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M INIMISING RISK PRO BABILITY FOR VESSELS TRAFFIC C O N T R O L

Steps th a t are being  taken  to im prove safety o f  navigation are m ainly based on separation  schem es. 
The schem es a long  w ith  V essel T raffic  Services im proved ex isting  standards. Its ro le seem s passive and 
it is assum ed that it w ill be beneficial in term s o f  collision o r accident risk reduction  once active m easures 
are introduced. T he concep t raises w ide variety  o f  problem s that are to be discussed , defined and solved.

ZMNIEJSZANIE RYZYKA W PRZYPADKU STEROW ANIA R UC H E M  STATKÓW

K roki, ja k ie  obecnie  podejm uje się w celu popraw y bezpieczeństw a naw igacji, oparte są  na 
system ach rozgran iczen ia  ruchu statków. S ystem y te w raz ze służbam i ruchu znaczn ie  udoskonaliły  
istniejące standardy. R ola ich w ydaje się być b ierna i zakłada się, że będą one przynosiły  korzyści 
w kategoriach  obn iżen ia  ryzyka  kolizji lub w ypadków  po w prow adzeniu  środków  aktyw nych. K oncepcja 
podejm uje szeroką i różno rodną  problem atykę, k tóra pow inna być przedm iotem  dyskusji, definicji 
i rozw iązania.

1. IN TRODUCTION

Studies discussed in m any papers, for exam ple [14], report very high human 
involvement in all m arine accidents. One o f  the reports said that hum an error w as the main 
cause o f  90%  o f  all collisions. O bviously each collision poses serious threat to  the 
environment. C loser look at the nature o f  error indicates inform ation processing along w ith 
high situational stress as accounting for 84%  o f  accidents. W ider use o f  com puters and 
computer netw orks should reduce data processing faults. A utom atic control should decrease 
level o f stress. These ideas are to be im plem ented within V essels T raffic System s, w hich role 
is a basic one in im proving safety  standards.

Operation area o f  sea going vessels can be divided into three m ajor parts: port, restricted 
area and open sea. It appears that collisions and groundings create biggest problem  for the 
environment. Record o f  w ell-know n and gloom y accidents w ith huge tankers involved proves 
the statement referring to  restricted  w aters. R estricted area w ith heavy traffic is o f  special care
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for everyone involved in safe navigation. The case is worth exploring, for this reason it also 
gained main focus in the report.

T raffic separation schem es along w ith Vessel Traffic Services (V TS) are those, which 
im proved existing safety  standards w ithin restricted areas. The VTS is any service designed to 
im prove safety and efficiency o f  traffic and the protection o f  the environm ent. It m ay range 
from the provision o f  sim ple inform ation m essages to extensive m anagem ent o f  traffic within 
a port or w aterw ays [4J. Since the aim  is clear one can put a question o f  possible 
developm ent. It seem s that proposed reference m odel [8] for such system  m ay contribute to 
easy interconnection at least in term s o f  data flow. The General M anagem ent and Traffic 
Planning layer o f  such m odel w as focused in a few papers delivered by the author [5][7][8], 
Its role seem s underestim ated and it is assum ed that it will be crucial in term s o f  collision or 
accident risk reduction  w herever im plem ented.

A nderson and Lin [1] developed collision risk model; the survey w as done for three 
dim ensions air traffic. D ropping vertical co-ordinate the form ula that reflects the probability 
o f  collision at intersection area says that the probability  o f  collision depends on crossing area 
topology as well as on an encounter rate. Encounter mean situation o f  penetrating  domain 
area o f  any ship by  another vessel. A ny w ay o f  distributing the traffic that result in avoidance 
o f  local cum ulating o f  ships should be considered vital for restricted areas since it leads to 
decreased num ber o f  encounters. The paper deals w ith the problem  aim ing at reduction o f the 
overall encounter num ber for each vessel w hile passing restricted area.

The concept is based  on zones o f  a special care. Such zones or sectors are those areas 
w here it is considered necessary  to m aintain congestion free. The am ount o f  traffic within a 
sector, at any tim e, should no t exceed a predefined capacity value. Passing particular route by 
the specific vessel w ill be associated w ith so call cost value. The h igher the cost the less 
recom m ended is the passage. The basic control problem  is to not exceed allow ed capacities of 
sectors and m aintain the overall cost low.

2. BA SIC CO N CEPT

The fundam ental concept is based on zones o f  a special care, first proposed by  Goodwin 
[9], The concept w as prelim inary  exploited by the author in [6]. Such zones, called sectors, 
are those lim ited areas w here it is considered necessary to control the m ovem ent o f  ships. 
A m ount o f  traffic w ithin a sector should be kept below  predefined level referred as capacity. 
Every ship com ing w ithin the area has a safety factor num ber assigned to it. The factor will 
vary on an in teger scale such that the higher the num ber the m ore disastrous the consequences 
o f  an accident. A rbitrary assigned safety factors are shown at table 1. The sum  o f  the safety 
factor num bers is called load o f  the sector. The sector’s load, at any tim e, should no t exceed 
its capacity. The assum ption introduces constraint to the discussed problem .

T im etable o f  passage, for all vessels, and for given sector is a vector o f  so-called slots, 
w hich are pairs o f  values. F irst value is arrival tim e at the sector and the second reflects 
departure tim e from  the sector o f  the particular vessel. Both values are rather fuzzy then 
determ inistic. D ue to variation o f  speed and unforeseen deviation from the prescribed track 
arrival as well as departure tim es changes around an estim ated value.
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T able  I
A rbitrary  assigned set o f  the safety factors

Sort o f  craft Safety  Factor
Large and loaded tanker 10
M edium  and loaded tanker 8
Sm all and loaded tanker 6
Large bulk carrie r as well as m edium  general cargo  vessel with 
dangerous cargo

5

M edium  bu lk  carrier as well as small general cargo vessel with 
dangerous cargo

4

Ships w ithou t dangerous cargo 3
O thers I

W hile given ship w ith prescribed safety factor passing the sector its load is calculated as 
maximum o f  safety factors sum o f  all ships being inside or entering the area within 
considered slot. Introducing the concept o f  sectors system o f  routes in the area can be treated 
as a network w ith the restrictions on the flow. The idea requires the traffic to  be reduced to 
the defined level. The sectors and buffers divide the area so that it can be treated as netw ork 
for which a w ide variety o f  problem s can be formulated.

The presented concept creates opportunity to adopt som e o f  published solutions devoted 
to stochastic netw orks. The Stochastic M ultiobjective Shortest Path algorithm  developed in 
[13][15] is a good candidate for alternative routes environm ent w here best passage conditions 
for particular vessel are sought. There is also good chance to generalize approach and to 
consider vessels traffic control. The problem s will be presented as single and m ultiobjective 
one.

The final aim  o f  im plem entation o f  the schem e is to take over the ship after entering the 
controlled area. It is assum ed that there is traffic separation w ithin the area. The separation is 
to embrace elem ents such as sectors and possibly alternative routes. An exam ple o f  restricted 
area with traffic separation is show n at figure 1. There are tw o main directions o f  flow  with 
alternative routes for south-northbound vessels. The routes are labeled w ith 77, T2, T3 and so 
on. Crossing and junctions o f  routes are treated as zones o f  special care or sectors.
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Fig. 1. E xam ple o f  restric ted  area  w ith traffic  separation and safety  zones

The m om ent w hen one will be able to put special plug into the socket on the bridge and 
then w atch  w hat is going on seem s rem ote. M any difficulties including standardization, legal 
as well as hum an factors are to be overcom e.

3. C O N TRO L PROBLEM

Passing particular route by the specific vessel can be associated w ith cost value. The 
higher the cost the less recom m ended is the passage. As an exam ple fu lly  loaded tanker 
steam ing through narrow  channel although possible will be considered “costly” . Higher cost 
value will be also assigned to a vessel that for any reason rem ains longer in the area then 
necessary. S team ing along shorter route is preferred over the longer one. C ost function is 
related to the passage o f  given ship w ith prescribed safety factor along particular route. It 
reflects local preferences and is considered to depend on type, length and cargo o f  the vessel 
as well as depth and breadth o f  the channels.

3.1 A SSU M PT IO N S

G iven are: structure o f  a  system , set o f  vessels w ith a safety factor num bers assigned, 
allowed load (capacity) o f  sectors and a tim etable o f  passage for each vessel. To adjust the 
load one can delay entering the sector by  one or m ore vessels if  needed. This can be achieved 
by slow ing dow n at the adjacent buffer zone. A lthough possible such m easure is doomed to 
give rise to w ide variety  o f  com plaints. The proposed approach is to adjust load through 
proper selection o f  routes to  be passed w hile m aintaining speed unchanged. T o fulfil that 
additional, follow ing assum ptions are made:
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• Route is treated as a sequence o f  adjacent nodes (sectors) is characterized by 
m axim um  value o f  load o f  its nodes,

•  To decrease a load o f  the given sector som e vessels m ust be redirected to a 
different route. Tw o or m ore can be treated as the sam e from a given node point 
o f  view . In node 4 at figure 1 at least two routes have the sam e predecessor -  
node 2.

One seek an answ er for the question: Is there such assignm ent o f  routes to  each o f  the 
vessels for w hich capacity  o f  sectors are no t violated at any m om ent and the cost function is 
equal to a given value? It was proved that such problem  belong to the N P-com plete class o f 
the generalized allocation problem s (GAP). Since this problem will be referenced quite often 
in the report let us have closer look at its definition.

3.2 PLA M ETH O D S

M etaheuristcs o r extended heuristics are o f  grow ing popularity  now adays. These 
algorithms require pow erful com puters to  obtain solution close to an optim al value w ithin 
reasonable tim e. A t the o ther hand are able to produce satisfactory outcom e run on available 
PCs. Population Learning A lgorithm s (PLA for short) are those em erging extended heuristics 
that bring a new  approach tow ards com putational technique. PLA reflect idea that lies behind 
social education system s. They are based on evolution o f  population o f  individuals. The 
computation schem e enables com bining different optim ization techniques. Like in normal 
education system  PLA start w ith basic level training applied to random ly selected individuals. 
Promoted are those w hich pass necessary tests and satisfy prom otion criteria. Subsequent 
stages o f  education involve m ore sophisticated methods o f  education as well as m ore difficult 
criteria o f  selection. T he num ber o f  educated individuals can vary from  stage to  stage. 
Contrary to their natural counterpart this num ber can increase. The best from  the final stage 
population is a solution. M entioned above are called scenarios o f  education or solving a 
problem. Scenarios p lay im portant role in PLA computations. C arefully  selected and 
implemented can bring expected result w ithin reasonable time. Case o f  choosing “first to  fit” 
scenario can result in unacceptable outcom e. In this respect scenarios are to  be treated as 
problem oriented.

PLA w ork w ith individuals very much like other genetic algorithm s [2], An individual 
for the presented problem  is a vector o f  integer numbers. An appropriate representation o f  an 
individual is im portant and it should be liable to crossover, mutation and other problem 
specific operators. In the vector representation the integer num bers identify  the ships as 
assigned to routes.

The individual should be easily  generated, m utated and crossed over in pairs [12], 
Selected com putational results w ere presented in the author’s paper [8], The results w ere good 
enough even for very dem anding tasks.
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4. M U LTIO B JEC TIV E APPRO ACH

A bove m entioned is approach to solve route allocation problem  using population 
learning evolutionary algorithm . It w as also shown that Lagrangian relaxation might be 
successfully  adopted [7][11] for this task. The approach is single objective, the goal is to 
m inim ize overall cost function. Such objective applied to a netw ork o f  lim ited capacity 
sectors enables distribution o f  the traffic w ithin the area.

M ost real problem s are m ulti objective ones, w hich have m any criteria. T o satisfy each 
o f  them  at the sam e tim e is usually  sim ply im possible since they are conflicting quite often. In 
the discussed problem  besides m inim izing overall cost function decision m aker can be 
interested in situation w ithin particular area or in a passage o f  particular vessel. Objective 
should additionally penalize encounters o f  crafts w ith high safety factors. E xtra penalty  might 
be applied i f  too m any vessels are gathered at area o f  special concern, w hich is not a single 
sector. In o ther w ords each allocation o f  routes is a subject to variety  o f  assessments. 
M entioned are criteria, w hich are to  be m inim ized for the sake o f  solving the presented, 
m ultiobjective problem . The sh ip s’ routing analysis can be based on the follow ing criteria:

•  m inim izing overall cost function,
•  reducing num ber o f  encounter regarding particular vessel,
• reducing num ber o f  ships present in area o f  special concern (particular set of 

sectors and surrounding w aters) from local authority point o f  view,
• m inim izing m axim al load o f  sector,
•  m inim izing chaos in the adjacent area.

Evolutionary algorithm s are particularly suitable to  solve m ultiobjective problem s [3], 
Since they deal w ith individuals w ithin population. This allows to  verify each o f  them 
regarding w ide scope o f  criteria. The last rem ark plus very good quality  o f  obtained results 
ju stify  chosen w ay o f  solution.

Individuals that im prove any o f  the goal functions com pose so called Pareto optimal or 
non-dom inated set o f  solutions. O ne allocation dom inates another i f  it is better for one 
criterion and no t w orse for any o ther [15]. C ontrary to  a single criteria approach the set 
contains m ore then one vector o f  decision variables. Such set contains allocations, which 
represent available tradeoffs. As an exam ple consider three allocations w ith parameters 
presented in table 2.

Table 2
C om parison  o f  routes a llocations

A llocation O verall
cost

E ncounters  
w ith SF>4  
involved

E ncounters  
w ith in  area X  

w ith  SF>4  
involved

M ax.
load

O utside
crossings

D om in ance

1 350 5 3 80% 4 dom inated  by  3
2 330 6 3 79% 3 non-dom inated  (neither 

by 1 no r by  3)
3 325 5 2 80% 3 dom inates 1 but does 

not dom inate  2
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In the exam ple solution num ber 3 dom inates allocation num ber 1 since it has overall 
cost lower and is no t w orse regarding any other criteria. W hile generating Pareto optimal set 
solution 1 is to be neglected. A llocation 2 is dom inated neither by 1 no r by  3.

M ultiobjective approach usually  involves at least tw o stages: search for non-dom inated 
vectors and decision-m aking. The stages are usually  considered separately. A t the final step 
decision m aker has to  select one o f  the alternatives, presum ably the best, present in the Pareto 
optimal set. There are quite m any m ethods available that can be readily  used. The sim plest 
way o f  approach, see [3], is to com bine objectives into a single function. U sually  each 
objective receives its w eight and the function is a polynom ial, w hich m inim al (m axim al) 
value is sought. M ultiple attribute utility theory is the basic one that enables creating function 
to order actions from  best to w orst. The m ethod can be adopted everyw here com parable 
criteria are taken into account. Incom parability elim inates usage o f  the m ethod. O ne cannot 
compare total cost function (in units o f  tim e) w ith the load o f  sector (relative m easure given 
as a consum ed percentage o f  total capacity). Incom parability m ade the author to direct tow ard 
other approaches. O ne can quite often find criteria, w hich are incom parable. O utranking 
methods have been developed to  cope w ith such cases.

An outranking binary  relation defined for two argum ents (actions) stipulates as follows: 
“Given w hat is know n about the decision m aker’s preferences and given the quality  o f  the 
valuations o f  the actions and the nature o f  the problem , there are enough argum ents to  decide 
that first is at least as good as the second, w hile there is no essential reason to refute that 
statement” [16]

There are series o f  E LEC TR E m ethods, w hich w ere upgraded for m ulticriteria 
selection. The aim o f  these m ethods is to create a subset (as small as possible) o f  actions, 
which elem ents outrank at least one action being outside this subset. Fundam ental for the 
methods are concordance and discordance m atrices. For each pair o f  actions there is assigned 
concordance index. The index can be understood as a m easure o f  correctness o f  the statem ent 
“first is better then second” or “x outranks y” . Since there are criteria, w hich are doubtful 
from possibility  o f  com parison point o f  view , for this reason discordance index was 
introduced. This also enables proper approach tow ards extremes. The discordance index 
increase i f  preference o f  one action becom es very large over the second one for at least one 
criterion from am ong com parable ones. D iscordance indexes m ight eventually  be substituted 
by discordance sets in case o f  incom parability. A set contains pairs o f  extrem e values for 
which preferences are refused regardless to  results o f  another com parison.

4.1 D E C IS IO N M A K IN G

A ction A cannot be 
considered  su p re m e  te 

B w ith in  th is a re a

A ction A 
tv ealdv 

dom inates 
over B 

Trithm this
over B w ithin dom inate  over A

th isa re a  regardless to  any othe

Action A
strongly -----------------------------------

dom inates A ction B is  denied to

C rite rio n  value  for 
action B

Indifference
threshold

value

P referenc e 
threshold 

value

Veto
t h r e s h o l d

Fig.2. T here  are three  threshold values defined in EL EC TR E III m ethod
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The first tw o ELE C T R E  m ethods deal w ith true criteria. In ELEC TRE II strong and 
w eak relations are in troduced based on selected threshold values. In ELEC TRE III 
indifference, preference and veto thresholds appear (see figure 2) these shifts the approach 
tow ards pseudo-criteria and outranking credibility. The idea contributes to a flexibility  of 
approach. The veto value, i f  exceeded, enables denying preference regardless to  any other 
relations.

Let us consider routes allocation set as shown in table 3. There are five w eighted criteria 
w ith coefficients p resented  in the title row  o f  the table along w ith abbreviated criterion name. 
Indifference, preference and  veto thresholds are also specified for each criterion. The highest 
concern (ratio 0.35) is attribu ted  to encounters o f  vessels w ith larger safety factors within 
particular area called X. The set o f  Pareto optimal solution em braces five num bered records 
nam ed from  A0001 to A 0005. There are decision m aker preferences specified for each 
criterion. For o f  encounters o f  ships w ith safety factor greater then 4 involved (ESF4) values 
o f  weight, indifference, preference and veto thresholds are 0.3/2/4/7. N one o f  the assignment 
can be considered suprem e to another i f  its ESF4 factor is greater for m ore than 7 (see veto 
point at figure 2).

Table 3
Exam ple o f  routes allocations set

A1 oc
/0.25/10/2

0/-

ESF4
/0.3/2/4/7

ESFX
/0.35/1/2/-

ML
/0 .1/5/20/-

ocs
/0 .1/1/3/-

A0001 310 19 7 75% 3
A0002 295 21 6 88% 2
A0003 325 15 9 80% 3
A0004 350 13 10 82% 4
A0005 370 15 9 70% 3

Result in shape o f  hierarchy graph generated by softw are im plem enting principles 
o f  ELEC TRE III m ethod is show n at figure 3.

A 0 0 0 1  A 000 3

.4 0 0 0 2  1 I A 0 0 0 4  ~

1 ^
A 0 0 0 5

Fig.3. G raph  o f  so lu tion  generated  by  the  availab le  softw are using EL EC TR E III m ethod

Presented ranking show s allocations A0001 along w ith A0003 at the sam e highest level. 
O ne cannot tell the preference o f  each other, no r can treat them  as indifferent. N odes at the 
sam e level are o f  the equal rank. A llocations A0001 and A0003 should be treated as the best 
ones. Second level consists o f  equal w ith respect to the considered set o f  comparisons
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allocations A 0002 and A 0004, both are dom inated by  A0001 and A0003. The w orst placed at 
the lowest level is allocation A 0005, nevertheless relation between A 0004 and A0005 is not 
clear.

5. C ON CLU SIO NS

Vessels traffic control is to be considered as a set o f  m ulticriteria problem s. The w ay o f 
solution consists o f  tw o stages. A t the first one a set o f  non-dom inated or Pareto optimal 
solutions are generated. M ultiple attribute utility theory that enables to order the set elem ents 
from best to w orst could be adopted in case o f  com parable criteria. Incom parability elim inates 
usage o f  the m ethod. O ne cannot com pare total cost function (in units o f  tim e) w ith the load 
of sector (relative m easure given as a consum ed percentage o f  total capacity). Incom parability 
made the author to  look for outranking methods. They have been developed to cope with 
incomparability therefore are considered suitable for the discussed problem s. The ELECTRE 
methods appear to  produce readily  interpreted output even for robust m ulticriteria sets o f 
Pareto optimal solutions.
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