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The study is aimed at conducting a formal analysis of algorithms for captains to apply when planning routes
in difficult navigation situations. Formal and algorithmic analysis based on decision trees made it possible
to improve ergatic navigation safety systems and to predict potential risks of maritime accidents in a timely
manner.

The article discusses approaches enabling algorithmisization of processes of navigational situations
perception by captains. A formal description of the most essential elements of captains’ human factor
affecting the route planning processes is provided. Also, the issues related to perception of difficult
navigation situations by captains are considered, dependences on volume and multithreading of input
information are given.

In order to confirm actual influence of captains’ human factor elements on safe route planning, a number of
experiments have been carried out using the Navi Trainer 5000 navigation simulator and subsequent
modeling by means of Data Mining. As a result of modeling, standard designs for planning water transport
routes have been obtained together with the confirmation of constructed models adequacy exemplified by the
factor Fs 3 - «weather conditionsy. The proposed approaches will further expand the capabilities of
predictive possible maritime accidents models due to human factor.
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Introduction. When carrying out route planning, the captain of vessel is guided by a wide
rules range, directions and factors that allow building a safe trajectory for vessel’s movement.
Route Z, simultaneuosuly, as a decision-making task, is based on xe X captain’s initial
information about the situation, in form of which the initial stage is formed ze€ Z [1].

Captain’s experience plays a significant role, for example, when captain’s entropy is low,

action plan is precisely defined z/Z , which entails detailing — B[(x) and leads to plan X,
otherwise the captain relies on experience of similar tasks Z, generalizing — C, (X) for x € X,, what
X, =X, forms C:X —2X and B:X —2X

Extension of actions by generality C, (X) forms {Ind } Z relatively domains D ; affecting
focus: D, {[nd} D, - D, {[nd} D,—..—>D, {Ind}Dn )

Detailing and generalization determine: Vx e X, C, (X ) NB, (X ) =X, within the framework
of the task Z, in this case: ' €C, (x) & xeB (X') where x' is a planning feature. In this case, the

activity of the captain is important: Vx € X, e(x) — e(C[ (x))
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Captains act consciously, which means planning will be determined by a predicate P (X, z )
such that: Vxe X dzeZ P(X,Z) . Decisions made will be: VxeX ze A(X) P(X,Z) and

VxeX z¢ A(X)ﬂP (X,Z ), where A:X —2Z. In a critical situation, captain must accurately

plan the next stage H, in relation to criterion Q,, H, = {x |xeX,, B(x)= x} :
Captain’s intuitive actions are also possible, when: I, X' eH, ; what C, (x)ﬂ C (x') =0,
Ut =0 and Vxe XIAEI!sz(x, Zx) , then a situation arises: Vx' € C, (X) nx, P(x',zx).

In order to ensure proper planning, it is necessary to determine trajectory of vessel
{xn } X= {x =X, <X, <..< xn} cX ,A without critical situation:
bel :{ x|xeX ANzeZ P(x*,z)}. Proceeding from this, it becomes necessary to determine

model for captain’s decision making [2], taking into account the planning phases that ensure safe
navigation.

The purpose of the article is to formally analyze the algorithms for planning safe routes
by captain in difficult navigation situations. Formal and algorithmic analysis based on decision
trees will improve ergatic navigation safety systems and predict probable risks of accidents in
advance.

Main research material. In order to formally describe planning process, we will define

the time «codes» of captains Vxe X, 3lzeZ P (x,z). Three time phases of planning are
considered, X, =UzeZ (X;)z; X =UzeZ (Xl*)z; VzeZ (X[A)z —>e(Xt*)z, taking into
account the conditions and risks of sailing: V' = (X - ZX) . This is specific to each captain, so any

additional information X € X IA may affect the planning strategy.

When planning, a priori information is formed: €2, = {a = <xa, Za> | xa € H, }t which does
not imply changes in strategy. When factors arise (X ; )a , preliminary route plan is changed by
set rebuilding of rules-actions: {S} o= {x* —Szalx e (X:‘)a} i

In many situations, captain does not intuitively change original itinerary plan unless it

*

endangers safety of vessel. To change strategy W, Z, a precedent A,,; must arise that changes
safety of navigation:

Q= {110, Z({r}0) > W, Zon({V}0) > W, Zon({r}0)={S"} , Full, {¥'} , Full =Uk =
=0,1,2,...n W,, Zok({V'}0), EZ 20, it happens H, »>W,, Z(H,) >W,, Zon(H,)=X,, EZ 20,

where EZ is captain’s energy and motivation.
In turn, an element of uncertainty can lead to formulation of the following formal problems
class [3-6]:

% = A(s(e)s(t =7 )s(t—z. ) (1)) (1

where  s(¢)= (s, (t),...,s,, (t)),d(t)z (af1 (t)....d, (t)), 7,>0,i=1,z 1is boatmaster’s reaction to

occurrence of uncertain factors in z, where d=d(t) and replanning [7].
Then system (1) can be strategically changed:
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f, —max T,.,to] (2)

s(to)z N s(t) = (p(t),t € max
where Z0 is the moment of strategy change.

Considering planning process, we may define class of functions [8, 9] that affect range of
D, which can be subject to additional restrictions related to the specifics of the route. These
restrictions may encompass location, maneuverability of vessel and its characteristics, weather
conditions, environmental conditions, etc. [ 10]. Then, in general case, condition is considered:

d(t)eDcY"’ &)

where D is a set in Y" . Considering that the main goal of planning is formalized within
framework of (1), it is necessary to fulfill a number of conditions:

. 4)
Uq7i+l(d)2 ni=Ly, y<q
Here are 17,1 =1, (d ), i=1y the lengths of the scheduling time intervals:
c(s(t))ﬁ 0, te [tl’ —ni,tf], i=1lq )

P
where by =t =11, are the boundary points of stages [15.7] at which inequality is satisfied

cfs(t))= O The size 7> 0 and number of stages ” 21 for which the planning conditions must be
met (4). The interval at which inequality (5) is fulfilled is interpreted as a stage of disaster risk

reduction on route sections [11-14], relative to condition mt)<m, t e [tll R tlll =19 \where
m(t) is an indicator of the cartographic situation complexity.

It is important to take into account that with a cyclical repetition of the critical situation
signs, the loss of control over vessel is possible [15]. The ¢, y values depend on maneuverability
of vessel and its parameters. Inequalities affecting the state of navigation safety system at the

q
moment 4 degree characterize the situation complexity:

J(d)=g/(slef ))<0. i=yriyen (©)

The time to reach safe state for transition to manual control d (d)_th ~ly determines the
complexity of navigation situation: /) (d)g Oi=Ly+n )

Considering the complex navigation situation as represented by a plan with directions in the
form of making managerial decisions, we will compare the position of vessel with the waypoints
of route [16]. At the same time, floating targets and hazardous isobaths build the interaction field,
considered in the vessel model interaction with hazardous objects.

In the case of standard Mercator cartographic projection [17], the state of frame-vessel
changes depending on interaction. Interaction frame is transformed according to vector of vessel’s
movement relative to the cartographic location [18].

In difficult situations, planning the movement of a vessel in space can be conditionally
expressed in one direction for four directions (fig. 1). It is possible that the vessel is not capable of
moving in the preferred direction. This occurs when there are insurmountable cartographic
obstacles on its way, constraint by vessel’s draft. In these cases, the boatmaster tries to change the
direction of a vessel, by choosing the way where there are minimum obstacles.

Marine transport navigators scan the situation using radar and ECDIS at a distance location
r and choose direction of movement. They then observe the least amount of maritime transport,
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favorable weather conditions and nonavailability of cartographic obstacles [19].

Taking into account that considered decision-making processes have a complex
formalization, we can present their description in terms of the group theory mathematical system.
In this case, the elements of the system will be: an alphabet or a set of objects; many words or
combinations of objects, a finite set of relationships; theorems or rules of inference. As already
noted, in view of the need to present the results of mathematical modeling, the theory of geometric
groups is close to the description of the above principles. This theory is presented as an
independent one, originating from group theory and determining the balance of the formal system
[20], which is very important for streamlining the structural principles of captain’s decision-
making model formation.

Figure 1 — Frame for moving the vessel

1. Closedness of the group. For any two elements of the group, there is a third one, which
is their product, such that (7):

Ya,beg: Jceg, aob=g (7)

The axiom describes the integrity, complexity and hierarchy of constructing a vessel’s
trajectory, consisting of vessel control operations.
2. Group associativity for product operations. The order of operations is insignificant (8):

Va,b,ceg: ao(boc):(aob)oczaoboc (8)

Axiom defines the cycle of homogeneous elements, which is aimed at achieving the
ultimate goal of navigation.

3. The existence of a single element. In group there is some element e, the product of which
with any element a of the group gives the same element a (9):

Jdeeg: VYaeg, aoce=eoca=a 9

The axiom assumes the influence on all structural elements that have all the features of
system, and comes from initial stage of route planning in form of an initial operation that
determines the vessel trajectory. That is, initial strategy chosen by captain predetermines its
effectiveness.

4. Existence of inverse element. For any element a of the group, there is an element a’!
such that their product gives the unit element e, such that (10):

Vaeg: Ja'eg: aca'=a'oa=e (10)

Axiom presupposes the repetition of vessel control operations, i.e., their reverse functions,
which provides for a return to beginning of the first stage of the decision-making model.

In this context, it becomes possible to present route planning by captain in terms of
geometric group theory.
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In this case, we will call alphabet the finite set of planned route stages:

a, b, c -1 -l .
A ={ Lo 1}, rie d ,b,C —reverse alphabet according to clause 4.
a ,b,c

The group will be represented as <A | R>, in which R is relationship between sets of
operations leading to a single route element: <a,b,c |la> =b=c"= e> [21].

The set of elements @ will have its own focus when planning a route, »” and c¢*
therefore — alternatives. Aggregates of these sets can be represented as fragments of routes, for
example «'p°, but operating with combinations based on captain experience. By means of this
formal description, two variants of groups are formed: commutative and free. Formed words
represent independent decision-making trajectories that can be formed from basic elements of
captain’s experience. A visual display of decision-making trajectories is possible in the form of a
tree that includes all actions characteristic of a given captain, thus unifying the properties of the
formal system considered above [22].

Thus, it becomes possible to form an attribute space for planning and decision-making by
captain in situations close to context. Connecting points in a given space makes it possible to obtain
a graph, while it should be assumed that formation of graph edges is possible if next element is
obtained from previous one by multiplying by one group set letters. This is logical from the
position that each new element takes into account the informational component of previous one.
For example, g; and g> are connected by an edge if in the alphabet Jae 4; g, =g,-a< g,-a. Thus,

it becomes necessary to construct a metric space within the framework of identification the route
planning models by the captain, for subsequent predictive analysis of probable critical situations.

However, it should be taken into account that formation of such a graph may be limited in
terms of elements number due to increasing complexity of navigation situations perception. For
example, when planning a complex route, consisting of a chain elements in form of waypoints,
there is a danger of increasing information overload. This feature can be expressed in terms of
p-adic systems.

Therefore, an increase in p-adicity leads to an increase in detail, and a decrease leads to
generalization. Based on [1], we can conclude that the route planning process is considered within

the set of internal vertices of graph U (T ) , between the threshold values {a } and {b} . This makes
it possible to move to nearest systems of p-adicity in ascending and descending directions,
depending on situation, U(t)= |:mj=l,...,n Gv' (’E|a : )]

Each route planning strategy depends on final set of situation parameters that determine
the navigation conditions and possible risks:

Gv' (r|b)=GvT (tla)=(z,P), at e (r|al.)vaT(t|bl.)=®.

Then the transition to alternative route planning strategies is possible under conditions of
the interaction balanced system between external factors and navigation experience:

Vx e [Gv(‘c)] = dae {a}, xe [GvT (1:|a)]&5|b € {b},x S [GvL (r|b)]

The observed balance of transition between situations in p - adic structures can depend on
both: the level of complexity of navigation situation (necessity) and the operator (possibility) skill
level:

Gv(t)=u GvT(t|a):u }GvT(t|b).

ae{a}

be{b

Based on these formal descriptions, a route planning algorithm is proposed, which is based
on the navigation perception situation in the framework of p-adic systems. Let’s define the metric

of situation: p, (x, y) = |x— Y], x> |x|p [23]. At the same time, it is appropriate to assume that
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p-adicity is a criterion for perception of navigation situation that allows planning a route. The main
planning factor is risk of navigation hazard, which increases the risk of critical situation
occurrence. Considering the complexity of the situation, captain requires to have an appropriate

level of experience, each of which can be expressed in spaces (X ) p)&(Y ) p') . Route planning for

(p = 2) is most consistent with simple tasks requiring switching on or off according to a given
operator attribute. In turn, at (p = 3), a factor is added according to principle:

(7%, )./

solved in the situation space Y cannot be solved in situation space X due to changed metric
(fig. 2 a, b).

X, ‘) = p(xlpza’xZ,,:;) and transfers planning to a higher level. Thus, the problems

33 + >

a b
Figure 2 — Spaces of perception of the navigation situation ¥ and X
with different p-adicity metrics

Fig. 1 shows that route planning in the navigation situations Y and X was influenced by
different sets of information signals. This means that captains evaluated the navigation situations
in a different p-adicity system, forming spaces X and Y, such that: X c Y| X\Y =O.

However, it should be borne in mind that in some cases, captains deliberately resort to a
«weak» planning strategy, which leads to an increase in the likelihood to critical situations with
maritime transport. It is possible to describe this process formally using the approaches of
subjective entropy H, [24]'

= —z )-Inn(o,), where m- (G ) — is weak planning strategy.

Inheritance of familiar route planning approaches increases the effect of uncertainty in

decision making, n-(c,) ( Z (o J

Experiment. Analyzing marltlme accidents, one can come to the conclusion that one of
the main reasons is neglect of significant navigation risks [25]. Among the significant navigation
risks, the following should be noted [26]:

Fs 1 — vessel maneuverability;

Fs 2 — technogenic factors;

Fs 3 — weather conditions;

Fs 4 — team fatigue;

Fs 5 — the presence of a stressful situation;

Fs 6 — perception of the situation;

Fs 7 — special sailing areas;
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Fs 8 — quality of collaboration;

Fs 9 — automation and navigation information systems.

In order to carry out simulation modeling of possible navigation situations and
manifestations of human factor, navigation simulator Navi Trainer 5000 (NTPRO 5000) and
automated Data Mining tools were used.

Based on results of experiments, typical route planning trees were identified by captains
under the conditions of above factors priority. As a result, with help of automated modeling
technologies, control algorithms have been built in form of tree structures (fig. 3).
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Tree 1 graph for Fs8
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Figure 3 — Results of navigation situations simulation

In order to confirm the adequacy of the simulation, an additional experiment was carried
out in which the factor Fs 3 — weather conditions — became of special importance. This
experiment was carried out in the location of «Aegean Seay.

Description of the navigation situation. The main route for ships in Aegean Sea to enter
Dardanelles Strait from the side of Kaap Maleya is through Kafirefs Strait. Thas is the shortest
route with the most intensive traffic in Aegean Sea in its northeastern part. In the winter, from
November to February, the wind strength from NE reaches 7-8 points, and the sea state up to
significant — 5-6 m. Particularly unfavorable section from the Kafirefs Strait to Bozcaada Island —
waiting for entrance to Dardanelles Strait. The distance to the open sea is 122 miles. In stormy
weather, the vessel loses speed, the deck, hold covers and deck cargo are flooded.

To avoid stormy weather in this section, the captain’s recommendation was accepted to
pave the way from Cape Maleya not to Kafirefs Strait, but to Mykonos Strait, between islands of
Tinos and Mykonos, continue to the island of Chios. Thas is a 52-mile stretch where sea waves
are much weaker during stormy weather. Moving north along the island Chios and Fr. Lesvos to
about Bozcaada, the vessel will be protected from NE unrest.

The distance m. Maleya — Kafirefs — Bozcaada is 235 miles.

The distance from Malea — Mykonos — Bozcaada is 260 miles —by 25 miles more, but loss
of transit time will be compensated by a smaller loss of speed from wave. By reference to
meteorological situation, the ship’s captain chose a safer route (fig. 4).
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Figure 4 — The process of forming an alternative route by factor Fs 3

T

Conclusion. An analysis of the corresponding experimental model of route planning
showed that the following became key factors for decision-making at main factor Fs 3 — “weather

conditionsy:
Fs 7 — «special navigation areasy — Fs 9 — «automation and navigation information

systems» — Fs 6 — «perception of situation» & Fs 5 — «presence of a stressful situation» —
Fs 6 — «perception of situation» — Fs 7 — «special sailing areas ».

As can be seen from the route planning algorithm, the most significant planning factors
were Fs 6 — the perception of situation and Fs 7 — “special navigation areas», which appeared
cyclically throughout the planning process.

In addition, an important role has been played by Fs 5 — «the presence of a stressful
situation», which, with sufficient influence, can significantly affect course of events. However, the
elimination of this factor in the short term is almost impossible and requires additional training at
time of training [27].
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Hocos II. C., 3unyenko C. M., lIpoxonuyk IO. A., Ilonosuu U. C., JInutoBuenko B. U. BJINSAHUE
YEJIOBEUECKOI'O ®AKTOPA HA BE3OITACHOCTH ILTAHUPOBAHU S MAPIIPYTA BOJJHOT'O
TPAHCIIOPTA

Lenvio cmamvu sasiaemcs GopMAarbHbIL AGHATU3Z AIROPUMMOS NIAHUPOBAHUSL KANUMAHOM 0e30NaACHbIX
Mapupymos 6 CHOJNCHbIX HABULAYUOHHBIX —CUMYayusx Ha 600HOM mpancnopme. PopmanbHblll
U AneOPUMMUYECKULl AHATU3bl HA OCHOBE 0epebe NPUHAMUS PeUleHUll NO360AUL YCOBEPULEHCBO8AND
apeamuiecKue cucmemvl HABULAYUOHHOU De30NACHOCIU U 3apanee CHPOZHO3UPO8AMb 6EPOsIMHblIE PUCKU
MOPCKUX asapuii.

B cmamve paccmampusaromcsi nooxoovl, no36onA0WUE ANOPUMMUSUPOBATNL NPOYECCHl BOCHPUSMUSI
HasueayuouHevlx cumyayui xanumanom. Ilpu smom npusodumcs Gopmanvnoe onucanue Haubonee
CYWECTNBEHHBIX DNEMEHMNO8 YeN08eUecK020 (Pakmopa Kanumaud, eiAI0Wux Ha Npoyeccvl NIAHUPOBAHUs
mapwpymos. Taxoice paccmampusaiomcst BORPOCHL, C6A3AHHBIE ¢ BOCHPULIMUEM CLONCHBIX HABULAYUOHHBIX
cumyayuil Kanumanom, npUoOSIMC 3A6UCUMOCIU OM 00beMA U MHO2ONOMOYHOCIU 8XOOHOU UHDOPMAYUU.
C yenvio noomeepicoeHust aKkmuiecko2o GIUAHUS INEMEHMOB Yel08eUecK020 (aKmopa Kanumaua Ha
npoyeccvl NIAHUPOBAHUsL DE30NACHO20 Mapwpyma Obll npogeden pid ICHEPUMEHMO8 ¢ NpUMEHEHUEM
Hasueayuonnozo cumynamopa Navi Trainer 5000 u nocaedyroweco mooderuposanusi cpeocmeamu Data
Mining. B pesyremame moOenuposanus Obliu HOLYYEHbl MUNOGble KOHCHMPYKYUU  NAAHUPOBAHUS
Mapupymos 600H020 mpancnopma. A maxoice NOOMeepIcOeHUe a0eK8amHOCMU ROCTPOEHbIX MOOeell Ha
npumepe ¢paxmopa Fs 3 — «nozoonvle ycrnosusy. Ilpeonodicennvie nooxoovl no3eonsm 6 OdalbHelulem
PAcUUpUms 803MOACHOCHU NPOSHOCMUYECKUX MOOeNel 803MONCHBIX ABaAPULl HA B0OHOM MPAHCROpME NO
BUHE YeN08euecko2o Gpaxmopa.

Knrouesvle cnosa: 600uvili mpancnopm, ueiosedeckuli paxmop, niaHuposanue 6e30nacHo2o mMapupymad,
apeamuiecKue CUCmembl.

Hocos II. C., 3inuenko C. M., IIpokomuyk FO. A., [lonoBuu I. C., JluroBuenko B. 1. BIIJIMB
JIIOJICBKOI'O ®AKTOPY HA BE3IIEKY IINTAHYBAHHS MAPIIPYTY BOAHOI'O TPAHCIIOPTY
Memoto cmammi € opmanvhuli ananiz areopummie NIAAHYEAHHS KANIMAHOM Oe3neuHuUxX Mapuipymis
V CKIIAOHUX HABI2AYIUHUX CUMYAYIsIX HA 600HOMY mpancnopmi. @opmanvHull i aneopummivHull ananizu Ha
OCHOBI depeg NputiHaAmms piuleHb 003601U6 YOOCKOHAIUMU epeamuyHi cucmemu Hasieayitinoi be3nexu
i 3a30aneziob cnpo2HO3y8amy UMOBIPHI PUSUKU MOPCOKUX ABADIU.

YV cmammi posensioaiomebcs  nioxoou, wo 003604510Mb  ANCOPUMMIZYEAMU  NPOYECU CHPUIHSIMINS
Hasieayitinux cumyayii kanimanom. Boowouac nasooumvcs @opmanvuuti onuc Haubinbuwi iCMOMHUX
eleMeHmi8 I0OCbK020 (hakmopy Kanimawa, wjo 61ueaioms HA Npoyecu NaAaHyeanus mapupymis. Takoow
PO32N0AI0OMbCS NUMAHHS, WO NO08 S3aHI i3 CHPUUHAMMAM CKIAOHUX HAGI2AYIUIHUX CUmyayitl Kanimanom,
HABOOAMbCSL 3A€ACHOCT 810 00cs2y | bazamonomounocmi exionoi ingopmayii.

3 memoio niomeepodicentsi GaKMUuHO20 6NAUGY eeMEeHmI6 TOOCLKO20 (YaKmopy Kanimaua Ha npoyecu
NAAHy8aHHs Oe3neuHo20 mapupymy 6yia nposedena HU3KA eCHepUMEenmia i3 3aCmocy8aHHAM HABI2AYIUHO20
cumynamopa Navi Trainer 5000 i noodamvuioco modemosanusi 3acobamu Data Mining. B pezyrvmami
MOOento8anHst OyIU OMPUMAHT MUNOBI KOHCMPYKYIL NIAHY8AHHS MAPUIPYMIE 600HO20 MPAHCHOPNLY.
A makooic niomeepodiceno adekeamuicms no0y00sanux mooeiei Ha npukiadi gpakmopy Fs 3 — «nocooui
ymoeuy. 3anpononosami nioxoou 0036015iMb Y NOOAIGULOMY POULUPUIMU MONCTUBOCHT NPOSHOCMUYHUX
MoOenel MONCIUBUX AB8APTIl HA BOOHOMY MPAHCHOPMI 3 BUHU TIOOCLKO20 (Pakmopy.

Knrwuosi cnosa: 600nuti mpancnopm, m00cvKuil (hakmop, Wianyeants, Oe3neuHo20 Mapupymy, epeamuini
cucmemu.
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