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Abstract: Mariti me traffic situbhd¢eéevalodoffaewiate lelnieg &
transpoupmstyistt @ ms .-ofl haerst ssdtaucky fhdcswssesoldn sneaar ri sk
ships but reveal sl abkmghHllrenfgfeisc isni teusa tdiymarhaninags samai autne
ship motions aThias rstgu dysatse Jeaexlakpgdsc anet hodol ogy t o
complexity to comprehend the traffic tshe utasap olnoginc
evolutionary <characteristics of ship tr afofsiicdem etdw
simultaneously to real i sTeh ep rnoebtahbohdroid sogghyc t b el leif $ iec
opbralbi |l i stic conflict esti madandnasands dmerftf,i cercabpd
traffic c¢dmwleaxhintey airmc hd ¢ al mhaseed. t Wiajf ectloe yAldat a
worl dés | argesZhowaghan(iPer.t )Ni ngbobhorough vails$dati
conducted and demonstrated throwWgph evveaogagri ismenahal ¢
resul ts ar e otbficagtwork deteiogenettyeamalyssst et i st i cs i ncluding c
tempor al di stlrei,buanidontr anisfietioojnc probability of tr
e X a mi mheweenaohae number of ships and traffic complexity pattériiseé | ndi ngs of fer nev
i mproving maritime traffic awatemessrabdpabi afteey
KeywoMdsi ti me ri sk, S hSippat teradpfofriad o a mafdftawod rt dyy, n eompiod

S tuati onAleSs od auttai.on ,

1 Introduction
Maritime traffic safety harsesaelawacyhs dbragednsu ohmeed anuf saal dh

caucsaet astrophic maritime acci desnuesls ilnivfod viimgs ., nprod

and/ or ocean pollution. Economic globalisation ov
traffic volumes, making maritime (HraftyuicFhegyi ®Murr
2019, H. Yu et al ., 2021; W, 2dPmangcufFamdgy Gome rhlod s

waterevitdeni sby the rededretheSleevz Carmald elvlagT hia gBaiht assa
tremendousprpactisuale momiatrorti mg saskeiifdmance oper af
supervise wati r waywad farmd imort areas due to the higl
transportation dyna mingmctce, suegillanceoperaiad neeyg to ensuwreoshiptiaféer .

safety in a navigating situation, generate and send an earlier warning alert when detecting collision risk, and



assist navigators in path-pganning for conflict resolutio/A | t houghst geaerathti sappeal i n

operators and controllers to monitor and regul ate
such as but not I imited to vessel traffic service
and eln igent traffic signalling systems (I TSSs), S
to the incrabsesinpgr ahi mowvem@memt uncerdtvaainncteyd otveecrh ntihg
enabobetroll ers to better comprehend traffic situat

ar e t henr elficognlaerhid meansthearei ncreasing requirements for
perceiving fort hcaonmdi nnga kti rnagf fdiecc issiitounast itoonspr oacti ve
|t is essential to conduct the quantitative ana
traffic awareness and( Bireknhcaer ima rTi ut si sneey etvraadfuf & ncd i snalyf oe
van Gelder, 2019; M. Zhadbge Kajalda teuwrt edHnoaptdaiaan it Isdoef 2tC
Systemh(asb8)Yri buted to the accesshsiipbitlrifdagyre cogforrdiemly
i mproving vessel ts(@aR.fLiMu,silLtivaantgi,o nNiaes,s eLsisnme nett al
Yuan, et. awi.t,h 2i0sZp2i)ov elrae¢ rat a c,q uainsdi tpiroonc, e ssstionrga,gean i
practical and aocflAlSadataeady eaepnp |di ecvamthkleoopriesdssuess uch as mar i
anomal y (dleptheacrt,i oRlay, & Napé&l BEpak2@20; 2RaBpgn2lereérr e
charact(exXiim,atliiom, Yang, Yuan, & Zhang, , 286 poetmpalr avlu,

ship tr afdneal(yWhoiafgi, sfTei xei r a, & Soares, ,2 @ajatory L. Z|

behavi anodel I i ng (&nd Liecedagnalt.i,on2022, Ux(0 XQ;-bAlsisadndga 1
maritime traffic analytics, it is possible to capt
havecently be¢emg. popuiart al ., 2020; Y. Wen et a

HirdarisSh2p22)yaffic complexity analysis serves a:
traffic sgiatimattircanfs iacndfi @ mian g ome va wiam inglstss on pr o mc
management andssup@dirn teinnypatreniednmfwihcasl | eeff egt toel y i
Al-Based trajecttor yw icimtf cshingpt tomfifarcd sevaladatoinore.st$y
a dv an c etdrgeting d fall understanding of the traffic situation requires the holistic integrity of multiple
andyses of the spatigemporal dynamics and uncertainty in ship movements; the collisiorreleted
interactions among ships; and the structural and evolutionary characteristics associatecdwttathee mmp o r a |

proximithki psel amoibdpreeflosrmgabhagsh el i abl e model for S



assessment ains el alalgeanvgenvber , its success, defined

intelligent transportation supportdswyrsgem Ifyo.r aut c
I n this study, a systematic and holistic ship t
the complex waters involving heavy and dynatnime tr ¢

mariti me ®omafcfoimpreihtmaiion and &adidsasuedessafwiild av

maritime traffi camdsngitotr i-mak ic esgietdandercontrollelsy account i

forraffioer behaw,d otcdruidstnogc btahset i ¢ amdelwdri ioamrst aanomfgl is

congestion, and abheudibyi touhffies bt olwgtatcrhd efveer tcha

frameiwdervke!l oped by

1) A probabilisnicC)ontfeclni gdeea eicnéc¢or porating the
i nher entt etnop osrpaalt ivaels s e | motions to quantify the

2) A ship traf ftihcatc oemxptl eenxd stoyt hoem cvappl pel xi craebti valaer skc rti Hbeet
topol ogical and evobubifomsarpodalwdi aceeri sel ati on:

3) fAzzy clustEChagedt eompil eai (y eval uatgiroani namp raon
hi erarchical aosnpd ementy pattern

4) A node i mportance identification method to dete
l'ts new feheudeveél epmandly otf efraaatimedwish kipé o r af f i ¢ ¢

evaluation by tihmek Git m@rea tainadgoniluabgtyh char acteri stics o

shipabemapor al mo v ement unddret amanitny cso mturlitbanteioounss
summari swd.as follo
1) The proposed probabilistic CD scheme character:i

considering both the dynamic ahedpamaler vaiss elc h g
Compar etdr amditthi onal shipr caodhdss,i onheanmal yso se dpsch
encounter scenarios in compl ex mar ifaclitatiag vessea f f i ¢
drivers and maritime safety authorities to undertalketail me and effective collis
2) A new-smuwlgtei atnodp orbuelgtgid s hi p tr afifdsct acbolnips heeddutltylo npo
description obyaquaafiffgisgtubhei snshétpurn alt eclaat d
i ncorpor ati agyrterfed telveil rutd dmfslpiaetmproe ladt isd ms e matr

the cohbascedcspati al structur al measur ement and d)



making it possible to analyse the traffic situat

3) To ewaltuhaet traffic cotmlsex tays smatsimpennot p ceapepdiF Gtlaoc hf ¢

surveillance congr alhleerts aifm i cdentcufdayciad n.a nTdh icso na
because of its capability to provide a cleas hi
feasibility in achiawnidngbijleetliuvei «mowfl eslglej ¢t ih

prcef iarsesmkesnst st andar ds.

The remaindes ofgahisedtadyfoll ows. Se-of ihaamt 2
research related to ship colldsden evakpatramnfi ¢
proposed shiexitrwfmethedompogy i s timegarpda@RRdi tiing tdie
compl exity matribrxasednsgstompdteixon,y E@Ilal uati onThand
application resultusi agdr pdlatcéddBamdiabhantpsesented in
Conclusions and potenti al future explorations are
2Li terature review
This section presents a critical analysis of ship
of eaxi dtriaffic complexity models used to quantify
to contextualise the primary research of thingdext ud
assessment met hodsf arhasthicpa nt rbeef faidco pccoemp|l exi ty eval

21Mar i tomki si on ri sk detection and estimati on

Maritime collision risk is a popular research top
efforts to anaHiymec alnldi sgiuamtpgrfobabilities andangev
met hodoFomgi exampl e, | ALA Waterway Ri sk Assessmen
recommended by I nternational Associ ad i Awnt lodr iMaire sn
and is commonly used to calculate the col |l i(sKiiam pr
Par k, & Parhkh,tR€04é&)studies, collision risk betaasbeke

they serve sadoprdrmrédguiesiitngg an event tshadandspdrsfter
conflict resolutioacciMéantwvhclirieti eakri bysmeasur ement
(Lei,, 2n0eRar¥y. Zhang, Goerl andt, Kuj alta,, MoiWaewka204&
2015)and col | $(s@hoenn ,c athudai ndga,t eMo u ,h a& ev &bre e@e Ipd erp,0 s201

characterdasrgeornondentemdB®eheenanéventks in this field



s h-opmabiammed met hods, dynt laetdi d airopdtseeedumemi®qg i on

The ship domain refers to t helldharivesselgremmamclear ualess u n d
authorised. ltisemployedéos t i mat e col |l i sion risks anndvadseitoeng €r p @’
of the safety zonées bpEcendtvoayneckeess jinng dsihvieprss.i f i ed i n
increasing Al'S data sources have contributed to tI
shapeesigr.cucl ar arFdujealil i& tTiamalk a, 1971, Szpbabygydwnaki
Wang & Chguonat gOKh6oni u, Yuan, Xin, Zhan,g,arkd aMgielgjk 2 C
Zhang & Medaoma,2nsB9)hode®.| @.gi ekempoiwlikeaaleeda nd anal yti ca
(Szl apczynski & Szl apczynskaan@O0fldc¢t (he st amegs Ke IMea
vesseoleumabn | i ty, knowl edger sa,ndarcd nan v ii rogh rodlnitna,lv | Eyeam
Wang, & Wen, 2016; )Y. Twede | & @midn me2 Mb&lo |l ogi es wo
examining candidates with collisignngotehtiaioand
andleriving rektatil oessobetweadnthat e glmiagitda gixdt & l|anti nd at ¢
and accident i )nTvheusstiing att b iosno erfelptogrit sc Hesi gakdt pametr
domain model s tomfdHheartac taamoinge etnfceount ering ships.
use a ship domai nt imoae eCD tion pteir g bleym adeysrddi npi cmowtait oenr sp.
modiel i ntegrated with it for ta oppr.oper solution to

Synthetic index methods wusually iteemgpoabé phexti
encountering ships for cedy iesmplnoyiimg matdhreexma-tCiRd g |
box model s. c®menodiwaensmotsimDei seelaynce t o Cl osest Point
Time to Clopepsoadhi (TCPBA) A were initswaddyashnonaeypi
(i .e., sa(f@./ dainwg,erPeudser sen, Okaglziakear Fu&lgit ®s & ikDelam
2009)and f u(zhHly tLlreeor&y Rb e egtalBd DI@R$t ltkiont ext , previ ol
have also i mproved anadaonesxitdeenrdiendg tnmoer(eg.ypaetlohaei smvse yboyé &
rel at i ship maoewrabdity,s hi p mot iaomd psatta beirlfistayn gc,o nydui,t iKens Sh
2018; Gi |, 2021 ; Gi |, Mont ewk a, Krat a, Hi nz, & Hi
Mont ewka, Manderbacka, KujZahlaan,g,& FHii,r dvami, 9 .,& @2 D;h aN
advanced fusi on Aaahyit geeasocl@@sg &ahali c dli, MR I1&t iSlhay, e

PercepAlhmn Rhee, ,a&nh dYoe-Bp2a0tler) evi dBncki t BePanand 2



ensuring their applicabiliGgeflobandgtari Mast ewkaunKez
I n particul ar, two other par &ietne st,Or BBsosM GIgo NRAINMYE
gained much attention owing to thedim efrfoescti({nege gsece9g
Goerl andt et al . | 2.0 1Fhar Wsx Zrhmlkey,z ieda § ,al Wr, - Rdla, s & M
reveal ed thatoft htehec oBfbR nand 0@GPA enmamuanope wWithavao
effective ear|l Depotlli sihan , wahei mgs tical anal ysi s
adherfeun darhgmtoalhesi s that the ships willhemai mpteaiiro
(Huang, Chen, Chen, Negenborn, & van Gafcchpdaa me@ova
a s S u mpayilead to inaccuratestimations of collision riskMor e s p e c i fships pérform, w h
ma nwwr esc dler.ge ,or )s mwaed nghdarhege encount erdfnfge rp rwrcreesls
estimation results. I n addition, it is very <chall
resul ttsheae uientteoramobngndeffecent rsake fprecsvirlsl.e l[mpre
spat emplor dynamic featurtelsatof cwdrhritepl aroceewerhe nctosl | i si o

encountering scenari os.

Danger oudbsa sreedgimeent hods are dependent on the coll e
wi || result iMapgeentwi alh cod lhleiss iedm hpesisrsnuAendg iifs t he
attributes of the ship fall i ntada ndgersoeu ss ertesgi ol ai

include Vel(oM@)Hyao@bhstaaheGe]|Pdreorj,e c& ewe nOb a2t0sla8h)e Br @ «
Ebken,, 2d0®&l)iTshiroena t Par@menanrt AABGHRE§ N, ¥M@ai had muc
popul aritiytsbenppesatobn and extbakl dmwmiar pclbrirfledersnsamricesme
Exampl es i ncltiheke sihn tpe gdrogmaiinng pvd 2 yhn swkQ & , S zdl eavpecl zoypni <
Probabil i sdner aviG saendd V@ al gorithms by | oostakhnggtt
shi poemwasbi | i ty i n(thbu acnogn,s iGlheerna,t i® nvan Gel dand 281@ns
t hat ctohnes iedretri re encountering prdaesCGlse whetn alehteesce? |
s t u diemerstrate their strengths in detecting collision demgn dynamic traffic situations eamdc b e

applied in gemtHeomwalviesed theemranires stil | ubwiesgl vedt |
nomegligible computational abemgenal obrmapmsbigpbpoh
velocity space, it is difficult for them to integ

they are generally combined,svidhth &9 mpdrestrd stk mmemis



and circuliar fokiigneddimMai si on detecti on. This has |
unveiling collision risk differences under differ e
I n general, maritime collision risk seéesgnuil manieomn
evolving towards a new stage wheAleS neawt aadovamcledal g
accuracy. The devel opment of new t ec hngsudiesgcare s i
simultaneously cope with the dynamicdamncertain characteristicsf v e s s e | moti on. Mo st
t hthetencountering ships maintaild ¢ o n s t amhat the ghils futrie trajectories could be accurately
obtained when undertaking CD. However, it is challenging to precisélyatsta ship's future trajectories given
the uncertainty caused leynvironmental disturbancesavigation plas or intentios,  ghyslcaland human
factors.Consequently, these methods are not applicable to complex wadesso c i ahighetmfficwensiti,
variant manoeuvring behavig andunique geographical characteristics. The influence of trajectory uncertainty
on collision risk estimation has attradtthe attention of scholars in tfield of air traffic by developing
probabilistic modelsforCP Hao, Zhang, Cheng, Liu, & Xi n.gecod018;
reattimec ol | iski @rs sreissment based on gl obal /gshagi cgrmalel mai
investigated to dat e, t hereby offer Hnegvelli tttrliaef fiircs
perspeéedtirwvweginces pohati o-hemporsadli pdympaminad ,c odn d esritoe
interactions among regional maritime traffic.
22 Traffic complexity modelling and evalwuati on
Owi ngntoeasing ship traffic movemendgel $a,nhmarhiei e me
become more compl ex, resulting in growinf@.cdanauer M
& Zheng, 2019; Zhen,OmRiwvlkeis obags®isdjams e®é® 10¢ saea racchhe i
new concegphi,p ctad dfefd( Buicoepl aki ty2020; Y. Wen et al
202RY) is a rebathvebpioewnréedve mari{tyi mdledoerhial . wi
pi oneered the quant istiatuiavtel oanssa e sHioeeevteirgt i bnaf eise a
compl exi ty -shtaasn dbienegn anodngappl i ed for diwenrlsleoapdr @fo st
contr(odaloerest, aénhaOicthi agichiteypaceegtasasi st 2O®7¢0entr ol
maki ng and c¢ onRfaldiacnto vriecs,o |Euwtoilcens, Koda, mgt @dneahali it
asses(shhenwWang, Song, .Wen, & Zhao, 2016)

At an early stage, traffic density was treated



(Sridhar, Shet.h, EM& dGrnatblbye,, i1t99i8s) i nsuffi cient to
because maniynctlavadtibnfrgs f |l ow characteristics anfdi cspac

compl eQ@ada yet aale. no20kt®)nsidered. eBot wexampbetraif i

the same traffic density. The traffic situation i
conflicts because many ship pairs will consergesesc
trend and thus correspond to relatively | ow traff.i

such as 1 nter v(@Al eCoemrp | eatrn da HOry@ LpOt0 7)1 OPabppt baob, f
Bicchi, wéOr0)f or mul ated for traffic ceomtipdielxs dryalal:

screening and aggregating the compl eg(iRryandaicnio,r sPi

Puechmorel, & Br 8odirl eofviSeicn 2 Okdditjweiemh |l pence omel ate
communities have intensively studi ed compl exity
mat hemati cal | y daeisrccrriabfetd ptrhoex ibreittwe e(ne. g. approachi

of the traffic traicannagndnyelromaiti yh t(e.mgevedloctalhe

traffic situation using fractal di hOrd iahmmay et &p Plue g

2010; Del ahaye, Puechmorel, Hans man, & HIihset soen , s t2uC
provided insights into traffic complexity but i gnc
(a) (b)
SO I
N S I
\\\ \\\‘
\ \\\\\\ \\“‘
= Ships = Ships
Ship domian Ship domian '//

» Predicted nominal,

trajectories /
— -~ Bounds of potential

~ position uncertairty

~ Pr(_edicte_d nominal!
trajectories ]
——— Bounds of potentilal

~ position uncertainty
7

Fig. 1. 1l lustration of ship traffic encounter sit

Compl ex network theory is an important theoretd.i
revealtioppltolge cal propertltesitsnfoal syfsodrfeunns/tersu d tguarnt @ s g
di fferent parts in a system uo béhpaaohderstaod ¢th
el ement s. Many systems allow the deplcoymeomtsndd suma
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interactionéBébealwdgein &nAltbert, 1999, Boccal et ti,
With the rapid devel opment of compétexmetmoseipmeweal
many traffic research topics, including vu(Wenabhpil
Tan, Chandramoul eeswarepre,nd&nEecambkedatvd 6 hn air traf
structure an(dCasrarfoet yVad wedrst,s oGa,r c,2@dD )& i Coame ydarde as
controllers encountefHinWdhgfetematd . guadtibratci veaas
traffisf Ssaysteemaflrom2®&82Macroscopic or microscopic
have alll t he <c hvaarraicatbelre s¢ o mp| eoxf styisntee ms , there h
mi croscopic traffic netwompleammled wioff Fuindmew®Iryl ng h
Wang et @har atOelr6i)sed air/ maritime traffic as a coc
and beatiweeamfat rskciomf |l i ct relations as edges, and
overal/l net work performance to enhance opesr.atorsbd
Despite their papplaciatyonshefppaetvi oals model s |

First

5 ’

most studies ignored the fact that the tr
i nadequate to assess a traffic setusatios bgcans:

its traffic dynamic ev,olavsihneg ptcraennad yisse etghuea lulryg einm

cases that need i mmediate solutions to conflict ¢
., Second, the interactions -poarr sc/psalifil cdr ¢ efl @at mwinat &
hypotheses, such as regular or constant traffic
moti on. However, the dynamics and uncertainty i

tfaic condl espepatlt éynfor complex traffic scenai

., Third, mo st of the studies merely concentrated
over | bloiégnevdesti gati on of how much i nél wenrke heoaohu
complexity evaluation that enables the identifi
facilitating conflict resolution.

, Fourt h, compared wi t h traditional met hods, whi
undsgaibl e for @rioxeassiomal hidph a, advanced new traf

can accommodate big traffic data to betdeerrtisdent

These chall enges ar euryreantt ol ibtee raadtdurrees.s eAlne i oavf edbrihael, | ¢
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require a new haoalvbs$viagftamewmarvkenced models perf
complexity of the method in this stluadpy.a Hoevesvielrl,e i

ship traffic complexitheoevakt aatilomnacogdlbrti aviml bop

paradigm of the current ship collision risk avoi d:
wattenn o a regional traffic nwertiwagg kr §sbupswathopotd
with time) | evel anal ysi s.

2.3 Multiple index evalwuation

Typically, traffic compa e xd iggne nesviad nuaalt,i o a o A @l dedxxy t
assessment issue. It involves many topological met
c har ac tCeornivsetnitci so.n a | mat h e matnitceaglir ma bt lindee ¢ b nfsard eOridnedr
Preference by &imiiani((KYORSIuSkadlakSy 2606Mmpy ehR.nsiv
Liu et ,ale.nt r200ply9)v8i ght &m®e hggrdeeld Gt 8 )dnal Lan a&lt yasailds |
support vector( YmacihainneXu(,SVM), &amon & hdtslee rlap.@T pacocvi d
diverse perspectives ifndrertalnd iiomatser prt eitdyt icompad fe Xi rsc
have been criticised for their inherent weaknesse
weights, i oabdbs-di imegdioo mal dat at,hreegwi resmehut obna ht

trainingnsammbasi son, theeRCIlyappeomhdlihasrbs skeedc bwys e

in hand-tdi mgnéi ghal i ndex ngetuarl § tggndt | dlesmaem 9 tnrga teif f
The essence of this approach is to search for th
di fferent performance standards (e.g., theé&ar Veapdts:s

optimizati(dHre,alZdorui,t Ko u.,, Camp&r € vwa td®dtll)e adb o Vv e n a
it i sndiemdepoef t he evaluation criteria by concentra
the randomness, uncertainty, and (umzi 8khasgpf &t hbhe,
Shen, Zhou, & Zhou,. 210Mno9a d di. h éVup eertf aarl mgn Qe 1dBf) t he

by solving typical benchmamrdke t esd s g(shmbd&etriacnegasnals0 2 ©

al . ,. 2Dddpite this, current applications of FCI ar
(Q. Wang &, Yamg, th@2@) i s | iQlt Iteo reevsae auractheh @snheifapp ptéryai
study sphenapplication of FCI to perfomrmgd omarmp Ilmaxi
traffic. I n addition, some armpdevéemecbobmbhoi nigel bi k
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optimi sation techniqgue to enhance its searching al
optimisation objective function to achiétwet hihte iwat
wipidodbuectet er and more effectd.wve complexity evaluat
3 Methodology: ship traffic complexity modellingand evaluation

I n this section, we provide a sysbemaeixct geToheet hpd
met hodosl ooguyt | i ned in four interactive steps, each
(see Fig. 2).fEpeti trcaibtpn) itlyefbierosmte eqnurdeliaiefhisdapdap ri ®
using a paDdb ammielwios tki, c whi ch can accurately esti mat

ship motion dynamics and ancéi paitmtaff.f i 8e coomd,l ewe t

Conflict probability|

) 6. Largest component;
calculation

________ 4

conflict interactions among ships to characteri se
at a gl obal l evel . After taealkuawwedst epmpd tetxhh diyic a mi
of the regional traffic situation. Finally, the ke
assimcel iienving traHdicrictoimpdlexstugporting teichhni qgee:
subsemt sutbheedemomstrate the | ogical flow of the m
T “Step 1 Ship confict defection | | Step 2 Complexity moddling |
| Step ip conflict detection | tep 2 Complexity modelling I
e . — 1, ! S |
I Ig\ i Uncertainty | Ship Node |
] characteristicq ! | P |

2 QR o N — |
N o | - Conflict Edge I
I ;k:; 7‘/Pwdi7\.§lcd nominal Dyn a m IC I I
I 40" iy characteristicis w v v I
' I :_EV_O."J_“O_”""LV property  Topological property |
I _ _ i I ! —1. Number of nodes ||
| Conflict Ship motion | 'L 2. Number of edges ||
I definition predicition | It 3. Strength {
| I 4. Clustering coefficien}
I : I —>5.K-shell

|

' !

Step 3 Complexity evaluation

| I
| . —
I | Heterogeneitanalysis | | | Objective I
| | I sample data |
I Node deletion I
l W
| o
|

| — I |
! @ ¥ g/o o Identification of numbe |
: 1 : : of complexity patterns |
| Traffic complexity | I _ _ I
L mitigation | | | Application and vahdauoh I

____________________________ -



Fi gFr@mework for ship tamf@ifecvatompierity model |l i ng
3.Probabilistic conflict detection

A CD approachs first developed from a probabilistic risiewpoint, in which the influence of uncertainty

related to various sources on the potential conflict is considérsdlesigned to quantifytreon f | i ct cr i

between ship pairs and provide essetfitiai n ct i oaatd ablyi § ir mge t av osThokeabilistic a f f i

CD approach is characteriseddby conhf tri ti cality measure and conf i
3. xonhflict criticality measure
I n general, a potenti apdosciotnifolnisctb eetxw esetimse sidifa fote hpem épprz

crideri ag -athheea dl ppbekrrineRdo therz o, Val enzuel a, & Rivas,
This studyvesbtaeilatt emdibregq a cdomanhy moged &hilprnaka,
i s adaptive t edernessittryi cttreadf famodd aehtiégelr® mbyt f basplrawt i c
Fig. 3 shows an example of conflicshiAhmBitsf deft ne
when theihehleWistag i sfi e-deddr papgi bde | ook

OQi ® YOO YOO (1)

wheDiesits t he di stance am&fawadBr & ppree stemot sthhiegpsdi st anc
centres and their do nBd cna ubsoeu nwiead & eetsiy & yricemsg esthhii ps édi op

mo t uneertainty i nequal ity (1) is a probabilistic issue.

FigShi3. cionfFusttctati on
Giventhat he probability density f uncDeiisfin SGIHFBI) f or

13



bet ween the ttwe slkin®s$,e dit hassti ammedceumeacapurso b adfid @an fylsi ct
expr edodd oavs

060 0O m , Q "Q"(2)

wh elite e dpu &BdA()-S B(t) .

To further quantify the criticalithy tefrhms md@xif hu g

conflictpypeobabfi niitse dteismwieradteddrthe zoofices f ol | ows:

61 h Léﬁéo(w

wheTreepresents the predicted time range.

3 . Xonflict probability estimation

The obpabi liissmplcenehted in terms of the predicted s
extend CD into a probabilistic framework by devel
predictionrntage Momnwe Carl o (MBMCE)or sipmwelca tsieo nc oalf ¢
calcul ati on.

According t(oHW&arg safi nale.raaw20200npr edi ction is the
This is because this category of shetahedd casesmedy
their nawogatnbenpians t hwlerpdaacsho mrmu pi datsi anog,e r e
relai¢ed f oajueeotnesrey, ueantslhyimp diedt bgnlas ghmiaecdy ship ob
ot her shipsdé navigation plans or planned trajector

Typically, a shipbés navigation plan WB;associ at
where thet weemssscutive waypoints cDhmissi suudyt hengr
uncertainties inherent to the CD issue and model s
pl an and an uncertaipm omatii batigami.tsaTaheedri ebffpoerteb bi p n
model comprises three mai monecduvieasi nh) thecpmtyisn @l
2) a discmedel dgilhneeninalbvyi gati on pl an; and 3)diavne rusnec €
di sturbances such as physical ,alelnyihreo mpme mdifa Itdehdiapp d

at the f uTiwroenpmd needh &u sfianlgl owi ng equati on:
"o Y Yo o WPOoQo YT DY ( 4)

wheboelenotes the &WOrrdemtottheedhmednni t i al oPp dssiheeh &P,

14



nominall speed sanad psedewicséebedmatantt of urctiimavi g
repreacseent at i orelmdtardi x0i p6s nominal hiemel, mghMéour s e
reprseaendepreendent uncerstsaicn acthealpEwriettddpdoss i t i on i n th
and | aterdpodiolecai minsg each s hi p éoserthepredctian horizon, t r a |
whetheri nequal i ty (uitheridendifiedl s Beaaube of the uncertaint.y
encount et heges hcsopnsbnlciestoadfl so uncertain.

The addition of the ship motcioonmputatéeothhaciomtty 5 Mo
probabil i tTyh eastfiomB&MC oal geomrdllhas tfhadtt hceo negountdédtailcatn i d
anglrovi dqausantthhed ati ve bounds of t hlehi asp parlisgxod endg ehino p e @
terms of the fact that only the maxi memdmse ndorl @ it s &
identified. Therefore, the ti megfeiprostnt s owghlhy hegth
conducting a MangeriQaeuhadbte ro nesf. Thus, the algorith
estimate t het ywondrhplcdat e rttiedpgsobatalistic ICD procesmrf be found ir{Xin,

Liu, Yang, Zhang, & Wu, 2021)

3.2 Ship tecampliexintty woodkel | i ng

As mentioned akboeadst hhof aconipylceaxt i ment wor k t heory t
modelGrianpgh t heory is the eédsdsemansiadfercombhleexinnetswdom
the innerbethweranits tehseredbygessonstructing a graph
whet her eantseetdwyeeen a ship pair based on the conf |
criticality betweeqwedi dletlyspadihre yhoarrree dtse da, lpgrnedh nt fee
wei ght ofmeaaiseuredllgemycsual conflict criticality val
be built to |l ay the foundation for traffic networl

for simultaneous anal ysiys cdofartalca egtirsuudtcwsr aolf arhde e

work is el aborated as foll ows:

3.2.1 Topological metrics of traffic network

The complex network theory provides various | ists
net wor kK.uaTtoe eawaship traffic network, we needs toof se

ship dbutafdédli€o have high representativeness for ne

i ndi aadelbpassen for tkBérwucatufriecchmarwaertleri sati on.

15



(1) Number of nodes

The numbeN) whHi ockomdiesn @s t he network scal e, i s a
structure of a network strongly depends onorikt si snu
associated with a busier and more complex traffic

(2) Number of edges

The numbeil ofeprdgeesnt(s the npmbento&l coanktkicba)
p a i Surseillanceoperatorse ncount er rtergairhean baows pressure when ma
conflict.

(3) Strength

Node st r en g sum oftheweghtssof the@dgéstcannected to one node. This study adopts the
sum of all node strengths to reveal the total conflict intensitytodfic situation, which s f or mul at ed

the following equation:
Y B B 0 ¥ (5

whereN is the number of nodes is the number of nodes connected to nodndw; istheedge wei gh
bet weemamddlelse hi gh&r tthhee moarleueed adgemodoes .t haffic s
(4) Clustering coefficient
The cluster CQ@g desefrfiibceisenatnd( measures the cl uste

The IC&€ofal node defined as the rati olyd&f) ik erteweaecnt utah e

connectinig wiotfitmedé heoretical maxismumonmnemerasoff o
Oy Q
Q'Q pc
_ A Ca=0.33
A oo D Ce=1
C(;:]. Cc=1
CD:O
B B

(a) (b)
Fig. E&«kample of clustering coefficient calculation
Al though this indicator reveals the proximity of
rul es of s hicpo mprlaefxfiliticyp greedtdwvéds k adding a new ship or
in a decrease in traffic complexiigyfathmis tdhan ch e

coeffici AnitecofrasedbPafden nwalededdegde t o the networ k.
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adjustamemiasie based men,rtdared otribais samedf t o represent
coefficient of the entire traffic networ k, whi ch i
6 B 6 B 0yQ()

The i mproved indicatodegnaeceeabtbddtiicve laynoguwa rsthii fpys
traffic network modelling principles. WhenC/t hehitsr :
i mplies that <conf lcihcalsl taongornegg oslhviep.s Tbheicso mes because
that the action taken by one ship ahogheonftloil ¢i si ®:

near by shil as geH@iast eaes seofci ated with a comptesotuafhb

strategies are difficult to implement.

(5)s hkel | decomposition

K-shell decomposition is a widely adoeptwadr K ecthmu
into different | ayers/shells in terms of the posi

indeX (o the nodes i n t htehes aanentlraayle rn ot doeggdh @drpd i ridaerir
powerFi(g.@b®) etfhoer eslusns ohdopted to refl ect how t he
perspective, as foll ows:
VY B Qi(®8

A traffic networ k KSvaluuwea uirred iwd a the sec It lhisgh emag et hsd

compl ex conf l,i crhorre | attti exmdsd;oinvhsdsofurl @dm bseur vei I 1 ance

® ks=3
® ks=2
0 ks=1

Fig. Abschematfiskedil age@mmposi ti on
(6) Largest component
The laomgepei €nti s( a usef ul measure of the | ocal C

subgraph in a network, where there is B@ sl exgptr esrs:
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w h
| a

3.

t h
20

di

Be

10

¥ (9
eg€erepresent s noldee srLiCni¥detveoadl s t he net wor,hdd Ithea
rger t heCt iiezenoofe critical and complex the traff]

2. 2stMadg e i atnodp onhuolgtyi traffic complexity matriX

e ship traffic network structure itshehipsgthirpg, dape
rther determines the outputs of drhiet icchaolsietny toofp o
asured in temnesonofl itchbev pmaoxhianbu hi t ¢ prediction ti
twork structure may differ si gnarfei caadnottpldye dah gn v e
affic situati on, i f the detection time range i s
ntrast, the edges between ship pairs could be to

ereanoutrlgenappropri at emacmmleluivsriecs Goo® ociodnafd ti ecett al . |,
19; Zhen.Tehtusal .t,hiX0slb/b)utdly pdetii neson periods as
t wor ks, and |l ong per-uodsenastraffatedneowpekativel
To offer a complete description obftheattirozsiut
lstige antdophal @agshdi p traffic net walrekv edc omelde X iot yg ure
mplexity of trafficdismensaitabamnpespal eXu aibreg stah & i

mensi on tev dlewtcirad rbaer yt hter end ocfo |l au minr adfi fqieca 84 iothy a to

rresponding st,yuad ufralll eawsar acteri stics
o ® E o

. ® w E o
w w E o

eaddeenotes the number of predi ptepneséemesriahgentim
pol ogi cal i ndjoegheTlse ackemantri x jrreptepmébgi ¢ dl
rresponding tocomet med we dt kb asteel deccetinerdeehceoind h i £t me
cause ships could be(ChaiconWedngtWanidisomvenga2 nk7 Pu
ng & Shan, 2015; X. Wu,, Medhipaci Zlall yofmgr &hli@gyleirtgr, e
affic netswemhsstruecctewmiasedfonctealkl Buibher met &,
, andelddmpned as the detection tim "@8nrdésyelrds

spectively. This is becatdseer nwet i frroec ursh eaggre [ tdhedh a®D i
18



mi nuwleesgs tHherimongaffic motion and conflict predi
hour s, are generabhymhhghbygycasddadikaotvet dedieent i&kali
Hu, Lygeros, & Sast rGon s2e000wWe nitdiye o -dedrpdoatlismitgiy o2r 0kd 9mo d e
built to fully chafruatdutmreerf if 9 es ltgsinotananthtit vamnt d trhd ssr mo d e
extended by settintghrdé dDHeliddnbrgetatcti hgnmormeusef ul
tohter af fic featuresand sheveiegQuaatctergpeanatcossd dem
3.2.3 Similarity measurement between different cor
Based e@oxnt abhlei shed t,r aaf fdics tsathnactee meattrriicx mu st be de:

cl osenestshe ediwfefeemr ent trtafddict isamdle Buwad Iciodne®m | §Fih ®its

measure the similarity degree but ignores the inf
evident t hat each topological i ndi cat oirc csointtua thiua
addi ti on, the rows associated with wurgent traffic
smal | detection time thresholtde keornrdsplenghdnbaeiumn g

substantiaan tirndgflfuiecn coeo mp | e x ietdy . E uCol ni sdeeqauneisndt iil sytt, a maad ewe
to rationally define the distance between di-ffere
wei ghted matweixg lmtnald amatpraicre.

The f orinmse ioght ed-wandghs pacenatri cessare expressed

0
o 0 o
w Yy E &
. 0 i
& ho
0 j
¥ 0 & o
w &y E &
. 0 ¢
o ho

where0 ; "QFB "Q,fdenoteaf adi ng ti me fOafcltry it hpaatn Bs alt i spf i es
Bef ooeputing the distance between two Xdihfofué de rbte

nor geadl it o el i minate the inpwEgnc.d 1df) the data di men

0 W o ffo 5 o 5 (1)

whewepy and i ar e maximem and minimum values in thth row andthe sth column

respecCtoinseelgyu.emaXtdrayinx b e t rtam srh¥triraived.r weadl imat misx ¥ ol | ow
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C

C
M. M T

C

The distance \Vaan\diese nf umattlrérc ecsomput ed by
O A WO W W A (13)
Notethatthec o mp |l exi ty st at e mamusdtc ebse atimdaevwssfioogrhthenakea t r i

them adaptive to the complexity assessment appro&srction 3.3The distancen e t isfinestunedas follows:

0 A e oA B0 i (14)

wherew = Wi [Ws1, W 2lWs1, @ plWso] W, WL € Wi] ha= Vali1Va2 1€ ,Vapd rTal2fa€é ,Imda nmd
=olp.

3.3 Traffic complexity evaluation

One of the significant obstacles to using the traffic complexity state matrix for maritime traffic situation
comprehensiors the assessment of complexity classes or patterns (e.ecploplexity, mediumcomplexity,

and highcomplexity). This is because the traffic complexity state matrix involves many evaluation indices, and

therearmmonl i near, strong cehppisogmoagdtheseriadi ces.
appraacd solution. The direct application of the o
technical deficiencies. Hence, faurehert oi pprodwemer
practical evaluation results.

3.3.1 Fuzzy <clustering iterative approach

A typical FCI approach wuses anthmeembatshepcomput &t

centre matdr iixidex oweaioghstt amadtyoropt i mits ef itrhde Umatdg enta |
S(Q. Wang &.Ydame, op@2@)ti on details of Itchwei rfFCIl s eamtpir
Assume t hasamphkes, ae acnna sosfe svshmec#i= &i(@asgé ,ar sThe

sample dataset can be described anammatrix, as follows:

O O E &
o & & & & (3
O O E ®

wheagjes the eigehvoal gjeamplteimdgaadl, n2, é,
To make differewmariadi sedagsasatbr med i nto aRnor me

=rfiusing Eq. (11) . Meanwhil e, weU=dwjnetendhehéuizay
20



centre ®rAgfpiicxubajsect tao @€onpsBr a@ai npand i p, wlktese
the number mwhfi chbmpbes arugi scltulsd ereldati ve member sh
bel ongi nikd ammd t he cl| asid ncekdtarses of i ndex

To obtainUahs} opei médl ect iewsd afbd n csthieadn boya Mmilme mi s i
of t hedweEiugchti dean di stance fromcahtresampWwbschoi s
foll owing expression:
i Ef00 Fo i iEB B 6 B 01 i (&
whewies the wiihghindeiknmgmea tpiasnfB 0 p.

Based on the Lagr dhgeetult iLylui2&r trdde. boapdsie @) b e

obtained through ady@Berative way using Eq. (

i 6 01 ¥ o6 0 @y
B 0 1 i
6 — 1
B O 1 ( (13
unt i | the following termination conditions are met
i A@® 0s - anbAg@ i s -

whelrepresents thaend ared atrieon hed pme €iadvipaondd,a triensgpect i v

Al t hough the FCI approach performs wdlilmenhesi cmoa
probl ems, sever al Il i mitati onsi tcains bhei-dfdguymads étrdhr | oieutg
easily trapped amdi3dDmcmtlr croqlverdemerdent on the use
of c kkerehmd

With respect to the first i Sssue, a constraint P
maker 6s subjective cogmi tdieorni veerdd folojme ctthiev es ai mpfloer 1
complexity evaluation, the number of nodes/ ships i
whi ch generally has a more significaaes Toomri betpe
of subject(iw.e Wemg reitt Tadear,e f200rle5,) t he objecti veefuncH

redefined using Eq. (19).
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i EQ | ETO0 W hH 00
I ETO0 D h UCJAQII_I,_A@) 0 hm
wheMies a penalwtdy nfod ®tsont handvei ght of the index of t

practical evaluation that combines subjevedhe Koo\

of EqQ. (19) cadj betednwlkean emod tagv eixlpaelrite knowl edge i

With regard to the second i ssue, intelligent op
increase the possibility dqfHef i@i0dlidn,g Ztohue gLliocaboa | IDyi nc
Thus, an ektaemdedpmbtmhsati on algorithm which is ¢

|l ocal, sec@aMIC&hEF QO s adopted to enhance t hoef gtlhoeb aFlClo pnt
Threel evant details of the ex(t¥¥uedteidn gUFXu oepte raalt.i,o n2 Oc

Regarding the thiHadabCslsaeifdesbd Cal idekiify the

cl asses. It is compuitedeéhbased owaamhasnati saonf of he
foll ows:
<6 B B 6 B 0i & T& p X
0 =
B B o B 0 i i e @P

whez=é€z,2, &)i s thefcéehe entire Cditmadebetfiere It hegel at
performance.
3.2Ext erdibraged traffic complexity evaluation
I n this study-baskd énhé&dhcedcbhb@pl sxiatmp n@s ¢ ehes meonstt
met hodol ogi cal contributions. It aims to provide &
descritphha achdmk!l exi ty patterns. The i mplementation

Step Sampl e eptoaeasmsdnmgorpmal i zati on

Extrhaectsatmpl e dataset of shiipnttranrfenasldeiddacplt & ai tey
data in the investigaarmedfhooamplresx i tSyu bssteaqtuee nmadtyr i c e
construct the sampl e dtad racdtemt e insaa mpilxeh enbaut b gi er@ uteas teldy
performing the extended FCI .

Step Raramesatiromnni tial:]

I nitialise the parsamamarsyarnabbdi dgmpned bDmmbdht

number of complexity patterns
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St exp I3mpl eme-MEOGMCL S
Use t he-MGRICLS search for thotowopti mal index wei gl
St ep ldmpl ement FCI
Return the optimal Ufamzz  hrae mipd ri antail p Ghatstthige€ I ng ¢
Step I5denti fy the opti mal number of complexity p
Deetr mt he search range ¢(oercg-R20) nummernstoefp 21 awos esgd e
for each nuambeércompel @ sts@Id ncdoerxr. e sFpilottedm énighgy rckk daee e p t
on GCHiendex.
Step Gutpubl uheion results
Use the following two indicators to evaluate each traffic complexity sample.
‘0 AGCA® (21)
O YD (22
wheiOer epresents t he c¢ompjtl ke xd da@ miDlpdanotesdtd compbpxityavedlee. Toedf  t h
first indicator is determined based onth@ x i mu m meonfb eeraschhiw psearnepal se ,t he secon
is identified in terms of the weighted sum of the
Stede®Bhe validity
Val i dat e t he reeflfiendtiiltvildeyeasmsp ramadcsh th avsletdy ism alewy §ios

terms of t haifoishowi-DBagvainseso Yang, Zhang, & Yan, 202

2020)) a slight increase/ decrease i n as e/iheagdree & saec
eval uation results; (2) the influence af smogtiepl a
change. Her e, tchhea negfef eocnt st hoef afsascetsosrme nt degulees od
complexity @aadt@euantchtagieve utility values wusing t
60 — (23)

O B ¢ JQ(24)

whenreepresents the total numpes Ohetnamberc hammdp A |p
complexity patterns af taeaed jewaehmv elpures emft sf d diteo rnu/mk
bel onging to &omplexity pattern

3.4 ey ndentification in the traffic network

Surveillanceoperators are not only requiredga oacti vely monitor a dynamic m
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to assist navigatorsines ol vi ng poTleart eifdbernet,o rffyliingt s.he key i nfl

because the guidance for these key ships from a

compl exi ty. I t al sopergborsatwaiocaklevel ta reduedf e r ceinfefei ndt wlot 1yl iinng
mitigating collision risk. A node del ewhionh med hado
to determine the key influential ships in a traff

t he Kkeayndpoaritrsports i(ne.tgh.e, tH.aflfiiw, dToimean,n Huang, &
2018)The main idea of this method is to calcul ate t
nodes from the network. The more significtame ndcake
i.s Thi sf onlelthwsl procedbed deaes

Fi rtshte, compl exidryt ivrad uehiop witi rhaedfdédsat @aegwoehkhi §i me
calcyuyl deaed@.ed by

Second, the ship traffekeconsmplekagthy=4hle & ndo,dred tcd i
and the corresponding rebmpdexsd tiys wd & lhOu lhaet ¢ e,mad &
., Third, th@ ampaig sfigwddoutdef i n¥a By O .

Finally, tahe keaennodeed BFa@sed dn gth¥e iwediwsstedst t
the node has a more significant i mpact on the oV

4 Applications and case study results

I n this section, we apply and evaluate the perforr
i s orgdmildemdvsas Section 4.1 illustrates the case s
training result sbafscerd telweal aatt e mdhe dnoEEIl . Section 4
met hodol ogy i mproves r etgatoincal amad ihelnpes tirmafrfeilci & wnit
4.4 performs a few statistical anal yses of the tra

4.5 candnuwodted arad i damp @omi son anal ysis.

4 Slt udy area and data description

ThBi ngZthous hasn eolreacted as the experiment al resear
compl exity methodol ogy. According to cargo throug
dengietst,ri cted navoglibsteivwweartyeinrsg r taamidnty i.Theeed ol er
the port i s trheprceoangsi.teah livbaddeartfa r eacroen i s eBlbeeimbéae. pi

2018 to November. Ihar 20il@e Thaf friegi dompldedwe g n e
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longi tudd® 2A2BA0 GE d 2% A5TeNEe(¥ i JBASANSe vessels su
pil otamdat sgboats often exist toget hoenrv efnotri otnhadi rma

safety rumessgest hgeAe Sal ,meirrcchlanndi nsghimasr goe sbhepd &

experi ment al anal ysi s.
3 V o Ny = P
oo \&“! 4 N ] TN
DT e

O iy

’ ®
(T L

/ T @,
N 4 SRR
% -« / e B+ R Y

Ningbo
TR
¢

@ Hub area®f Ningbo-ZhousharPort

Fig. Il 1l ustr aahoouns hoafn NH onrgtb,o Chi na.

Al t hough AI'S provi dteac @ae spsowkatfal s awnrdc ee afsg/r mar |
collected data often encounters issues such as mi
various t ecThhneirceaflo rfeg, ia |{phreecskrisddi whlsyje e s sent i alatfaorguendh.
This study adoppreadc eas ssiyrsg epnrtacddecd prree t o cl ean the d
vessel (akanrg,buMeng,, &trLajuectDdOly8)extraction and se
confir(mat iZzohnmo, Sh, ,amkd Yangj e @OLA.8BYZ h att@elrdptord aalth jon me
we can eliminate possible noise and reconstruct cl
ot her words, this deatoan ddltd amsnmfaoga madeadsiss. i s a pr e
4 Modtid airmeisrud t s
This subsection presents the -bhkedneompaieri hyg eegal
terms of tdleescprideaduime Section 3. fré@8po¥¥edaksgal damo
i mproves based omrstlhhé theeoerdgfinale®€l model ment

Fi gt i sBobws t he CHioxdsdtxatt i @t hdeisf fweirtehn tc ormmpmiedra s g s .
According to the talkdHesdment t Be andanbcorroftefs polnalss € o
classification performance. The ptridCinedess ppbat a
hi erarchical aommpdwehmetimdy tpoaot tsebnant b uhse€ hsinsa lilesuf fi ci e

maritime surviendteénnhgewoonppdinest ¢ msa f f atcmaosriet-giraanseoead € s
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Therefooresi bt hn gdoett @il médeenxd t he appoi chRaGheoodne |e f ftehc
traffi c icsondpilvedxdcatdp/p a € & e ves(W LI)dwdw sl f gieS L) sll Wmigdh
( SH) h(iHhbdmwder vy ( Nitdpphmp | Addityi onal ly, it isopthiomal tmamtl

of cl asskEBG iws tdd me @2t abl e asc=a hée &ade ntdipekietefipa b.t c 0 g s

+ ——Mean value
1600 | + ]
>
3
£ 1400 .
T _
O 1200+ ==p
10000 . = T %
2 3 4 5 6 7 8 9 10

Number of classes

Fig. Cha@Gldiendienxt hiren t h etahmes mb ecro npfl ®lxa s yes/ patterns.
I n addition toCkHakhdey ueeadlrdadfis the third | s:
i mprovements in terms of the first two issues in

results of wardi aldextSwhiemd t chentnruenbpat obroempbesi K-

to Fig. 8 (a), the first five indicelsCBbBavel aguall
influenti al . However, i f no subjective knowl edge,
conttridn to the traffic complexity, is incorporate

overdependent on the features of the sampniaer ida tnees
survebpkekanters.vetd thabal sbhbeobbastlee mwenwork di sdi ¢ ¢
traffic network | alyseeres Fdegpi c8t (sbi)mi.l alrh ensced e st a imei ng
complexity patdfermewetmbafr fslihni psdcdeintairoro,s t he opti mi
proposedMIGAACL S moded mp atr eat hve t-MED modelhe HKHernigi mat F
adopted for comparison because its procedgd®8)i sAs|
shown in Fig. 9, the proposed model converges fa

ef f ect i vuepneersiso raintdy .s
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4 Application case analysis

I'n this tshddsepetifonpmanmxes eadf ttrhad fpc complexity apj|
application caskel buonsittysa idgmlgilnte satpapritisc abtyi on in traf
case exampl e, which is r3®lian e8ed¢toi emettl3yq d Blhbeg efqead s
effectitvkeampepsrsoacth for traffic complexity mitigatic
analysis and key influenti al ship identification,
4. Renl me alegtiroanf fi c compl exity evaluati on

An example of the ship traffic complexidlyowRiogmuti
10. I'n Fig. 10 (a) af itgheea imeadb e mr s hii pal pdewd dieplt i on
can be clearly seen that the membership distribu
Moreover, it is relatively-leadsyanrntdoOXf ighbdu rtsh aar et hien

complexity situatrn omisp befc awerey thiegme(mbl) and hi gh
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|l arge proportion. ahhli sasfsiimsdi mgurovaen | dappeper td g enved tyo r
hazard wWagni 8 9s¢ hfe) chlamwes i n t heattiwon ciomtpirceehse n(sH ov.e
over Thesee two indices exhibit consi stentt rtafefnides
complexity and enhancitm@ftfhe geoemdceptd halr sabilities
To better understandvaheapiropoappracaampl| eki gy 10
obtaining complexity evaluation residllt sshatw & hearc
probability computation for ship Maréinfematioa snetite 0 n
per f orohieemprobabilisicCD mo del c i the pbeeoud work(Mirdet al., 2021)S tpe llI-IV
demonstrate the process of consirustg t hset anguel taimpll ohgeysteidaf fi ¢ net wor k
model , which depends on t hetepmdderctts itnhiermemb emsh

complexity patteewvnal aatdi corresplonsdIngspepdr owanc it he i n
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computation at timé= 110 min.

4. Fraffirck nheettweor ogenei ty analysis and key risk shi

To invesfteiagautode ttthee traffic network topology gthreuc

number of edgsesapgml io;mke thomdmeasfurehe heothetadeeodeaed,

di fferent traffic siBudatigdhpbex At g otpydptiticgartdti wwa&klicge al

degree of wvariance. These results shggeaststrhéduutwb

degrees are more unbalanced. There is a high prob:
of conflict edges over the entireanassafofcii@atrat warnlk
edgedherefore, the identification of key risk ship
be of great practical significance for conflict re
(a) 2 : (b) 3 - ‘
P . o
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Fid. @a) Boxpl ot dif svagwbathc e recsfp edcagrteoe di ftfeerrnesn;t (tb

el ati onabeaweenof dcagHfee distribution

Fig. 12 presents an example ohotkhedkEegthnodemedb

3. 4. I n iFti gi.s 1€2ag(ya)t,0 asegnwhHiiclanghiimd |uewnwee on t hi

on t hei ncdoelxo,urassi sting operatéirg.ia2r ébdl ¥ uencylhipnoet &

n traffic complexity after deleting each ship froc

to the traffie rsddtuadrieonl, esvhiilmepudinti al. This res
network is heterogeneous. I n addition, t he dynami
removed ships based on delibebatseddelnettihen d(eis.ce.n,

mportance) and randomoddirgi ba BRrg. abhadl yepd.t he ¢

significant reducti on itnhet rcaofnipilce xciotnyp |ienxdsetxy r soihgnrDipf2
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to 0.15 after the first two cruci al ships are sep

l eads to a rel dhiselphesmmehode meianeketyhaitn ftlhuee nitd ean

wel | asanhgemiesk MmMoesskhastéashiaps deeefic,i adspgecireal
from a gl obal traffic surveillance management per ¢
a
(a) -
29055 | ®19 2l | Drop of traffic complexity:
e e 0-0.025
Q 607 4% 0.025-0.05
E » 0.05-0.0
g 1 . , .05-0.075
= \ 7 e (.075-0.01
= 29050 P © >=0.01 "
» Toohun — Conlflict relations
i Esri, HERE, Garmin, USGS, NGA

122° 122°10'
Longitude

(b) 0.2 ; . . : - - ()

—a—Deliberate
—o—Random

Y

0.2+

0.17

0 5 10 15 20 25 30 0 0.2 04 0.6
Index of ship Ratio of removed ships

Fi . @a) Ship traffic network tfomedpogd € dlym)amti caf fo
traffic conmphteeki byobhgaemseved ships.

4 . SAt atistics analysis of traffic complexity charac
Stati sti cradAmllaSh alllegsaedsu cotfed t o reveal the characterdi
Fig. 13 shows the prhoeb adbiiflfietrye ndi sttrravfbtuhtéi nocnostm iotfe 3t iu td
is noticeable that the veryiltgwp@ViLeprasdj oenyl i
occurrence frequency, whereas the remaining patter
situations primaril yl exhi bciotmpd elxatiyv eplayt t mesangad rh | n
percentage of VL and VH complexity patterns al so

approach would neit hebreirnegs tislutbgixencrtemat yi sevener clalf «
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them i nef fi cinmeanrti tiinmes utprearfvfiisci.ng

0.4
——DMean value

037

Probability of occurrence

Vi L S s W e
Complexity pattern
Fi B8.Octur pewmbeadfi |dittfyf &drdermatl exi ty patterns.

Fig. 14 illustrates the temporal distribution of traffic complexity patterns for every hour of thie day.t h e
figure, the peak periods associated with hl@gheo, tr
which matches the water traffic situation wfbater e hi
related navigation depmentscam mp|l ement afgpPpmopmoil atséeérraitelgi es based
ensure the safetyThoef atnraalfyfsiics mraensaugletnse nal.s o ser ve &

the operatorsdé6 workl oadse bwictbluise dihfef enmeamt ope migogs

o ——VL SL H
205 ——L S ——VH
g T Peak periods
= T
0.4 =3 -
g </\l\j T : I
S03r. \ | [ /
202 iR %
s |11 | ] ¥
< o i
S 0.1 &——=4 ! }
=B ! }
0 - !
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Time of day
Fid. RBrobabilities of differtmei mter afhfeidch pyoro mpolne xail t

| abeépld@dDe-I0s 59
To identify the cdhyamrandt corfe wtdHiact i oafafr itch ec ol mpflee Xxci yt «
the compl eigiinwe ptaitgetrends. This is defined as the e»

from occurrence to transfer to another pattern.
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associated with a short difecybéeefadhi shats phemhar
pattern, the more fregndnthéehkbowarlthg prcedvctabs
this analysis reveatlrsaftfhiec rceolnaptlieodniistfhyecamett etimearygnesh aacn ©

t hempl ementati on of risk management measures.
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Furthermore, the transition iprebpbiokriedy tof fut afi
evolmeamlgani sm i nsAg alfifs ckadbilteu alt,i otnwoar ex obsiemgephe i
pattern has the highest proportion of keeping the
transfer to its oempresanpattensesarwhbeesasl jkely tc
situation wil/| evol ve oxtcaasdiolnyalily mhotw S@asaanat b @t V
complexity pattern corofestproatiesf d toh@nd aomrlrepirto apa
explained by the fact that maritime operators gen
facing compl ex etnrcaef-¢d ohmpglshe x iutewyt | pbatatod rHil sa st ttiogra tl ioonngs
provide a prerequisite for fuaode wt I bpfrfoiredtcd a ovmp | ter

management .

Table 1. Transition probabilities between differer
Patte Very Low SlIlighSIlighHig Very
Very 94.295.2'0.4% 0.1% O0.1'0.1%
Low 1.5% 81. 14.2%3.0% O0.0'0. 0%
SIlighO.1% 15. :77.7%6.1% O0.7'0. 1%
SIighO.0% 2.7'7.3% 76.6%13. 0.2%
Hi gh 0.0% 0.0'1.0% 16.9%71. 10. 49
Very 0.0% 0.0'0.4% 0.4% 20. 79. 19
I n addition, Fig. 1 6hispho wise tt vineee rs ttalt & srad Milklaecr cofmpd

Both the complexity patterns and complexity val ue:
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ships. Howfefviead ,c dimmlhexirtay patterns do not necessar
by observing Fig. 16 (b), wher-¢2t wbenutmber to&af shec
very high (VH) compl exig yonpeatnteetrrnisc., |snu coht ihagsr i tmoan fdrfst
to capeamntrierd hgpi cture of traffic complHxriaegtend nt mam
usually implies a very high c¢omplherxeisthyo | pda tttoe rdne.c |Ta
complexity and assist operators in triggering
(a)

40t
&
2301
ks
820t
£
=]
Zlo,

O L 1 L L 1 L

VL L SL SH H VH

Complexity pattern

Fi g (@a) Boxplot of number of shipeseltad i @infsfiiéhpee tet
number saorfdf.s hi p
4 Model validatiamalayngdi s ompari son
4.5.1 Sensitivity analysis results
Mo d e | validation is an essenti al step to ensure
According Seamt isarep3.73.ih, this study tahpep |rioebst bae nseesnss i
met hodol ogy. Tkl sf2gdemmahiasge analysis by consid
of nodes and the number of edges associated
can be seen that the increabesédeéeor ¢ @Rersidham gmacsrsd
considerabl e changeai moaes bvhagrhieaftfieoanh birn |teHaed sahsesoe s s
words, the model coincides with the first axi
Tabl e 2. Mo d e | validity test (1).
ﬁlhange cD | IChange (Eilhange cD | IChange
Prior v O 742 - Prior v O 742 -
+10% +11.(771 +3.91% +10% +0.8744 +0. 26%
+20% +22.!798 +7.61% +20% +1. 7746 +0. 52%
-10% +12.:712 -3.95% -10% +0.8740 0. 26%
-2 0 % +25.!680 -8.29% -20% +1. 8738 -0.54%
Table 3. Model validity test (2)
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