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AUTOMATIC PLANNING OF THE SHIP'S ROUTE IN THE RISK
FIELD USING GRADIENT PROCEDURES AND A GIVEN
COLLISION RISK

Abstract. One of the points of the main document defining the national
transport strategy of Ukraine as a maritime state for the period until 2030,
approved by the order of the Cabinet of Ministers of Ukraine dated May 30, 2018
No. 430-r, is the implementation of intelligent transport systems and traffic control
systems on land and water transport [1].

The main goal of the article is the analysis and development of methods for
improving shipping safety, ensuring the economic indicators of maritime transport
through the use of automated systems for preparing a ship for a voyage with
automatic modules for planning the ship’s route, controlling the movement of the
ship while navigate along the route using gradient procedures, which would allow
optimizing the joint task of routing, increased the efficiency of automated systems
and significantly reduced the influence of the human factor on control processes.
Based on the analysis of international publications, regarding the analysis of
marine transport accidents, it is stated that the human factor is a determining
obstacle for ensuring the safety of navigation and optimizing the processes of
managing the movement of ships. In conclusion, the use of automated control
systems based on the use of modern algorithms for optimal planning and execution
of operations is proposed to increase the safety of navigation, improve the
economic performance of voyage tasks and reduce the influence of the human
factor.

The work deals with the issue of automatic routing of the ship's route in the
field of risks. The algorithm of automatic routing of the ship's route is given and a
description of the main functional blocks is given. It is shown that the use of the
field of risks allows maintaining convenient screen forms for visualization of the
field of maneuvering operations when moving along the route. The issue of the use
of gradient methods in the task of laying the ship's route is considered. It is noted
that: the smoothness of risk fields allows the use of simple gradient procedures for
solving optimization problems. The conditions for using gradient procedures in the
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tasks of laying a route and performing a divergence maneuver when a ship is
moving along a route with sea objects and obstacles are given. A method of
planning the route of the ship’s movement has been developed, which consists in
constructing a risk field in the on-board computer using gradient procedures and a
given risk of collision, unlike the existing ones, it provides automatic route
planning and prompt display of data, which allows you to automate routine
operations and reduce the time of laying the route of the ship’s movement, to
reduce the distance of the ship along the route and reduce fuel consumption.
Mathematical modeling of the processes of laying the ship's route was carried out
using the developed procedures and gradient methods.

Keywords: intelligent transport system, navigation safety, automated
system, human factor, risk field, on-board computer, gradient method,
mathematical modeling.
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ABTOMATHUYHE IVIAHYBAHHSA MAPHIPYTY PYXY CYIHA Y
IHOJII PU3BUKY 13 BUKOPUCTAHHAM I'PAAIEHTHUX
INPOLEAYP TA 3AJAHOI'O PU3UKY 3ITKHEHHA

AdoTtanisgs. OgHUM 13 TYHKTIB OCHOBHOIO JOKYMEHTY, IO BH3HAudae
HalllOHAJIbHY TPAHCIIOPTHY CTPATErilo YKpaiHU K MOPCHKOI JepXkaBu, HA MEpioj
10 2030 poky, cxBajeHoro posmnopsxeHHsaM Kabinety MiunictpiB YkpaiHu Bij
30 tpaBHs 2018 p. Ne 430-p, € BOpOBAJKEHHSI 1HTEIEKTyalbHUX TPAHCHOPTHUX
CHUCTEM Ta CUCTEM KepyBaHHS PyXOM Ha Ha3eMHOMY Ta BOJHOMY TpaHcmopTi [1].

['0J10BHOIO METOIO CTATTI € aHaji3 Ta po3poOKa METOIB LIOAO IMiIBUIICHHS
0e3MeKky CyAHOIUIABCTBA, 3a0€3MEUYEeHHS E€KOHOMIYHHUX TOKa3HUKIB MOPCHKOTO
TPAHCHOPTY LUISTXOM BUKOPUCTAHHS aBTOMATHU30BaHUX CHCTEM IIIJIFOTOBKHU CyJHA
710 peiicy 3 aBTOMAaTUYHUMHU MOJYJISIMU IJIaHYBaHHS MapuIpyTy CyAHa, KEpyBaHHS
PYXOM CyAHa MpH PyCi O MApIIPyTy 3 BUKOPUCTAHHIM TPAJIEHTHUX TMPOIEAYD,
0 JO03BOJSUIO O ONTHMI3yBaTW CHUIBHY 3ajady MPOKJIAJaHHS MapupyTy,
MBUITIO €PEKTUBHICTH ABTOMATU30BAHUX CHCTEM Ta CYTTEBO 3MEHIIUIIO BIUIMB
JIIOJICBKOTO YMHHHMKY Ha Mpouecu kepyBaHHs. Ha mincraBl aHamizy MIXKHAPOJIHUX
BHUJIaHb, IIOJI0 AHATI3y aBPIMHOCTI Ha MOPCHKOMY TPaHCHOPTI, 3a3HAYEHO, IO
JIOJICBKANA YMHHUK € BU3HAYAJIBHOIO MEPEHIKOJ00 [JIsi 3a0e3MeueHHs] Oe3MeKu
CY/JIHOBOJIIHHSI 1 ONTHUMI3aIlli MPOIECIB KEPyBaHHS PyXOM CYyJEH. Y MIJICYMKY,
3alpPOIMOHOBAHO BUKOPUCTAHHS aBTOMATHU30BAaHWX CHUCTEM YIPaBIIHHS, SKI
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0a3yl0TbCsl HA BUKOPUCTaHHI Cy4aCHUX aIrOPUTMIB ONTUMAJIBHOTO IUIAHYBaHHS Ta
BUKOHAHHS OIepaliil, s NiABUILEHHS O€3NeKH CyAHOBOJIHHSA, IMOKpAIlEHHS
€KOHOMIYHHUX MOKAa3HUKIB BUKOHAHHS PEMCOBOr0 3aB/IaHHS Ta 3MEHILEHHS BIUIUBY
JHOJCBKOIO0 YNHHUKY.

Y pob6oTi pO3risfaThesl MUTAHHS ABTOMATHYHOI MPOKIAJKU MapIIpyTy
pyxXy cyAaHa y moji pusukiB. HaBeneHo ainroputM aBTOMATHYHOI MPOKIAIKH
MapuIpyTy pyXy CyJHa Ta JaHO ONUC OCHOBHUX (DYHKIIOHAJIBHUX OJOKIB.
[Toka3aHo, 110 BHKOPHUCTAHHS NOJII PU3UKIB JO3BOJISIE MIATPUMYBATH 3pYUHI
ekpanHi (opmu s Bidyamizalii MOMS Omepaiiii MaHeBpyBaHHS MpU pycl IO
MapupyTy. PO3rJsiHYTI NUTaHHS BUKOPUCTaHHS TPaJlEHTHUX METOMIB Yy 3ajaul
NPOKJIAJKKA MapUIpyTy PyXy CyJaHA. 3a3HA4€HO, II0: TJIAJKICTh TOJIB PHU3HKIB
JI03BOJISIE  BUKOPUCTOBYBAaTH IMPOCTI TPAIIEHTHI MPOLUEAYPH UL BUPILICHHS
onTuUMi3aliiHuX 3aaad4. [IpuBeseH1 yMOBU BUKOPHUCTaHHS I'PAlEHTHUX MPOLELYP Y
3a7jayax MpOKJIAJIKU MapIIPyTy 1 BUKOHAHHI MaHEBPY PO3XOJKEHHS IPU PyCl CyJHA
0 MapuipyTy 13 MOPCBKMMM OO'€KTaMH Ta Mepeumkogamu. Po3pobieHo meron
IUIAHYBaHHsS. MapLIpyTy pyXy CylIHa, SKAH Hojsrae y nooOynoBi y OOpToBOMY
00YHCITIOBAYl MMOJISI PU3UKIB 13 BUKOPUCTAHHSM TPAIIEHTHUX MPOIEIYp Ta 3aIlaHOTO
PU3UKY 3ITKHEHHS, HAa BIIMIHY BiJ] ICHYIOUMX 3a0e3ledye aBTOMATUYHE TIaHyBaHHS
MapHIpyTy Ta OIEpaTUBHE BIIOOpaXXEHHS IaHUX, L0 JO3BOJIE aBTOMAaTHU3yBaTu
PYTHUHI onepailii Ta CKOPOTUTH Yac MPOKJIAJAAHHS MapLIPYTy pyXy CyJIHa, CKOPOTUTH
JUCTAaHUIIO PyXy CyJHA MO MapuipyTy Ta 3MEHIIWTU BUTpaTH naivsa. [IpoBeneHo
MaTeMaThuyHe MOJETIOBAaHHSA TPOLECIB MPOKIAAKH MapuipyTy pyxy CyaHa i3
BUKOPHUCTAHHSIM PO3POOJICHUX MPOIIETYp Ta IPalEHTHUX METOIIB.

KawuoBi cjoBa: 1HTelIEKTyalbHAa TpPAHCIIOPTHA CHCTEeMa, Oe3IeKa
CY/IHOBOJIHHSI, aBTOMAaTM30BaHA CHCTEMa, JIIOJCHKUNA YUHHUK, IOJ€ PU3HUKY,
OopToBuil 00UKCIIOBAY, TPaJilEHTHUN METOJ, MaTEMAaTUUYHE MOJICIFOBAHHS.

Problem Statement. Controlling the navigation of the ship requires accurate
and efficient route planning, which will ensure safety, save fuel and minimize the
time required to complete the voyage task. The route planning process must take
into account factors such as geographic restrictions, weather conditions, seaway
conditions, the presence of obstacles and the need to perform certain maneuvers.
To lay out the optimal route of the ship from the port of departure to the port of
destination, optimization of the selected optimality criterion is required, which can
be implemented only if numerical optimization methods are used in the on-board
computer. Such a criterion can be, for example, the integral risk on the ship's route
and directly during the maneuver of divergence with sea objects, and the task of
optimal planning is the minimization of this risk [2-3].

Analysis of Recent Research and Publications. The existing methods and
models of ship route planning, control of ship movement along the route, and the
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maneuver of separation with sea objects are based on the concept of a safe area,
which is built around each ship and moves with the ship in the direction of the
ship's movement, and is called the “ship domain”. For a long time, this area was
taken as a circle, then, based on the results of statistical studies of the movement of
ships in the inland waters of Japan, Japanese scientists Fujii and Tanaka proposed a
"ship domain” in the form of an ellipse, which is more natural, since the ship has an
elongated shape [4-6]. The security concept, built using the concept of the ship
domain, has a significant drawback - it copies the manual routing of the route. More
promising is the transition to the ship domain, which is described by the law of
probability distribution (for technical systems by the normal law of Gaussian
distribution). The task of optimal course routing first of all requires the determination
of the criterion of optimality or the objective function. The collision risk can be
chosen as such a function C(x), and the solution to the optimization problem consists

in minimizing this risk C(x) on the ship's trajectory. Weather conditions and other
obstructions that make navigation difficult are combined into equality-type
restrictions ¢,(x) =0, i=1,..,m, and unevenness-type restrictions ¢; (x) <0, i=1,...m>.
In the simple case of navigation, the problem takes the form of a Lagrange task [7-9].
The solution of this optimization problem of laying the route and the divergence of
ships when sailing along the route is performed according to the criterion of minimum
consumption under the condition of optimality [10-13].

ﬁ:o; i=1.m,j=1..m,i=j;
J_
%:1; i=1.m.
oC. (1)

Purpose of the Article. The purpose of the article is to research the
effectiveness of automated ship traffic management systems in conditions of
navigational risks: automation of route planning processes, optimization of
divergence maneuvers, taking into account the interests of all participants in the
operation during route planning and divergence, reducing the influence of the
human factor on ship traffic management processes, increasing efficiency and
safety of navigation.

Presentation of the main research material. The navigational passage of
the ship from the port of departure to the port of destination can be carried out by
various routes. The choice of a safe route for a vessel is affected by navigation
restrictions, meteorological conditions for sailing at different times of the year,
crossing IMO-approved pirate zones, changes in the direction and speed of
currents, the presence of other vessels on the route, etc. To lay out the optimal
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route of the ship, optimization of the selected optimality criterion is required,
which can be implemented only if numerical optimization methods are used in the
on-board computer. Such a criterion can be, for example, the integral risk on the
ship's route and directly during the execution of the maneuver of divergence with
target-ships, and the task of optimal planning is the minimization of this risk

L (x(t)) — min C;

1 [xtxg)? ey (vtxg)(Wyt-yg) (vyt-yg)?
2-2ry 2 2,52 2
C(x) __Cn fe v ox Xy oy

27c,0, (v

dt

where: o5, ,0y - total root mean square errors of the above-mentioned
uncertainties along the axes of the ship-related coordinate system;

rwy- the correlation coefficient of the total root mean square errors;

Cm- the ratio of the value of the ship and cargo in the distribution of the total risk;

Xo, Yo- coordinates of the mathematical expectation of the distribution v {C(x)};
X, y - coordinates of an arbitrary point in the field of operations.

In fig. 1 shows the main stages of automatic routing of the ship, taking into
account the given risk

i

1 Input of initial data <:|
S
Construction of the risk field taking <:|
into account navigational risks
~7

3 Automatic routing
<z
Daiabase of
1 it 1 1 atabase o
4 | Superimposition of target trajectories <:|

=~

5 | Identification of critical trajectories

<z

Correction of the route at the crossing
points of critical trajectories

iy
Fig. 1. The main stages of automatic routing of the ship, taking into account
the function of the level of danger

[\
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Block 1 "Initial data entry" is intended for automatic entry from the database
of all initial conditions (coordinates of the initial point "departure port",
coordinates of the final point "arrival port", initial course, navigation area, rms data
of uncertainties, values of the given risk, navigation, hydrographic and weather
restrictions, other data in electronic form used in route planning.

Block 2 "Construction of the risk field taking into account navigational
risks" is intended for: construction of the risk field of the swimming area based on
satellite images or electronic map information of the swimming area; construction
of contours of equal risks and selection of the contour of a given risk; display of
risk contours on the terminal.

Block 3 "Automatic route planning of the ship's route" is intended for
automatic planning of the optimal route of the ship's movement in the constructed
field of risks using gradient methods.

In fig. 2 shows a simplified procedure for automatically plotting the ship's
route taking into account the risk level function.

1 |Determine the start trajectory

v
2 Build risk field
’ =
3 &
Yes C(x)<C
4 Determine grad (x=0)

v

5 Direction to grad (x=0)

Yes
- On the course
7 | SO Hmoviag slong (e 8 |Continue dsvergence maneuver
course )
¥
No
—— Stop
End

Fig. 2. A simplified algorithm for automatically plotting the ship's route
taking into account the risk level function
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From the determined starting point of the ship's route (Fig. 2), a step is taken
in the direction of the given course and the risk at the new point of the route is
assessed. If the risk value at the new point does not exceed the given level
(estimated by logic block 3), then we continue sailing in the direction of the
shoulder of the ship's route. If the risk at the new point exceeds the given one, the
zero gradient of the risk field at the current point is calculated and a step is taken in
the direction of this gradient. This is repeated until the trajectory of bypassing the
navigation risk does not cross the shoulder of the ship's movement route, on which
this navigation risk is located, after which the algorithm takes steps in the direction
of the given shoulder of the ship's route.

In fig. 3 shows the scheme of automatically ploting the ship's route when
avoiding a navigational risks

max{grad(x)}

Trajectory maneuver in
the direction grad(x)=0

Navigation risk

\"‘% - \ Level line C(x)=C*

Fig. 3. Scheme of automatic ploting of a route when avoiding a navigational
risks

shoulder route

Block 4 "Superimposition of trajectories of target-vessels" is intended for
superimposing nominal trajectories of all target-vessels from the database of
target- vessel trajectories of a given navigation area on the constructed risk field
and displaying them on the monitor.

In fig. 4.a),b) shows a satellite image of the sailing area with the trajectories
of the target-vessels and the trajectories of the own vessel and a digital image of
the sailing area for further processing in the on-board controller.
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6)
Fig. 4. Satellite image of the navigation area and its digital processing

The blue lines, position 1, define the critical risk caused by shallow water
near the shoreline. The black line, position 2, determines the trajectory of sailing
and the maximum value of the risk field of one's own vessel. The purple lines,
position 3, define the routes and maximum risks created by the target-vessels. The
red lines, position 4, define the corridor of dangerous risks of one's own vessel.

Block 5 "Detection of critical trajectories of movement" is designed to
identify critical trajectories of vessels of targets with which a collision is possible, Fig. 5.

.v"\.

Fig. 5. Critical trajectory of movement in relation to a possible collision

Collision point 1 can be active if the own ship and the target-ship arrive at it
at the same time, or passive if the own ship and the target-ship arrive at it at
different times with an interval that does not exceed the given risk C..

1 if

telt, T] g =
0 if

Xl(T) _Xz(T)
X,(T) = x,(T)

>C,

(3)
<C,
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Trajectories of the ship's motion containing active collision points are called
critical. For non-critical trajectories of movement, it is impractical to remove their
risk fields, since a certain risk remains even for a guaranteed non-critical trajectory
of movement. This is due to the "human factor"”, observation error, unexpected
maneuver of the target-vessel.

In fig. 6. a fragment of the navigation area with an image of the critical
trajectory of the vessel's navigation is given

| ";‘: |
Fig.6. A fragment of the navigation area with an image of the critical and
non-critical trajectories of the ship's movement

Critical trajectory of movement 1, trajectory of movement of one's own
vessel 2, collision points 3, non-critical trajectories of movement 4, trajectory of
movement when performing a maneuver to avoid collision with critical trajectory
of movement of the target-vessel 5, corridor of risks of one's own vessel 6.

To determine the criticality of the vessel's trajectory, block 5 calculates the
position of the target-vessel moving along this trajectory at the time of its own
vessel's location at point 3.

If the distance between the ship, at the moment of its location in point 3, and
the target is greater than the given risk zone, then the trajectory is not critical.
Otherwise, the trajectory of the target vessel is critical and there is a need to adjust
the trajectory of one's own vessel for safe divergence from the target-vessel.

Block 6 "Correction of the route at the crossing points of the critical
trajectories of the ship's movement" performs the correction of the trajectory of the
own ship in the vicinity of the collision point 3 within the field of permissible
risks, position 6. In fact, in this case, the task of optimal divergence of the
trajectory of a given risk is solved, which will be considered in next section.

In fig. 7. an illustration of the process of correction the route at the point of
intersection with the critical trajectory using gradient procedures is given.
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/ ~, Max{Grad|(C})}

-0 Eninc 3agaHoro puangy

Grad(C

_ HoHtyp cygHa

Max{Grad(A}}

Hynbosi rpafieHT /

Fig.7. lllustration of the process of adjusting the route at the point
of intersection with the critical trajectory using gradient procedures

rad[E}:O Max{Grad(D)}

Max{Grad(E)}

The contour of the ship is graphically depicted - goals, an ellipse of a given
risk, maximum gradients at arbitrary points A, B, C, D, E of the ellipse,
perpendicular to the contour of the ellipse at these points, and zero gradients at
these same points, tangent to the contour of the ellipse. The operation of the
algorithm for adjusting the ship’s route at the crossing points of critical trajectories
Is similar to the operation of the algorithm for automatically laying the ship’s route
when bypassing a navigational hazard (Fig. 3), except that the bypass is performed
along the given risk ellipse using gradient procedures.

In the task of planning the ship's route, the field of risks is considered as a
set of total risks of many factors: navigational risks C,, (x), own risk Cg (x), risks of

other target- vessels C; (x) participating in the operation and others. It is noted that

the total risk of each of the factors has a normal loss probability distribution law
and can be represented as

1 [0ex)? my (%0)(Y-Yg) (¥-¥p)?

2-2ry 2 2.2 2
Co ¢ | o i Vo lizon (4

C.(x)=
9 2100,

Total risks c, (), i = 0..n and the entire field of risks, as the sum of risks
C.(x), i =0.n, have a smooth surface, which allows the use of simple gradient

procedures for solving optimization problems. The main advantage of gradient
procedures is their simplicity, the ability to significantly reduce the time of searching
for an optimal solution and increase the reliability of obtaining the final result.
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gradC, (x) = (grad,C, (x), grad,C, (x))

. [ _ r _ ]
gradxci(X)zaC'(X)z_ 1 2(X 2X0)_ ><y(y2 2yo)
OX (2-2r))| o, oo |
. _ ro(x—
gl'ad Ci(X)zaC'(X) [ 1 2(y 2yo) _ xy(X2 2Xo)
y ay (2_2rxy)_ O'X o'xo-y |
since
6C(X) _$-9C, (%)
ax( ):Z P
i i=1 Xj
oC (X n oC. (X
5')/ i=1 ay ’
then

gradC(x) = Z gradC, (x)

The gradient of the risk function gradC(x) is the most dangerous direction of
increasing field risk

v :
X =X +———qgradC(x), j=1..m
x(0) =X,

where: V - speed module.

The presence of the most dangerous direction of risk increase also means
the presence of the safest direction gradc(x) in the opposite direction and directions
with a zero value of the gradient gradc(x) = 0, on which the specified collision risk is

preserved, see Fig. 7.

gradC(x) =0 gradC(x)

The directions are perpendicular
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0 1
x.+1:x.++ gradC(x), j=1..m
: ' |gradC(x)|\-1 0

X(0) =X,

(7)

where:

0 1
( 1 OJ - clockwise rotation gradC(x) operator on %

0 -
To rotate gradC(x) counterclockwise, you need to use the operator (1 0 j

In the tasks of route planning or divergence with one target, it is necessary to
control not to exceed the given collision risk in addition to (7)

[C(x)<C*
1
I ex v [0 Mdc, j=1.m 8)
: ' |gradC(x)|\-1 0
X(0) =X,

In the tasks of ploting out the route of the vessel's movement or divergence
with several target-vessels while moving along the route, it is necessary to ensure
that the specified risk of collision is not exceeded for each of them. This imposes
an additional requirement to choose a starting point |gradC(x, )|=0 in the risk field
that corresponds to the smallest risk value c(X,) = min{C(X,)}. Further routing of the
ship's movement route or divergence with several target-ships while moving along
the route consists in blindly maneuvering along the trajectory L according to the
system conditions (9)

x(0)=x, el
X, — min |gradC (x)|
C(x)<C* 9)
0 1
x.+1=x.+—v gradC(x), j=1..m
: ' |gradC(x)|\-1 0

X el

m

N

Conclusions. The article deals with the use of the risk criterion in the task of
planning the ship's route. It is noted that the traditional concept safety of
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navigation, built using the concept of the ship domain, has a significant drawback -
it copies the manual ploting of the ship's route. It is shown that the transition to the
ship domain, which is described by the law of probability distribution, is more
promising. Such a transition is based on the fact that risk is always and everywhere
and there is no area where there is no risk at all.

The issue of automatic ploting of the ship's route in the field of risks was
considered. The algorithm of automatic ploting of the ship's route is given and a
description of the main functional blocks is given. It is shown that the use of the
field of risks allows maintaining convenient screen forms for visualization of the
field of operations.

The issue of the use of gradient methods in the task of ploting the ship's
route is considered. It is noted that: the smoothness of risk fields allows the use of
simple gradient procedures for solving optimization tasks; the main advantage of
gradient procedures is their simplicity, the ability to significantly reduce the time
of searching for an optimal solution, and the reliability of obtaining the final result.
The conditions for using gradient procedures in the tasks of laying a ship's route
and performing a divergence maneuver when moving along a route with marine
objects are given.

The actual scientific and practical problem of increasing the efficiency of
automated systems for preparing a ship for the execution of a voyage task in terms
of laying the route of the ship during the execution of the voyage task and, as a
result, reducing the influence of the "human factor" due to the development of
scientific and technical foundations, principles and methods of creating automatic
modules for laying out the ship's route and departure from sea objects, which
ensure the optimization of the functionality of the management quality for all
participants of the operation in the field of risks.
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