99.72 92.24 7.48
35 0.3 3 113.16 107.05 6.11
4 0.1 3 75.91 59.15 16.76
4 0.15 4 95.53 78.00 17.53
4 0.2 4 113.46 96.89 16.57
4 0.25 4 134.57 118.30 16.27
4 0.3 5 157.81 141.77 16.04

The optimum values of Thys are imported into HSOS and the performance is analyzed by
simulating the traffic efficiency by HSOS and FCFS, respectively. Tdelay, along with Rarr, Piar
and optimal This, are compared comprehensively in the two methods. Until now, HSOS can
be performed in an effective way. It can be seen in Fig. 6 (a) that the average delay time
nearly grows exponentially with Rarr in FCFS. The average delay time exceeds 1 h when Rarr
is 2.5 h™ and reaches 2.5 h when Rarr is 4.0 h™t. With respect to HSOS, the average delay time
is almost the same with FCFS under lower arrival rate. However, there is a declination
tendency in HSOS, especially at a higher Rarr. In Fig. 6 (b), Taelay nearly grows linearly for
FCFS at Rarr = 4 'L, The result in HSOS is almost parallel with that in FCFS, and decreased
by about 16 min with the different values of Piar, which is quite remarkable as such a 16-min
reduction in delay time could save many transportation costs. It proves that the conflict
between the ships in opposite directions has been relieved at a similar extent at a constant Rarr
with HSOS. Hence, the expected benefit with HSOS will increase considerably when a larger
Rarr is considered. To identify the influence of Rarr and Piar 0N Tgelay in HSOS, sensitivity
analyses [6] are performed. The sensitivity of Rarris 1.21 while that of Piar is 0.58, which also
proves that Rarr is more sensitive to Tqelay than Piar. In addition, the value of safety distance
also has impact on the traffic delays. However, some simulations on different values of safety
distance indicate that there is no apparent distinction among the results. Therefore, the results
are not present in the paper and we can conclude that safety distance has little correlation with
traffic efficiency.
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Fig. 6 Average delay time of all ships with Rarr and Pyar

A comparison of the average delay time of small ships and large ships in FCFS and
HSOS is also made in Tab. 6. The positive difference values stand for that average delay time
is decreased in HSOS while the negative values means the increased average delay times. The
results show that traffic efficiencies of small ships are promoted in all parameter
combinations and the effects are more apparent with the increasing Rarr. In the meantime, the
delay time of large ships increased in most instances.

Tab. 6 Average delay time of small ships and large ships in FCFS and HSOS

Rarr P Tdetay OF small ships (min) Tdelay OF large ships (min)
(h) o FCFS  HSOS Difference FCFS HSOS  Difference
2 0.1 24.80 24.77 0.03 53.21 52.96 0.25

2 0.15 32.40 32.30 0.11 58.01 57.56 0.45

2 0.2 38.31 38.22 0.09 61.30 60.85 0.44

2 0.25 43.57 43.40 0.17 64.78 64.01 0.77

2 0.3 47.90 47.89 0.00 67.44 66.76 0.68
25 0.1 33.84 33.69 0.14 64.54 64.27 0.28
25 0.15 42.98 32.79 10.19 69.83 114.66 -44.82
25 0.2 50.43 41.24 9.19 74.15 99.41 -25.27
2.5 0.25 56.83 49.01 7.82 78.96 94.06 -15.10
25 0.3 62.68 55.85 6.83 83.47 90.9 -7.43
3 0.1 44,13 31.97 12.16 75.57 135.77 -60.19
3 0.15 56.06 43.83 12.23 83.02 110.42 -27.40
3 0.2 63.46 55.02 8.43 87.73 101.75  -14.02
3 0.25 71.98 64.83 7.15 95.52 99.69 -4.18
3 0.3 80.58 70.37 10.21 102.79  116.04  -13.25
35 0.1 57.12 42.0 15.12 86.97 130.27  -43.30
35 0.15 71.19 49.6 21.60 96.73 149.75  -53.02
35 0.2 83.51 64.98 18.53 106.55 131.12 -24.58
35 0.25 94.23 81.33 12.90 116.15 12489 -8.74
35 0.3 106.79  98.46 8.33 127.98  127.03  0.95

4 0.1 73.11 44.94 28.17 101.38 188.15 -86.77
4 0.15 91.99 59.0 32.99 115.55 185.51  -69.96
4 0.2 109.63 81.8 27.83 128.75 157.15 -28.4
4 0.25 130.55 107.93 22.61 146.63 1494 -2.77
4 0.3 153.83 132,57 21.26 167.10 163.18 3.92
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The tendencies of average delay of small ships and large ships when Rarr = 4 h! are
present in Fig. 10. It can be seen that Tgelay Of small and large ships are almost increasing
linearly with Piar in FCFS. For small ships, the delay time in HSOS are always less than that
in FCFS in Fig. 7 (a). The delay of large ships in HSOS are more than that in FCFS and
decreased with Piar apparently in Fig. 7 (b). Although an inflection point appears when Piar is
around 0.25 in HSOS, it is favorable that Taelay Of large ships in HSOS is less than that in
FCFS when Piar is 0.3, which proves that both small ships and large ships obtain benefits
when the values of Rarr and Piar are both high.

160

120+

Tdelay(min)

80
120
- /I/ .
s0l—F : x : 90+— : x : :
0.10 0.15 0.20 0.25 0.30 0.10 0.15 0.20 0.25 0.30
PIar Plar
(@) Taelay Of small ships in Ryr =4 ht (b) Tgelay Of large ships in Rar =4 ht

Fig. 7 Average delay time of small ships and large ships with different Pjar when Rarr=4 h!

5. Conclusion

The HSOS method, a self-organizing strategy, is proposed in this paper for ships in
restricted two-way waterway. The arriving ships are classified into small ships and large ships
in order to define the conflict between them based on ship domain model. The proposed
priority scheduling is based on local rules for VTS, corresponding to the detection of the
presence (and absence) of large ships waiting at anchorages and rules that assign priority to
small ships or large ships. VTS controls the direction of traffic flow on the basis of the
number of large ships waiting at an anchorage. The optimum numbers of ships under various
circumstances are identified according to the arrival rates and proportion of large ships.
Comparing HSOS with FCFS, HSOS can effectively reduce the average delay suffered from
the conflicted ships, especially at high arrival rates. Using HSOS, VTS could dynamically
adjust to the direction of traffic flow to promote traffic efficiency by adapting to the real-time
traffic flow parameters.

It should be noticed that different arrival rules usually occur at two directions in real
waterways. In a future work, further discussion can be performed on whether HSOS method
is suitable for the unbalanced traffic flow. In addition, cooperation model for multiple legs of
waterway can be considered in a wide-range area in order to make the self-organizing
scheduling mechanism more practicable and flexible.
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