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ABSTRACT 

Maritime traffic is becoming more complex every day.  At 
present, due to technological advances and to new maritime 
regulations, there is increasing demand for new nautical ma-
rine instruments to be installed into the bridge, and the breadth 
of navigational information complicates on-duty officers’ de- 
cisions.  Therefore, if decision support tools can be used to 
help deal with navigational decision-making, human errors 
arising from subjective judgments can be reduced, and sea 
transport safety improved.  This research uses the concept of 
e-navigation as a framework, positioning collision avoidance 
path planning as the main theme, and applies an Ant Colony 
Algorithm (ACA) in the field of artificial intelligence to con- 
struct a collision avoidance model that imitates optimization 
behaviors in real-life applications.  This model combines navi- 
gational practices, a maritime laws/regulations knowledge 
base and real-time navigation information from the AIS to 
plan a safe and economical collision avoidance path.  Through 
using such planning, recommendations can be made for colli-
sion avoidance and return to course.  Lastly, a Geographic 
Information System (GIS) was used as the platform for a navi- 
gation decision support system, combining related navigation 
information, collision avoidance models and electronic charts.  
This is a source of reference for VTS (Vessel Traffic Service) 
operators and on-duty officers to assess collisions in territorial 
waters, achieving objectives such as warning and pre-collision 
preparations. 

I. INTRODUCTION 

Ship collision avoidance is an important research domain in 
maritime science.  Over the decades, scholars and experts have 
actively researched strategies for collision avoidance.  This is 

because accidents such as ship collisions or groundings fre-
quently happen, due to factors relating to the territorial waters 
navigated in, wave and weather conditions, traffic density, 
condition of ship body and navigator experience/skill.  This 
can seriously threaten staff safety, result in financial loss and 
affect the marine environment.  According to statistical analy- 
sis, incidents of ship collisions at sea are 80% due to human 
factors [15].  This indicates failure in and inaccuracy of navi- 
gator assessments with respect to ship movement, collision 
avoidance timing, collision danger estimation and appropriate 
avoidance strategies.  Therefore, researching an automated de- 
cision making system for ship collision avoidance can increase 
the safety and reliability of a ship’s automated navigation, 
reduce the psychological and physical burden of navigators, 
and reduce the occurrence of ship collisions, groundings and 
other sea accidents.  Furthermore, at present, due to tech-
nological advances and the promulgation of new maritime 
regulations, various new types of nautical instruments are 
increasingly being installed into the bridge.  This can result 
in navigational information overload, which can in turn ad-
versely affect a navigator with insufficient experience when 
making decisions, resulting in crude or incorrect decisions that 
incur enormous costs.  Therefore, by making the ship more 
intelligent and navigation more automated through technology 
(so as to reduce manual operations and the amount of subjec-
tive decision making), a navigator’s burden is reduced and 
ship collision avoidance becomes more automated/intelligent.  
This is an effective method to solve human-related problems.  
For this purpose, in 2005, IMO (the International Maritime 
Organization) has advocated the e-navigation concept [18].  Un- 
der this concept, onboard navigation systems will be developed 
that utilize the integration of own ship sensors, supporting 
information, a standard user interface and a comprehensive 
system for managing guard zones and alerts.  Core elements 
of such a system will include features such as high integrity 
electronic positioning, Electronic Navigational Charts (ENC) 
and analysis capability to reduce human error, whilst actively 
engaging the mariner in the process of navigation, at the 
same time preventing distraction and overburdening [1].  With 
e-navigation, apart from being used to assist officers on board, 
the other concept is to strengthen the shore-based VTS func-
tion.  It can also be used for the management of vessel traf- 
fic, while related services from ashore will be enhanced 
through better provisioning, coordination and exchange of com- 
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prehensive data in formats that will be more easily under- 
stood and utilized by shore-based VTS operators, in support 
of vessel safety and efficiency [2]. 

Targeting the realization of e-navigation, from the per-
spective of information analysis, ship collision avoidance can 
be regarded as a complex decision making process.  It con-
cerns the interaction between major factors such as the envi-
ronment, ships and humans, dynamic and static data, known 
and uncertain information, quantitative mathematical calcula-
tions and qualitative logical reasoning, etc.  It is also related to 
disciplines such as marine science and computer science.  
Whether it be a matter of information collection, information 
preprocessing, calculation of the degree of collision danger, 
determination of situation encountered, selection of avoidance 
method, optimization of collision avoidance motion, return 
navigation strategy or multi-target avoidance, it forms a com- 
plicated system engineering problem [13].  It is unrealistic to 
use an accurate mathematical model to describe such a system 
and apply it in a real-time decision making environment.  
Apart from this, collision avoidance is a multi-criteria, non- 
linear programming problem, and a balance between naviga-
tional safety and economy needs to be achieved at the same 
time [19].  Also, apart from ensuring avoidance procedures 
that are necessary to ensure navigational safety, it must also be 
ensured that the avoidance route does not deviate too much 
from the original route, in order not to overly incur additional 
navigation costs.  Therefore, in recent years, researchers have 
begun to use various artificial intelligence techniques to solve 
collision avoidance problems, whereby neural networks, fuzzy 
logic and evolutionary computing (in contrast to pure mathe- 
matical models for soft computing) address the collision avoid- 
ance problem [20]. 

From the perspective of information processing and inte-
gration, Automatic Radar Plotting Aid (ARPA) has always 
played an important role to assist in solving collision avoid-
ance problems.  Although it integrates related navigation in-
formation and in effect solves the information processing 
problem in the collision avoidance process, as well as pro-
viding fast and detailed, related collision avoidance informa-
tion, it does not suggest collision avoidance or automated 
avoidance.  It ultimately has to rely on the navigator’s ex-
perience and his/her expert but subjective decision, and this 
can result in careless use and the creating of serious errors [4].  
Recently, with the application of the Automatic Identification 
System (AIS) in ship collision avoidance and VTS, the prob-
lem of extracting real-time information for collision avoidance 
decision making has been resolved.  The AIS system provides 
previously unavailable static information and accurate real-time 
dynamic information about the ship.  This forms an important 
information source for collision avoidance decision making, 
beneficial for improving current collision avoidance methods 
and port traffic management.  Therefore, this research uses 
the e-navigation initiative as a framework, and the Ant Colony 
Algorithm from artificial intelligence to create a collision 
avoidance model that imitates optimization behaviors in real-  
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Fig. 1. Chart divisions show states encountered by ship. 

 
 

life applications.  Furthermore, through using GIS as platform, 
it combines navigational practice and a maritime laws knowl- 
edge base as well as real-time navigation information from 
AIS to construct a navigation decision support system and 
help plan a suitable collision avoidance path.  This path would 
simultaneously observe economic and safety matters, as the 
shortest collision avoidance route on the safety critical is 
searched for.  Through such planning, collision avoidance is 
suggested and restoration measure is also provided.  At the 
same time, this would serve as a reference for VTS (Vessel 
Traffic Service) operators and ship on-duty officers for as-
sessing collision avoidance in present conditions, achieving 
objectives such as warning and preliminary collision avoid-
ance preparation. 

II. ASSESSMENT OF COLLISION RISK AND 
ACTIONS 

Our approach to assessing the collision risk is based on 
using a knowledge-based system.  The knowledge-based sys-
tem embodies collision avoidance techniques by using the 
1972 International rules for collision avoidance (COLREGS) 
as the key information.  The calculations for collision avoid-
ance path planning are only executed when the collision avoid- 
ance conditions in the knowledge base have been satisfied.  
According to the combined results from analysis of COLREGS, 
navigation practices and automated collision avoidance meth-
ods, the encounter situation covered by COLREGS is divided 
into three types, where each type in turn is divided into sub-
divisions.  The three main types of encounter situation are 
discussed below: 

 
(1) Head-On: target ship approaching from E region in Fig. 

1.  The own ship and target ship are approaching each 
other on reciprocal or near-reciprocal courses.  Both ships 
should alter their courses to starboard so that each shall 
pass on the port side of the other. 

(2) Crossing: target ship approaching from A, B or D region 
in Fig. 1.  The own ship and target ship are crossing each 
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others’ intended paths and so there is a risk of collision.  
The own ship is the stand-on ship and keeps its course and 
speed when the target ship is crossing from port to star-
board of the home ship (D region in Fig. 1).  If the target 
ship fails to take action, the home ship itself should sub-
stantially alter its course.  The home ship is the give-way 
ship when the target ship is crossing from starboard to port 
of the home ship (A region in Fig. 1).  If there is sufficient 
sea area, the own ship can alter its course substantially to 
starboard and cross from astern of the target.  For the ship 
from B region, if its relative angle with the own ship is 
great, a left turn can be taken to avoid collision. 

(3) Overtaking: target ship approaching from region C in 
Fig. 1.  A ship shall be deemed to be overtaking when 
another ship approaches from a direction more than 22.5 
degrees abaft her beam.  If a home ship is overtaking a 
target ship, the target ship is the no-deviation ship and 
should keep its course and speed.  If the own ship is on the 
starboard quarter of the target ship, the own ship should 
alter its course to starboard.  If the home ship is on the port 
quarter of the target ship, the home ship should alter its 
course to port. 

III. SHIP SAFETY DOMAIN RULE SETTING 

The concept of ship safety domain plays a very important 
role in ship collision avoidance and has been widely applied 
in marine traffic engineering, for risk assessment and VTS 
design.  A series of related safety domain concepts have also 
been successively proposed.  Goodwin [10] suggests a model 
based on the theory of ‘ship domain’.  A ship domain can be 
regarded as the sea around a ship that the navigator would like 
to keep free of other ships and fixed objects.  Based on this 
concept, researchers have since proposed improvements to the 
ship domain model.  Davis et al. [6] enhanced the model by 
adding the concept of an ‘arena’.  A ship arena is a larger 
domain based on the distance from another ship, at which a 
mariner would start to take action in order to avoid a close 
quarter situation.  Colley et al. [5] proposed the Range to Do- 
main and Range Rate model (RDRR).  Each of these models 
endeavors to address the navigator’s concern with respect to 
the physical separation of ships and their perception of possi-
ble ship-ship encounters when regions (domain or arena) be-
come populated with other ships [23].  However, the ship 
safety domain, apart from being affected by the present en-
countered situation, would also vary according to different 
ship type, maneuverability and marine environment conditions.  
Hence, a unified safety domain or range cannot be set for 
all ships.  In this regard, Zhu et al. [22] have considered the 
current visibility, ship maneuverability and closest point of 
approach (CPA) azimuth as the input factors, using neural net- 
works to obtain projections based on different ship types and 
visibility situations in ship safety domains.  This research is 
based on the fuzzy guard ring model by Kao et al. [14].  This 
model uses fuzzy logic as the method for model construction 

and factors include ship dimensions, ship speed and sea con-
ditions as the model’s input language variables.  Through a 
fuzzy rule base and fuzzy inference, the fuzzy safety domain is 
calculated for the ship’s guard ring.  According to different 
situations, different radii are calculated for the fuzzy guard 
ring.  Besides this, the navigator is also allowed to set the 
safety domain size according to the present situation.  After 
the safety domain output value is obtained, the collision avoid- 
ance route planning model can then: 

 
(a) Assess the risk of collision, select collision avoidance ac- 

tion according to the selected collision avoidance target. 
(b) Confirm the time of latest collision avoidance turning. 
(c) Confirm the steering angle necessary to safely control col- 

lision avoidance. 
(d) Decide course return time. 
(e) Confirm the steering angle necessary for safe course return. 

IV. COLLISION AVOIDANCE PATH PLANNING 
PRINCIPLES 

This research uses the e-navigation concept to integrate the 
digital navigation information of each navigation equipment 
within the bridge, including own ship navigation course from 
the gyro compass, ship speed from the electronic log, ship 
position from the GPS and various weather information (for 
instance, wind direction, wind speed, current speed, current 
direction, etc).  This information can then be used as input 
information for the ship safety domain calculation and basic 
ship settings for the collision avoidance model.  As for other 
ship information necessary for the collision avoidance model, 
this is mainly real-time information from the target ship de-
rived through AIS.  The AIS data packet includes two major 
types of data, i.e., dynamic and static data.  The AIS static data 
packet encompasses a ship’s basic information, including ship 
name, destination, ship length, ship width, draft, tonnage, 
cargo type, ETA, etc., which is helpful towards understanding 
information about the target ship’s basic characteristics.  Within 
that information, ship length, width, draft and tonnage infor-
mation further benefits an understanding of the target ship’s 
maneuverability and safety domain calculation.  AIS dynamic 
data consists of information about the target ship’s real-time 
positional changes, which includes the ship’s longitude and 
latitude positions, course, speed, etc.; serving as target ship 
input parameters for collision avoidance model calculations.  
AIS’s reception range is approximately 20 nautical miles; when 
the target ship is within AIS’s observation range, then ac-
cording to the target ship’s real time motion position obtained 
from AIS, we calculate the relative motion direction between 
own ship and the target ship, the distance of CPA (DCPA) and 
the time of CPA (TCPA).  Furthermore, the knowledge base 
constructed by COLREGS can be used to decide the state 
of encounter, determining whether the ship is the give-way 
ship.  If the ship is a give-way ship and it has a high risk of 
collision with the target ship, then this research’s decision 
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support system executes collision avoidance path planning 
to recommend a safe and economical path.  According to the 
different task phases, the path solution can be divided into four 
phases: 

 
(1) Cruising phase: for general navigational states, the sys-

tem will remain in alert and search conditions at all times.  
It will also, based on the present navigation information 
and the calculated ship safety domain size through AIS 
information, set the alert range during collision avoidance 
(hence satisfying a situation where the ship wants to main- 
tain a minimum distance from the target ship for safe 
passage). 

(2) Initial warning phase: 
(a) Collision avoidance alert encountered by single tar- 

get ship: if a target ship enters the observation range, 
then the COLREGS knowledge base is used to de-
termine the encounter state and collision risk.  If it 
has been determined that the target has a collision 
risk (i.e. CPA less than the ship’s safety domain alert 
range) and the ship is to give way, the system will 
proceed with collision avoidance route planning.  In 
this phase, the system will determine, based on the 
original sail direction and speed, the amount of time 
required to arrive at the latest turning point.  A greater 
steering angle might be required after passing this 
point.  The navigator can use this information as the 
reference for the wheelbase turning point during col-
lision avoidance.  He/she can also simulate settings 
with different safe passage distances to obtain dif-
ferent turning time points, which can be used for turn- 
ing point alerts. 

(b) Collision avoidance alert encountered by multiple 
target ships: when there are many target ships within 
the observation range, the COLREGS knowledge base 
is first used to determine the encounter conditions 
and collision risks between the own ship and each 
target ship, determining which target ship is to make 
way for the own ship.  Then, for each of these target 
ships, the DCPA between each target ship and the 
own ship is calculated.  When the DCPA is less than 
the preset guarding ring values, it means that there is 
a collision risk between the target ship and the own 
ship.  Then, among the target ships that meet this 
condition, the target ship that has the smallest TCPA 
is the one with the highest collision risk.  Hence, this 
is the first ship in which the collision avoidance pro-
cedure for single target ship is executed.  This colli-
sion avoidance procedure would also be assessed to 
determine whether it will impose a risk on other target 
ships.  If it will, then it is corrected before being 
executed again.  Following this principle, each multi- 
ship encounter is decomposed into individual encoun- 
ter collision avoidance action cases between the home 
ship and each target ship [7]. 

(3) Collision avoidance navigation phase: for the path of 
collision avoidance turning, the turning angle should not 
be so small that the target ship is unable for to sense the 
intention of the home ship to avoid collisions, but it also 
should not be so large that it deviates too much from the 
original route.  It should be ensured that it passes the target 
ship outside the safe alert range and that it only returns to 
course safely after a predefined period.  An alert can be 
given prior to course return. 

(4) Course return phase: when deciding the time and the 
course return operation strategy, it needs to be ensured 
that the course return operation will not result in new 
encounter danger states and that we minimize any unneces- 
sary voyage time loss due to further collision avoidance 
actions.  The returning point, and returning time alerts, 
can also be provided prior to restore to the original route. 

V. SHIP COLLISION AVOIDANCE ROUTE 
PLANNING BY ANT COLONY ALGORITHM 

1. Description of Ant Colony Algorithm 

Research has shown that ant colonies naturally possess in-
telligence and are able to find the shortest route from a food 
source to their nests without any visual aids, but through the 
use of pheromones emitted by the ants as cues.  The ant colony 
algorithm is a form of evolutionary computation that models 
the behavior of real ants in search of food.  This algorithm was 
proposed by Dorigo [8] and has been successfully used to 
solve numerous real-life problems, such as the traveling sales- 
man problem (TSP).  As a whole, the ant colony algorithm has 
a unified framework model.  It is robust, embodies positive 
feedback and distributed computing characteristics.  Hence, 
the ant colony algorithm is well suited to collision avoidance.  
This research utilizes the ant colony algorithm to enable col-
lision avoidance for ships moving towards their goals.  In short, 
this is achieved by choosing the most suitable objective func-
tion during the collision avoidance route search so that the 
search process becomes more efficient and effective. 

As for the application of evolution computation to route 
planning, it has already been used for obstacle avoidance in 
robots [16], and the same principles could be applied to 
ship collision avoidance.  Smierzchalski and Michalewicz [19] 
treated the longitude and latitude of turning points on collision 
avoidance routes as the genetic code, and added ship speed 
and time concepts to form the genes in the chromosomes, in 
order to search the optimum route.  These two research studies 
address the route planning of robots mainly, so COLREGS 
was not included.  One application of the ant colony algorithm 
is worked out by He and Qi [11], who have applied the algo-
rithm to automatic underwater vehicle (AUV) collision avoid- 
ance.  This research is similar to the traveling salesman method 
in the sense that the midpoints of routes are identified and the 
shortest route is determined by a number passing through the 
midpoints while satisfying collision avoidance requirements.  
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However, the use of traditional ant colony algorithms for 
collision avoidance problems has mainly focused on directed 
graphs or grids, whereby the required search space is very 
large, making the search inefficient and thus, not suitable to be 
used directly for collision avoidance in ships.  Furthermore, if 
grid format data were used to represent ships’ navigational 
routes, too many turning points would be generated, and this 
does not meet ship navigational practice.  On the contrary, this 
research uses vector format data as the basis of estimation for 
collision avoidance routes.  This research employs the whole 
collision avoidance route as the basis of assessment, considers 
both safety and economy at the same time, and includes the 
factors of the COLREGS and safety domain, in order to in-
form collision avoidance measures, such as earliest turning 
point time, safe angle of collision avoidance, navigational 
restore time and navigational restore angle, etc. 

2. The Coding form of Collision Avoidance Routes 

In order to accelerate the search speed, instead of using the 
longitude and latitude of the turning points as the nodes of the 
directed graph, this research uses the following four parame-
ters of collision avoidance routes for encoding: 

 
(a) The required time to the turning point (or the time from 

TCPA) Ts.  This parameter represents the latest turning 
point.  Collision avoidance turning needs to occur before 
this time, else there is a collision risk. 

(b) The required collision avoidance angle for passing the 
target ship at safe distance OC' .  The collision avoidance 
angle needs to be at least larger than ,OC'  else there 
exists a collision risk. 

(c) The time between the turning to collision avoidance and 
the turning to navigational restore Ta.  After navigating at 
angle OC'  to avoid collision, the avoidance course must 
be run for at least Ta minutes before a return to course 
can be considered. 

(d) The limited angle upon turning of navigational restore Cb.  
After navigating at angle OC'  for at least Ta minutes, if 
there is a return to course, the navigation angle must be 
limited to below Cb value, or a near collision state will 
still result. 

 
These four parameters can constitute a collision avoidance 

route as a series of nodes in the directed graph and also form 
important parameters for collision avoidance alerts.  Consid-
ering the ship speed and observation distance, we assume that 
the ship can arrive in 100 minutes.  It can be noted that two 
digits can fully express the values within 100.  When the rela-
tive bearing of the bow is ‘head up’, the safe collision avoid-
ance angle OC'  should be limited to within 30 ~ 90 degrees at 
the starboard side, in order to prevent over turning or insuffi-
cient turning (which is also expressed by two digits).  The time 
between the turning to collision avoidance and the turning to 
navigational restore Ta should not exceed 60 minutes.  When  

0
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Fig. 2. Nodes and route planning illustration. 

 
 

the relative bearing of bow is head up, the turning angle of 
navigational restore Cb should be limited to within 30 ~ 90 
degrees at port side.  To use these parameters for the ant col-
ony algorithm, the four parameters should be represented in 
the X-Y axis, as shown in Fig. 2.  Eight even vertical lines are 
then drawn on the graph across the graph and labeled as L1, 
L2, …, L8, with L1∼L2, L3∼L4, L5∼L6 and L7∼L8 represent-
ing Ts, ,OC'  Ta and Cb respectively.  These line segments are 
represented numerically from 1 to 8 in the figure shown.  Every 
line segment has 9 equal parts and as such, each line segment 
has 10 nodes, representing the value of each line segment 
ranging from 0 to 9.  The graph has a total of 8 × 10 nodes, and 
every node can be represented by Knot(xi, yi,j), where xi 
represents the x-coordinate for Li (i = 1~8), yi,j represents the 
y-coordinate for node j of line segment Li (j = 0~9).  Every 
node represents the y-coordinate value yi,j.  For instance, 
Knot(7, 2) represents a value of 2 for the first digit of Cb. 

Assume that an ant starts moving from origin O.  When it 
climbs to line segment L8 and finishes one cycle, its climb can 
be represented as: Path = {O, Knot(x1, y1, j), Knot(x2, y2, 
j), …, Knot(x8, y8, j)}.  Here, node Knot(x2, y2, j) is situated at 
line segment Li and thus, the parameters Ts, OC' , Ta  and Cb 
for this climb can be calculated as follows: 

 

1, 2,

3, 4,

5, 6,

7, 8,

10

10

10

10

j j

O j j

j j

j j

Ts y y

C' y y

Ta y y

Cb y y

= × +


= × +
 = × +
 = × +

 

Figure 2 illustrates the climb route for an ant.  This route 
represents the collision avoidance route parameter values as: 
Ts = 67, OC'  = 46, Ta = 12, Cb = 47. 

The four parameters proposed efficiently represent the climb 
route for the ant and consequently improve the efficiency of 
calculations for the algorithm.  Furthermore, the optimal com- 
bination of parameters is desirable for sea navigation because 
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it is not only a set of turning point values and connection dis-
tances but would provide useful references, upon further 
analysis and interpretation. 

3. Objective Function 

The technique of selecting a rational and effective collision 
avoidance measure depending on the state of encounter be-
tween the home ship and a target ship is the focus of this re-
search.  We will use the same objective function as those used 
by Tsou et al. [21].  In the development of this technique, this 
research maintains a safe domain distance between the home 
ship and the target ship, articulates the turning angle and time, 
the navigational restore time and the navigational restore angle.  
It also prevents the generation of new encounter states or 
domain stress phenomena.  The distance from the beginning 
of the turning to the restoring of the original route is the ob-
jective function between the home ship and the target ship.  
The ACA is used to obtain the shortest collision avoidance 
route for meeting the objective function and constraint condi-
tions, so that the home ship can satisfy the following: 

 
(a) The total distance of collision avoidance will be minimal. 
(b) The risk of collision will be minimal and the target ship 

will be kept outside the safe domain in avoidance. 
(c) Under the safety domain passing conditions, collision avoid- 

ance angles shall be minimized. 
(d) After the least time of navigational detour, the home ship 

resumes its original route. 
(e) Where there are no new encounters or other domain stress 

phenomena, the turning angle shall be minimized. 
 

Assume that the course CT, speed VT, bearing Q, distance D 
of the target ship, and the course CO, speed VO of the home 
ship are known.  If OC'  is the new course of the home ship 
after collision avoidance, then the fitness function is: 

 Distance = { }
1

min  
n

i i
i

Ds Dr
=

+  (1) 

where Dsi is the distance after collision avoidance, Dri is the 
distance of navigational restore. 

 Dsi = ColAvTime * VO, Dri = ResTime * VO 

ColAvCourse is the turning angle after collision avoidance. 
ResCourse is the turning angle of navigational restore. 
ColAvTime is the navigation time after collision avoidance. 
ResTime is the navigation time of navigational restore. 

The constraint conditions are: 

 30 90ColAvCourse≤ ≤  

 -60 -30ResCourse≤ ≤  

 1 60TCPA ColAvTime≤ ≤  
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Fig. 3. Collision avoidance decision model after the home ship is turned 

[17]. 

  

 1DCPA Gd≥  and 2DCPA Gd≥  

where ColAvCourse ∈ [30, 90] is the decision parameter, 
which represents the turning angle of collision avoidance (the 
difference of angle between the new course and the original 
course, and a positive value means right turn), ResCours ∈ 
[-60, -30] represents the turning angle of navigational restore 
(the difference of angle between the new course and the original 
course, and a negative value means left turn).  The naviga-
tional restore time should not exceed 60 minutes and should be 
at least larger than TCPA1 time (new TCPA time after collision 
avoidance).  DCPA1 and DCPA2 are the new DCPA after col- 
lision avoidance and the new DCPA of navigational restore, 
respectively. 

Combining the above mentioned requirements, it can be 
observed that obtaining DCPA and TCPA is an important fac- 
tor for satisfying objective function constraint requirements.  
We reference Hollingdale [12] and Liu et al. [17] for the cal-
culation method for DCPA and TCPA, and further modify it to 
make it more suitable for calculation in programming lan-
guages.  As shown in Fig. 3, if the turning angle of the home 
ship is ColAvCourse (right +, left -), and the new angle be-
tween the home ship and the target ship is OTC' (range: -180°∼ 
180°), then new DCPA1 and TCPA1 will be calculated as fol-
lows: 

 DCPA1 = D sinθ (2) 

 TCPA1 = D cosθ/ RV'  (3) 

where θ is the angle between the relative motion line of the 
home ship and the bearing of the target ship; D is the distance 
between home ship and the target ship; RV'  is the relative 
speed after collision avoidance; and OTC' is the angle between 
the home ship and the target ship after the home ship is turned. 

 OT OC' C'=  - TC  (4) 
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If OTC'  ≧ 0°, then θ = B + ColAvCourse - Q (5) 

If OTC'  ＜ 0°, then θ = - ( B + ColAvCourse - Q) (6) 

RV'  is the relative speed after the home ship is turn: 

 2 2 - 2  cosR T O T O OTV' V V V V  C'= +  (7) 

If B is the angle between the relative motion line of the 
home ship and the head line after the home ship is turned, then 
the way of calculation is as follows: 

If OTC' ≧ 0, then 

 -1 2 2 2cos (( - )/2 )O R T O RB V V' V V V'= +  (8) 

If OTC' ＜ 0, then 

 -1 2 2 2-cos ((  - )/2 )O R T O RB V V' V V V'= +  (9) 

Gd represents the radius of the guarding ring for safe passing, 
which means that the new DCPA should be at least larger than 
the radius of the guarding ring.  This value depends on marine 
conditions and ship type, which can be obtained from self setup 
or other models. 

4. Route Selection 

Assume that each time it takes for every ant to climb from a 
node in line segment Li to another node in line segment Li+1, 
regardless of the distance between the nodes.  If all the ants 
embark from the origin coordinate O, then they will arrive at 
every line segment Li (i = 1~8) at the same time and finally, 
arrive at their individual final node at L8, finishing one cycle. 

At time t, assume that the ant colony moves to line segment 
L.  Then, bj ( j = 0~9) represents the number of ants at node j 
on Li.  This number of ants can be represented by m, where 

9

0

( ).j
j

m b t
=

=∑   Let τ(xi, yi,j, t) be the remaining information at 

node knot(xi, yi,j) at time t.  At the start time, all nodes have the 
same quantity of information, i.e. τ(xi, yi,j, 0) = c (where c is 
the quantity, i = 1~8, j = 0~9), ∆τ(xi, yi,j, 0) = c.  Let Pk(xi, yi,j, t) 
be the probability of climb for ant k from a node on Li-1 to 
knot(xi, yi,j) at time t, where 

 , ,
, 9

, ,
0

( , , ) ( , , )
( , , )

( , , ) ( , , )

i i j i i j
k i i j

i i j i i j
j

x y t x y t
P x y t
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α β

α β

τ η

τ η
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=
∑

 (11) 

and η(xi, yi,j, t) as the visibility of knot(xi, yi,j, j) represented by 

 
*

, ,

,

  10 -    -    
( , , )  

10

i j i j

u i j

y y
x y tη =  (12) 

In (12), the value of *
,i jy (i = 1~8, j = 0~9) can be obtained 

as follows: At the first cycle, ,
*

i jy  is the random value that 
satisfies the set constraints, corresponding to the coordinate 
values of the 8 nodes in Fig. 2.  At the later cycles, ,

*
i jy  cor-

responds to the coordinate values of the 8 nodes mapped 
through the parameter set Ts, ,OC'  Ta and Cb for the optimal 
route produced in the previous cycle. 

5. Information Update 

Assume that at the origin time t = 0, all ants are positioned 
at the origin O.  After 8 time units, all ants climb to the end 
point.  The following functions can then be used to adjust the 
information quantity for various nodes: 

 , ,( , , 8) ( , , ) ( , )i i j i i i i jx y t x y t x yτ ρτ τ+ = + ∆  (13) 

 , ,
1

( , ) ( , )
m

i i j k i i j
k

x y x yτ τ
=

∆ = ∆∑  (14) 

 ,( , )  i i j
k

Q
x y

F
τ∆ =  (15) 

In (15), Q represents the information strength, which affects 
the convergence rate of the functions.  Fk represents the ob-
jective function value for the kth ant in that cycle, which can be 
calculated via formula (1). 

6. Algorithm Steps 

The steps for using the ant colony algorithm to determine 
the parameter set for the shortest collision avoidance route are 
listed as follows: 

 
(1) Random values that satisfy set constraints are used to 

calculate the start values for Ts, ,OC'  Ta and Cb. 
(2) Let the number of ants be m and for each ant k (k = 1 ~ m), 

an 8 element sequence representing one route Pathk.  
Within Pathk, we store the coordinate values for the 8 
nodes that the kth ant will pass through, which can be used 
to represent the climb route of the kth ant or one collision 
avoidance route. 

(3) The time counter, t is then set as 0, cycle number NC = 0, 
the maximum number of cycles set as NCMAX., the infor-
mation quantity of each node, (xi, yi,j, 0), initialized as 
∆τ(xi, yi,j) = 0 (i = 1 ~ 8, j = 0~ 9) and each ant to start at 
origin O. 

(4) Variable i is set as 1. 
(5) Formula (11) is used to calculate the transfer probability at 

each node for the ant approaching line segment Li.  Ac-
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cording to the calculated probability, a node is chosen for 
each ant k (k = 1 ~ m) at Li in the roulette manner.  The ant 
k is then transferred to that node chosen and the coordinate 
value of the node is stored in the ith element of Pathk. 

(6) Set i = i + 1.  If i < = 8, return to Step (5), else continue to 
Step (7). 

(7) According to the route taken by the kth (k = 1 ~ m) ant, i.e. 
Pathk, formula (1) can then be used to calculate the cor-
responding parameters Tsk, *,OC'  Tak and Cbk for the 
route.  Following this, formula (2) can be used to calculate 
the objective function value Fk for ant k.  The best route 
for the current cycle (corresponding to the best parameter 
set for the current cycle) would then be recorded and the 
respective parameter sets in Ts*, *,OC'  Ta* and Cb*. 

(8) Set t ← t + 8, Nc ← Nc + 1.  According to formula 13, 14, 
15, the information quantity at each node is renewed and 
all elements in Pathk (k = 1 ~ m) are reset to zero. 

(9) If Nc < Ncmax and the ant colony has not converged to 
following the same route, the positions of all ants are then 
reset to O and we revert to Step (4).  If Nc < Ncmax but 
the ant colony has converged to the same route, the cal-
culation is complete and the best route and corresponding 
parameter set combinations are obtained. 

VI. EXPERIMENT RESULTS 

1. E-Navigation Platform Deployment 

Under the e-navigation concept, the Electronic Chart Dis-
play and Information System (ECDIS) plays a very important 
role.  It can be described as a platform for aggregation, analy- 
sis, display and operation of various kinds of information, 
serving as the interface for human-computer communication.  
There are many ways to realize ECDIS but they are mostly 
related to GIS.  The system can be directly implemented on the 
GIS platform or by embedding GIS’s COM component into a 
general information system to achieve ECDIS functionality.  
As the collision avoidance model involves spatial attributes 
and geometric computation, if we make use of the spatial 
analysis and geometric functionality provided by GIS, com-
putational efficiency and model results will be greatly im-
proved.  This research did not deploy the system based on 
existing GIS software but instead, used Visual Basic.  Net as 
the program development tool, while ESRI’s MapObject 
COM component provided the platform for GIS functionality, 
seamlessly embedding spatial analysis and display function-
ality of the GIS components into a general information system.  
This is combined with each module in this research, custom-
izing it to provide the spatial decision support system that is 
required for collision avoidance route planning.  This method 
makes execution more efficient and program I/O interface 
more open, facilitating real-time exchange and the integration 
of information with other navigation instruments on the bridge/ 
navigation information systems [3], constructing an Integrated 
Bridge System (IBS) which satisfies the e-navigation objec- 
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Optimum CA Track

Own Ship Track

Own Ship
Guarding Ring

Target Ship

Target Ship Track

Own Ship

Parameter setup &
Real-Time data
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Fig. 4. Ant colony algorithm path planning for collision avoidance on a 

e-navigation platform. 

 
 

tive.  Figure 4 shows the system’s user interface, the left half 
showing the GIS component’s collision avoidance path spatial 
control and display, consisting of the home ship’s location, 
alert range and path, the target ship’s position and path, can-
didates collision avoidance paths generated by the ant colony 
algorithm (dotted line regions) and the final optimum collision 
avoidance path obtained.  The right half shows the related ant 
colony algorithm, parameter settings for collision avoidance 
principles as well as target ship and home ships’ real-time data 
and DCPA, TCPA solutions.  Through the ant colony algo-
rithm, we can simulate collision avoidance measures in the 
situations as well as displaying the whole collision avoidance 
process one by one in real-time simulation, allowing us to 
visually assess the collision avoidance route. 

2. Simulation Results 

As below, using the settings in Fig. 4, we discuss the simula- 
tion results for single ship and multiple ships encounters and 
the related ant colony algorithm parameter values.  These values 
reference Duan’s [9] recommended execution setting, where 
the number of ants is set as 10, α = 3, β = 2, ρ = 0.5, Q = 1000 
and 100 iterations being executed.  Movement information 
comes from AIS, the target ship’s sail direction is fixed, with 
movement speed set at 15 knots.  Home ship speed is set at 14 
knots, angle at 000, changing course only to carry out collision 
avoidance path planning. 

1) A Single Ship Encounter Situation 

Here, we separately simulate three types of encounter states 
during avoidance, based on the collision avoidance principles.  
According to the ant colony algorithm, there are three types of 
avoidance course with the shortest collision avoidance path: 
Case 1—intersection encounter coming from the upper right 
(Fig. 5), shown as region A in Fig. 1.  Case 2: intersection en- 
counter coming from lower right (Fig. 6), shown as region B in 
Fig. 1.  Case 3: head-on encounter (Fig. 7), shown as region  
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Fig. 5. Intersection encounter from upper right direction, dynamic simula- 
tion of collision avoidance path. 
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Fig. 6. Intersection encounter from lower right direction, dynamic simula- 
tion of collision avoidance path. 
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Fig. 7. Head-on encounter, dynamic simulation of collision avoidance path. 

 
 

E in Fig. 1.  The time values shown in Figs. 5, 6 and 7 repre-
sent the time passed (in minutes) since start of observations.  
After simulation verification, actual setting requirements can 
be observed, satisfying navigational practices for safe passage.  
Figure 9 uses case 1 as an example, separately using the ant 
colony algorithm and the widely popular evolutionary algo-
rithm, Genetic Algorithm (GA) used by Tsou et al. [21], to  
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Fig. 8. Situations to determine and collision avoidance action for multi 

ship encounters. 
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Fig. 9. ACA and GA execution results. 

 
 

conduct 100 computation iterations for actual comparison, 
showing the change in collision avoidance path length during 
the evolutionary convergence process.  In these comparison ex- 
periments, GA also uses the same 4 parameters as the genetic 
code, executing related genetic operations such as reproduc-
tion, crossover and mutation.  After observing several ex-
perimental results, we note that although the genetic algorithm 
rapidly converges and can generate sudden genetic change 
(like No. 28, No. 46 cycles) to exceed the local optimum, 
the ACA can stably converge and the final result obtained 
is not inferior to the result from GA computation.  Further-
more, the collision avoidance path obtained through ACA not 
only maintains safe encounter but also is the most economi- 
cal path that satisfies constraint conditions.  Table 1 presents 
the simulation values and the ant colony algorithm path plan-
ning values for the three cases.  In the table, the DCPA and 
TCPA represents the CPA distance and time between the own 
ship and target ship in the initial state when no collision 
avoidance measures have been taken.  When DCPA is positive, 
it means that the target ship has passed from the home ship’s 
front.  When DCPA is negative, it means that the target ship  
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Table 1. The recommended data for simulation setup and collision avoidance actions of ant colony algorithm. 

Target Ship CA Measures 
Case 

Course 
DCPA TCPA 

T1 Co1 T2 Co2 
Initial 

Bearing 
Iinitial 

Distance 
Length 

1 246 0.74 73 67 47 13 -46 41 28 5.85 
2 287 -0.23 81 61 53 15 -55 79 23 6.78 
3 191 0.43 67 52 44 13 -37 2 33 6.32 

 

 
has passed from the home ship’s rear.  The effect achieved 
from executing ACA is similar to the result obtained by GA 
and the collision avoidance measure follows the recommended 
path as derived from the result of ACA.  T1 represents the time 
in minutes after which the ship must start to turn to avoid a 
collision (else a larger turning degree is needed), so that the 
target ship can pass outside the alert range.  C1 is the collision 
avoidance turning angle (right turn), limited to between 30 
degrees and 60 degrees to the right of the intersection line.  T2 
represents the time in minutes after collision avoidance when 
the ship can return to course.  It is the shortest time required 
for collision avoidance to ensure safe passage, whereby if a 
return to course is done in less than this time, there will be a 
risk of collision.  C2 is the return to course turning angle (in-
tersection angle with original path), limited to between 30 
degrees and 60 degrees to the left of the intersection line.  If 
the angle taken is larger than C2, then there is a risk of ap-
proaching a collision.  In order to allow safe encounters be-
tween ships, regardless of whether it is the collision avoidance 
or return to course phase, the DCPA between other ships should 
remain outside the alert range.  Using Fig. 7 as an example, 
when the home ship is at T = 60, the collision avoidance meas- 
ure taken just allows safe passage and when T = 65 and T = 70 
is taken for return to course, though the ship is near the target 
ship, it still remains outside the alert range of the target ship. 

2) Multiple Target Ships Encounter Situations 

In principle, we base the collision risk assessment on the 
collision avoidance knowledge base and divide the multiple 
target ships to be assessed as single encounters one after the 
other with the own ship.  Using Fig. 8 as an example, in this 
multiple ship encounter situation, there are four ships A, B, C, 
D, which are the target ships that will be encountered by the 
own ship.  Here, A is the upper right target ship that is crossing 
the own ship with DCPA = 0.52, TCPA = 49, B is the lower 
right target ship that is crossing own ship with DCPA = 0.42, 
TCPA = 73, C is the left target ship that is crossing own ship 
with DCPA = 0.34, TCPA = 68 and D is the head-on target ship 
that is crossing own ship with DCPA = 0.24, TCPA = 64.  From 
decisions made from the knowledge base, the DCPAs of the 
four target ships are all less than the preset 2 nautical miles of 
the alert range, exceeding the threshold collision risk and thus, 
a risk of collision.  As C is the ship that gives way, it is first to 
be removed.  Next, we target ships A, B and D.  Although the 
DCPAs of ships B and D are less than that of A, according to 
the knowledge base decisions, ship A has the smallest TCPA 

and hence, will be the earliest to collide.  Hence, the system 
will give priority to ship A to execute collision avoidance path 
planning and, after it is completed, the situation is reassessed 
and collision avoidance path planning is continued. 

3) Execution Efficiency 

Regarding execution time efficiency, though the overall pro- 
gram has not reached the optimal algorithmic efficiency, we 
use XP Professional Edition as the environment to conduct the 
PC simulation, averaging an execution time between 10 and 
20 seconds.  Under the same conditions, the GA takes between 
14 and 26 seconds.  The ant colony algorithm already satisfies 
navigation decision requirements and if its inherent parallel 
processing capability can be strengthened, real-time decision 
support can be provided. 

VII. CONCLUSION 

Following the increased adoption of new navigation instru- 
ments, present navigators lack not so much sufficient infor-
mation, as the capability to rapidly and effectively assimilate 
and use the navigation information to make the most correct 
decision.  Therefore, through using appropriate decision support 
tools to aid in the handling of navigational decision making, 
the number of mistakes due to subjective human judgments can 
be reduced and sea traffic safety improved.  As this is the main 
perspective that e-navigation advocates, this research used the 
concept of e-navigation as its framework.  It combines related 
navigation information, targets the most common problems 
encountered during navigation in collision avoidance decision 
support and applies the ant colony algorithm in the field of 
artificial intelligence.  This is to construct a life-form optimi-
zation behavior-based collision avoidance model.  This model 
integrates navigation practices, a maritime regulations knowl-
edge base and navigational information from AIS, as well as 
using GIS as ECDIS information display and a platform for 
execution.  Through our experiments, it has been shown that 
the ant colony algorithm outperforms the mainstream evolu-
tionary computation method (e.g. GA) with respect to both 
execution efficiency and execution results.  This enables plan- 
ning of suitable navigation collision avoidance strategy rec-
ommendations, useful for reducing navigator workload.  The 
path planned, simultaneously considers both economy and 
safety, while being the safety critical, shortest collision avoid- 
ance route.  Through this planning, the latest avoidance time 
can be recommended, with the minimal turning degree, the 
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earliest course return after avoidance and the largest course 
return degree.  Although in the practice of decision making, 
the navigator may not use such an avoidance path, this path 
nevertheless represents a safe and short passage, while the 
turning angle and times can serve as the reference for safe 
threshold values or alert.  This reference information is not 
only meaningful to the navigator but also provides VTS op-
erators with a reference for an assessment of territorial waters 
traffic.  Although at present this research has only been applied 
for collision avoidance short distance navigation, the theory 
can be applied in the same way in the future to long distance 
navigation planning.  Apart from this, we can note that in the 
setting of ship safety, this research applied the design of a 
circular guard ring.  In the future, other shapes for ship domain 
models can be considered, in order to design a collision 
avoidance alert region that better satisfies the present situation.  
With the growing popularity of the distributed environment, 
there has been widespread application of a parallel or distrib-
uted processing nature.  Therefore, in consideration of the 
benefits of distributed processing, the collective intelligence 
feedback mechanism characteristics of the ant colony can be 
manipulated on the parallel processing environment.  Through 
this distributed and parallel processing infrastructure, the ant 
colony algorithm computational performance can be made 
more efficient and given the efficiency to surpass other solu-
tions. This will also better satisfy real-time decision support 
requirements in navigation. 
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