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MODELLING OF CHANGES IN SHIP’S 
OPERATIONAL CONDITION DURING 
TRANSPORTATION OF OVERSIZED AND 
HEAVY CARGO

The object of research is the operational condition of the ship and its changes that occur in the process of trans-
portation of oversized and heavy cargo under the influence of multiple accidental events. A significant problem 
is the negative impact of the system of factors on seaworthiness and technical condition of the ship, the integrity 
of the cargo. Therefore, ensuring the safety of the ship, its functional reliability as a technical object is among the 
priorities which are extremely relevant in the process of transportation of oversized and heavy cargo.

In the course of the research the identification of the basic conditions of the surveyed ship in the process of 
operation was carried out. The ship in the process of transportation is defined as an aggregate of two objects – 
«ship – cargo». The decomposition of the stated condition into two variants «in norm» and «having problems», 
with three components: «seaworthiness of the ship», «technical condition of the ship», and «cargo and lashing 
systems». Six main operational conditions of the ship in the process of transportation of oversized and heavy 
cargo were established. The model of changes in the operational condition of the ship during the transportation 
of oversized and heavy cargo has been developed. This model enables to establish the relationship between these 
conditions, which are identified and formalized in the form of a single-ordered Markov process model. The process 
is considered as a process with a discrete time and the presence of a rotational condition with the absence of the 
property of ergodicity. Experimental investigations were carried out for various initial conditions and the most 
probable changes in the operational condition of the ship were determined for a specified number of hourly periods.

The proposed process model enables experimental investigations for various initial conditions and identification 
of the most probable changes in the ship’s operational condition through a specified number of hours. It allows to 
estimate risks and make decisions on support of ship’s operational condition during transportation of oversized 
and heavy cargo as a theoretical basis.
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control actions.
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1.  Introduction

Improving the safety of ship operation is an essential 
task that always requires a keen attention. Ship or cargo 
deterioration due to unacceptable conditions of sufficient 
ship’s stability, failure of hull structural integrity, reliability of 
ship’s equipment and facilities – the whole list of scenarios 
in which the ship can be involved in the process of opera-
tion is inexhaustible. Ship operation safety includes a whole 
set of measures. The main aspects related to safe operation 
of modern sea-going ships must properly take into account 
technical and operational factors that have an indirect impact 
on the ship’s condition in the process of performing the 
tasks of cargo transportation. The most important are envi-
ronmental conditions and human factor in decision-making, 
as an influence of subjective factors on safe operation and 
technical safety of ships. Therefore, ensuring safety of the 
ship, its functional reliability as a technical object is among 
the priorities, which are extremely relevant in the process of 
transportation of oversized and heavy cargo (OHC).

In solving problems related to the safety of maritime 
transportation an important role is played by simulation 

modeling, which enables on the basis of statistical data 
and expert evaluations to predict the condition of the 
ship at a certain moment in time.

The issues of probabilistic assessment of conditions of 
ship’s passage between ports were considered in works [1–3].  
In particular, the work  [3] evaluated the efficiency of ship 
operation considering the negative impact of various factors.  
Changes in the ship’s condition can be described by means 
of the Markov process apparatus.

In order to solve such problems certain theoretical and 
practical experience has been accumulated using the ap-
paratus of Markov processes theory, including transport 
sphere [4], i. e. stochastic model, which has Markov property –  
a specific type of accidental processes. In particular, on 
the use of Markov processes:

–	 the procedure for assessing the accident rate of ships 
when entering and leaving the port has been develo
ped  [5,  6];
–	 the process of identification of the fishing ship ope
ration conditions is carried out  [7];
–	 other tasks in the field of maritime transport, which 
are related to safety  [8–10].
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However, it is necessary to note that the results of 
the conducted researches do not fully reflect the specifics 
of the operation of maritime transport means and provide 
tools for ensuring safety during transportation of OHC. 
Therefore, this issues are of particular interest.

Thus, the object of research is the operational condition 
of the ship and its changes that occur in the process of 
transportation of oversized and heavy cargo under the 
influence of multiple accidental events.

The aim of the research is to simulate changes in the 
ship’s operational condition during transportation of over-
sized and heavy cargo.

2.  Methods of research

Ship’s condition in the process of transportation can 
be represented as the condition of the two objects «ship –  
cargo». The resultant operational condition of the ship 
during transportation is formed considering various events 
related directly to the ship (e. g. failure of technical systems)  
or the cargo (its shifting).

Transition of the «ship – cargo» system from one 
condition to another during the voyage is influenced by 
a number of accidental factors such as: weather conditions, 
«human factor», ship’s condition at the beginning of the 
voyage, the quality and quantity of lashing materials, etc. 
Therefore, there are grounds and necessary conditions for 
identification of the process of change in the operational 
condition of the ship when transporting OHC as a Mar-
kov process.

To identify the basic conditions of the studied object 
«ship – cargo» it is suggested to decompose the above 
condition into two variants («normal», «problems») by 
three components: «seaworthiness of the ship», «technical 
condition of the ship», and «cargo and lashing systems». 
This approach is determined, first of all, by the speci
fics of ship operation when transporting OHC, which is 
reflected, for example, in the peculiarities of cargo stow-
age and lashing on board. This, accordingly, can lead to 
certain violations both during the process of loading on 
the board, and violation of the «integrity» of the system 
«ship – cargo» in the process of transportation. Positive 
(«in norm» – 1) and negative («having problems» – 0) 
estimation of each component forms the following classifi-
cation of the main variants of ship’s condition (Table  1).

Two theoretically feasible variants are: the cargo is in 
good technical and seaworthy condition; the loss of sea-
worthiness and the unsuitable condition of the cargo in 
normal technical condition does not have any practical sense.

The next stage of the research is to determine the type 
of the Markov process. Since the number of the considered 
conditions is a countable set, a discrete random process 
takes place. Since the status of the ship is performed at 
certain moments of time, there is a Markov process with 
a discrete time t = 0,  1,  2,  3,  …  . Let’s consider the con-
sidered Markov’s chain to be unidirectional, because the 
probability of transition from one condition to another 
does not depend on the time, but depends exclusively on 
the complex of accidental factors of influence.

A year, a day or even a decade can be a moment of 
time, but taking into account the specifics of the dyna
mics of changes in weather conditions and the situation on  
board the ship, for t = 0,  1,  2,  3,  … accept the day (24  hrs) 
within the voyage period.

Table 1

Classification of the main operational conditions of the ship  
when transporting oversized and heavy cargoes

Condi-
tion 

Sea-
worthi-
ness 

Tech-
nical 

condi-
tion

Cargo 
and 

lashing 
systems 

Description

S1 1 1 1 Normal operating conditions of the ship

S2 1 1 0 Damage or/and loss of cargo

S3 1 0 0
Damage or/and loss of cargo, damage 
to ship’s structural elements and deck 
equipment

S4 1 0 1
Damage to the ship’s structural elements 
and deck equipment as a result of shift-
ing of cargo/crushing of lashing systems

S5 0 1 1
Appearance of a dangerous heel, de-
terioration/loss of ship’s stability as  
a result of cargo shifting

S6 0 0 0
Unsatisfactory ship’s operational condi-
tions and emergency situation

The graph of conditions and transitions of the studied 
object is shown in Fig.  1.

 
Fig. 1. Transition graph of the ship’s operational conditions

It should be noted that the normal operational condition 
of S1 is a turning point, since the ship can return to it, 
for example, as a result of normalization of weather condi-
tions, even with the preceding influence of negative factors.
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where

0 1 1 6 1 6≤ ≤ = =p i jij , , , , . 	 (2)

Let’s note that the matrix (1) already contains zero 
values of probabilities for impracticable condition transi-
tions according to the column in Fig. 1. At the same time, 
the condition S6 is non-returnable, i.  e. the ship does not 
leave this condition, so the corresponding probability р66 = 1.  
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That means that the examined Markov’s chain does not 
have the property of ergodicity.

According to the properties of the Markov process the 
elements of the matrix satisfy the conditions:

p iij
j

= =
=

∑ 1 1 6
1

6

, , . 	 (3)

The Markov process requires the initial probabilities to 
be set p1(0), p2(0), p3(0), p4(0), p5(0), p6(0) location of the 
«ship – cargo» system at the initial moment of time t = 0 :

p p p p p p1 2 3 4 5 60 0 0 0 0 0 1( ) ( ) ( ) ( ) ( ) ( ) .+ + + + + = 	 (4)

That given moment of time (t = 0) is the departure of 
the ship from the loading port. In fact, initial probabilities 
assess how many accidental factors influence the process of 
ship loading and the condition of the ship itself before the 
loading commences. Thus, the initial condition of the system 
«ship – cargo», which forms the initial operational condition 
of the ship for the given voyage, p1(0), p2(0), p3(0), p4(0), 
p5(0), p6(0), is determined on the basis of an analysis of 
the possible impact of the system of factors for a particular 
ship. This is done taking into account its characteristics 
and peculiarities of the previous operation, the cargo, the 
port of loading (according to expert opinion or statistics).

Since this process has no ergodic character, it does not 
have a steady mode (condition). Therefore, after a significant 
interval of time, the probability of the conditions does not 
follow to the limit values, which do not depend on the 
initial conditions and the current moment of time. Thus, 
the Markov process – the system «ship – cargo» in the 
process of transporting – «starts up» from a certain ini-
tial condition. p1(0), p2(0), p3(0), p4(0), p5(0), p6(0), which 
determines the probability of further ship’s position in one 
or another condition during the voyage.

On the basis of the Kolmogorov-Chepman equation (5) 
it is possible to determine the probability of operational 
conditions of the ship at any given moment of time.

p k p k pj j ij
i

n

( ) ( ) ,= − ⋅
=
∑ 1

1

 j n= 1, ,  k = 1 2 3, , ,... 	 (5)

Thus, the dynamics of the operational condition of the 
ship is studied on the basis of the proposed Markov chain.

3.  Research results and discussion

Experimental research of the proposed imitation mo
del  (condition graph and transition matrix are the ones 
that create the imitation), which depicts the changes in 
the ship’s operational condition, was carried out using the 
following output data: 

–	 matrix of transition probabilities:
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–	 at different values of operational conditions of the 
ship, which are considered at the initial moment of 
time t = 0:

1)  P1(0) = 0.99; P2(0) = 0.01; P3(0) = 0;  

P4(0) = 0; P5(0) = 0; P6(0);

2)  P1(0) = 0.95; P2(0) = 0.05; P3(0) = 0;  

P4(0) = 0; P5(0) = 0; P6(0);

3)  P1(0) = 0.90; P2(0) = 0.10; P3(0) = 0; P4(0) = 0; 

P5(0) = 0; P6(0);

4)  P1(0) = 0.85; P2(0) = 0.15; P3(0) = 0; P4(0) = 0; 

P5(0) = 0; P6(0).	 (7)

Four variants of the ship’s initial operational condi-
tion are determined by the specifics of cargo operations 
and the condition of the ship before the voyage com-
mences. The first option is the most acceptable of those 
considered, the fourth option sets, in fact, 15  % of the 
possible losses in the process of loading and not exactly 
the optimal condition of the ship before the commence-
ment of cargo operations.

Thus, the port, the cargo and the ship determine the 
probability of operational condition of the ship (the sys-
tem «ship – cargo»).

For all considered variants of probabilities of ship’s 
condition at the moment of time t = 0, corresponding cal-
culations were carried out according to formula (5), which 
allowed to form such regularities (Fig.  2,  3).
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Fig. 2. Dynamics of probability S1 for different variants of initial 
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Fig. 1 demonstrates that the probability of ship’s condi-
tion S1 decreases practically linearly from any starting point, 
and, for example, for the 4th variant of starting conditions:

P1(0) = 0.85; P2(0) = 0.15; P3(0) = 0;  

P4(0) = 0; P5(0) = 0; P6(0),

at the 11th hour step reaches practically 0.75. This is 
explained, first of all, by the specifics of the matrix (6). 
At the same time, for the first initial condition:

P1(0) = 0.99; P2(0) = 0.01; P3(0) = 0;  

P4(0) = 0; P5(0) = 0; P6(0),

at the same 11th hour step, the probability of S1 is prac-
tically 0.9.

Fig.  2 shows the dynamics of the probability of the 
highest condition of the ship S6. On the 11th hour step 
section for the first initial condition P1(0) = 0.99; P2(0) = 0.01; 
P3(0) = 0; P4(0) = 0; P5(0) = 0; P6(0) probability of this condi-
tion is close to 0.06, which can be assumed as an accept-
able situation. For the fourth initial condition P1(0) = 0.85; 
P2(0) = 0.15; P3(0) = 0; P4(0) = 0; P5(0) = 0; P6(0), probability 
of the S6 condition is close to 0.18, which cannot be 
considered acceptable. At the next stage of experimental 
studies, the transition probability matrix was changed to 
a more «optimistic» variant:

P pij=   =
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In this matrix, the probability of transition to S6 is 
significantly lower than for the previous variant. In addi-
tion, the probability of ship’s presence in conditions S2, 
S3, S5 has increased. Thus, more probability is ensured 
for a certain fixed condition of the ship.

The corresponding graphs of variation of probabilities of 
ship’s condition S1, S6 are shown in Fig.  4, 5. It should  
be noted that the dynamics of probabilities of S1 remained 
the same, which is explained by the absence of changes 
in the matrix of transient probabilities for this condition. 
However, the changes in (8) affected all other conditions 
of the ship.

The dynamics for S6 is more «optimistic» and, in par-
ticular, the probability of the S6 condition for the first 
variant of the initial probabilities at the 11th hour step: 
P1(0) = 0.99; P2(0) = 0.01; P3(0) = 0; P4(0) = 0; P5(0) = 0; P6(0) 
makes a bit more 0.01 (as compared to 0.06 in the previ-
ous situation). Also on the 11th hour step the probability 
of the condition S6 for the fourth variant of the initial 
probabilities: P1(0) = 0.85; P2(0) = 0.15; P3(0) = 0; P4(0) = 0; 
P5(0) = 0; P6(0) is slightly less than 0.04 (compared to 
0.18 in the previous situation).

Thus, an imitation model of changes in the ship’s ope
rational condition in the process of OHC transportation 
has been developed, which enables experimental research 

for different initial conditions and determining the most 
probable changes in the ship’s operational condition.
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Fig. 5. Dynamics of probabilities of the condition S6 for different  
variants of initial probabilities (moment of time t = 0)
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Experimental studies demonstrate the possibilities of 
practical use of the developed model of the Markov process. 
This model describes the change in the ship’s operational 
condition in the process of OHC transportation. Experimen-
tal research allows to make a conclusion about the adequacy 
of the proposed approach to the real processes of ship 
operation and validity of the results obtained on its basis.

So, depending on a number of factors, initial probabilities 
for six identified ship’s operational conditions are formed. 
The relationship between these conditions is identified and 
formalized in the form of a single-order Markov process 
model with a discrete time, the presence of a non-reversible 
condition S6 (i.  e. with the absence of the property of 
ergodicity).

4.  Conclusions

The main operational changes in the operational con-
dition of the ship during the transportation of oversized 
and heavy cargo are identified. The simulation model of 
changes in the ship’s operational condition during OHC 
transportation has been developed. The relationship between 
these conditions is defined and formalized in the form of 
a single-order Markov process model with a discrete time, 
the presence of a non-reversible condition (i.  e. with the 
absence of the property of ergodicity). The proposed pro-
cess model enables experimental studies for various initial 
conditions and identification of the most probable changes 
in the ship’s operational condition through a given number 
of hour-step intervals. In its turn, it makes it possible  
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to assess the risks and make decisions on the ship’s opera-
tional condition in the process of OHC transportation as 
a theoretical basis. Experimental studies for various initial 
conditions were conducted and the most probable changes 
in the ship’s operational condition were determined for 
a  given number of hour steps.
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