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Abstract. A multiple-model approach to description and investigation of control processes in regional 
maritime security system is presented. The processes considered in this paper were qualified as control 
processes of computing operations providing monitoring of the situation adding in the local water area and 
connected to relocation of different ships classes (further the active mobile objects (AMO)). Previously 
developed concept of active moving object (AMO) is used. The models describe operation of AMO 
automated monitoring and control system (AMCS) elements as well as their interaction with objects-in-
service that are sources or recipients of information being processed. The unified description of various 
control processes allows synthesizing simultaneously both technical and functional structures of AMO 
AMCS. The algorithm for solving the scheduling problem is described in terms of the classical theory of 
optimal automatic control. 

1 Introduction 
At present, ensuring the safety of navigation of ships on 
inland waters of the Russian Federation is an urgent task, 
which is primarily due to the following factors: the 
number and intensity of ship movement in coastal marine 
areas, lakes and rivers, especially small-sized vessels used 
for active recreation, tourism, transportation of passengers, 
sports and as special means. 

To date, various elements of the regional maritime 
security system (RMSS) have been developed, or are 
under development. The existing concept of the RMSS 
includes the following elements: - automatic monitoring 
systems (AMS); control systems of ship traffic; automatic 
identification systems; communication systems in case of 
disaster; a complex of terrestrial and satellite radio 
navigation systems; uniform database of courts and 
monitoring information. At the same time, as analysis 
shows, now, unfortunately, the automated collection and 
storage of monitoring information is of a local nature, 
there is an information inconsistency of monitoring data 
obtained by heterogeneous automated monitoring and 
control system (AMCS).  

To compensate a contradiction between the existing 
need and to conduct operational analysis and prediction of 
the surface situation and the current state of the 
organizational and technical means ensuring the safety of 
navigation, methods, algorithms, techniques, software can 
be integrated for solving problems of analysis, planning 
and prediction of the surface situation on the basis of 
modern intellectual technologies. One of the most 
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important tasks, which needs to be solved to achieve a 
goal, is the task of joint planning and scheduling of the 
measuring and computing operations providing 
monitoring of the situation in the local water area and 
connected to relocation of different ship classes (further 
the active mobile objects (AMO)) [1-2]. 

According to the specifics of the structure-dynamics 
control problems, they belong to the class of the AMCS 
structure-functional synthesis problems and the problems 
of program construction for AMCS development [3-7]. 

The main disadvantage of the problems belonging to 
the above class is that, optimal control programs for 
AMCS main elements and subsystems can be 
implemented only when the functions and algorithms for 
control and information processing in these subsystems 
and elements are known [5-6]. 

We propose a dynamic interpretation of monitoring 
situation in local waters, which is based on results of 
classical control theory [8-15]. 

2 Conceptual model of monitoring 
situation in local waters 
The preliminary investigations confirm that the most 
convenient concept for formalization monitoring situation 
in local waters is the concept of an active moving object 
(AMO). In general case, it is an artificial object (a 
complex of devices) moving in space (in our case in local 
waters) and interacting (by means of information, energy, 
or material flows) with other AMO and objects-in-service 
(OS) [1, 2]. 
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Figure 1 shows a general structure of AMO as an 
object being controlled. It is seen that AMO consists of 
four subsystems relating to four processes (functioning 
forms): moving, interaction with OS and other AMO, 
functioning of the main (goal-oriented) and auxiliary 
facilities, resources consumption (replenishment). 
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Fig. 1. General block-diagram of AMO 

The four functions of AMO are quite different, though 
the joint execution of these functions, the interaction being 
the main one, provide for AMO new characteristics. Thus, 
it becomes a specific object of investigation, and AMO 
control problems are strictly different from classical 
problems of mechanical-motion control. The proposed 
structure of AMO can be widely interpreted. It gives a 
common basis for description ships on inland waters. In 
this case we use AMO for describing both ships and their 
automated monitoring and control system (AMCS) 
including ships (in our terms – AMO), ground-based radar 
observation stations (GRS), data processing center (DPC). 

To construct the models of AMO AMCS we should 
firstly formulate the goal of its functioning. This goal is to 
be related to the interaction between other AMO and OS. 
Secondly, the sequence of operations that lead to the 
specified goal should be determined. Each operations are 
characterized by their parameters. Some of parameters 
describe the results of the operation performance (amount 
of work, quality, duration, resource consumption, etc), the 
others present the characteristics of material or 
information flows necessary to perform the operation. 

Thus, at the conceptual level, the process of AMO 
AMCS functioning can be described as a process of 
operation execution, while each operation can be regarded 
as a transition from one state to another one. Meanwhile, 
it is convenient to characterize the AMO AMCS state by 
the parameters of operations. 

The particular control models are based on the 
dynamic interpretation of operations and the previously 
developed particular dynamic models of AMO AMCS 
functioning. 

3. Multiple-model description of AMO 
monitoring and control processes 
The main aim of our paper is to prove the need of 
integrated modelling and simulation for parallel 
structural-functional synthesis of AMO AMCS under 
dynamic conditions. Moreover the main idea of our 
approach is to use fundamental results of structural-
dynamic control theory [1,2-6] for multiple-model 

description of AMO AMCS planning and scheduling 
tasks. The dynamic interpretation of structure-dynamics 
control processes allows for application of the results, 
previously received in the theory of dynamic systems 
stability, ability, failure tolerance, effectiveness and 
sensitivity, for AMO AMCS analysis and synthesis 
problems [7-14]. 

Our investigation have shown that joint use of diverse 
models allows one to improve the flexibility and 
adaptability of AMO AMCS, as well as to compensate the 
drawbacks of one class of models by the advantages of the 
other. 

We propose four interconnected dynamics models for 
description both ships (AMO) and their automated 
monitoring and control system (AMCS) including 
ground-based radar observation stations (GRS), data 
processing center (DPC). 

3.1 Dynamic model of AMO motion control 
(Мg model) 
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motion constraints and end conditions. An interaction 
operation can be performed when each communicating 
object is in the interaction zone (IZ) of the other one. 
These zones are described by the matrix function 
E(t) = ||εi j(t)||; i,j ∈ M~ ={M ∪ M }. 

This function was called contact potential [1, 2]. Under 
the above conditions, the contact potential for a pair of 
objects <AMOi, GRSj> can be obtained as follows [1]: 
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Obviously, for the stationary (fixed) objects we have 
00 iii tt r)(r)(r == , where ri0 is a position of an object. 

3.2 Dynamic model of AMO AMCS interaction-
operations (IO) control (Мо model) 

,1,...,æ;;,...,1,

,0)()(

},1,0{)(,

,,)(

,0)(;)(|)(

æ2æ1
~

)(
~

)(
~

~

)(
~

)(
~

)(
æj

)(
æj

)2,(

1 1æ

)(
æj

)1,(

1 1æ

)(
æj

)(
æ

)(
æ

0
)(

æ
)(

æj
1

)(
æ

)(



=≠=

=





−+




−

∈≤

≤=





=⋅==

∏







Γ∈Γ∈

= =

= =

=

sjimji

xaxau

tucu

cuatx

txutxtM

ii

j

i

o
i

o
i

o
i

o
i

o
i

o
i

o
i

m

j

s
o

i

o
j

m

i

s
o

i
o

if
o

i

o
i

o
i

m

j
ij

o
i

o
o

β
ββ

α
αα

εu

 (3) 
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technical conditions of AMO AMCS functioning. 

3.3 Dynamic model of AMO AMCS channels 
control (Mk model) 
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where )(k
jix  is the state of readjustment process for the 

channel )(iCλ ; )( j
lih  is a given value of the readjustment 

duration; it is supposed that the channel was ready to 
service the object GRSl at the beginning of the 
readjustment and must be ready to service the object 

AMOi at the end of readjustment process; R+ is a set of 
positive real numbers; )()( tu k

jl  is a control input; 

)()( tu k
jl =1 if Cj is in the readjustment state, )()( tu k

jl =0 if 
not; Θl j(t) ∈ {0,1} is a given value characterizing 
potential ability of the channel Cj to interact with the 
object Bi (in our case AMOi).It can be seen that the 
operation )(

æ
iD  can be started when appropriate channel 

is ready [ )(k
jix (t)=0], while each channel Cj at each time t 

can be prepared for only one object GRSl (l ≠ j, l = 1,...m). 

3.4 Dynamic model of AMO AMCS operation 
parameters control (Ме model) 
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where 
ттт )()()( rrx g

i
g

i
g

i =  is a motion state vector of 

the AMO Bi  the parameters )()( ty i
j , Mj ~∈  of motion 

are cinematically associated with )()( tx g
j ; Fi(t) is a given 

matrix; )(e
jξ  denotes uncorrelated measurement errors 

over the channel Cj, it is asserted that )(e
jξ  follows 

normal distribution with zero expectation and the variance 
equal to 2

jσ ; )()(
æ

ii DD ∈ ; )(~ tu e
ji
)(

æ  is a control input 

defining the intensity of the parameter )()( ty i
j  

measurements; )(
æ
e

ic ~  is a given value of the channel Cj 

technical capacity for the operation )(
æ
iD~ ; Zi is the inverse 

matrix for the matrix Ki(t) that is a correlation matrix for 
the estimation errors of the motion state variables; Гi is a 
set of subscripts for measurement operations of the AMO 
Bi; )(tjd  is a given vector defining technical features of 

the measuring device (of the channel Cj); γb =||0 0...1...0 
0||т is an auxiliary vector used to mark a particular element 
number «γ» of the matrix Ki; Ki0 is the initial value of the 
matrix Ki at time t = t0; 2

iγσ  is a specified measurement 

accuracy for the γ-th element of the motion state vector. 
The operations considered in the proposed models are 

sometimes executed under an interrupt prohibition. Such 
conditions can be stated in the additional model namely 
the model of auxiliary-operation control (Mb model). The 
detailed description of this model can be found in [1, 2]. 
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The quality of AMO AMCS control processes can be 
evaluated through various goal functions [1, 2, 5, 6]. Let 
us consider some examples of these functions: 
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where ξiæ(τ), i∈{1,…,m}, æ∈{1,…,Si} are monotone 
functions that state the penalties for the overdraft of 
operations’ scheduled times. The functional (6) is used, 
firstly, when the degree of end-conditions violation should 
be evaluated and, secondly, when the total losses caused 
by the excess of operations durations are to be measured. 
The value of the functional )(

5
eJ  characterizes the 

accuracy of measurement achieved for the γ−th element of 
the vector )(x g

i . 
All the presented models can be interrelated into a 

generalized model. 

3.5 Generalized dynamic model of AMO AMCS 
control processes (М model) 
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where x  is a vector of AMO AMCS generalized state, 
u  is a vector of generalized control; 10 h,h  are known 
vector-functions that are used for the state x  end 
conditions at the time points t = t0 and t = tf ; the vector-
functions )()( q,q 21 define the main spatio-temporal, 
technical and technological conditions for the SF 
functioning process. 

On the whole, the constructed model М (8) is a 
deterministic nonlinear non-stationary finite-dimensional 
differential system with a reconfigurable structure.  

4. Algorithm 
Computational scheme of the scheduling algorithm is as 
follows [1, 2, 16-18]. 

Step 4.1. Setting the rough decision (any valid plan) 
( ) ( ]fg ttttu ,, 0∈ . In the special case empty plan  

( ( ) 0
 ≡tug ) can be selected. 

Step 4.2. Integrating basic system of equations (1)–(4) 
with initial conditions and the ( )tuu g

 = . Vector ( )( )tx 0
  

obtained as a result of integration. In addition, determine 

(9) at ftt = , which is taken as a record. Calculating the 
transversality condition which could be found in 
[8,13,14]. 

Step 4.3. Integrating the conjugate system of equations 
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Where, H  – Hamiltonian [13,14], αη  and βρ  could 
be found from  
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where ( )tψ  is a general vector of the conjugate system of 

equations, ( ) ( ) ( )( )tutxq  ,1
α  and ( ) ( ) ( )( )tutxq  ,2

β  – 

components of given system of constraints, from ftt =  

to 0tt =  with ( )tuu g
 = . At 0tt =  we get a first 

approximation of ( )0tiψ . This completes the iteration 
0=r . 
Step 4.4. From the moment 0t  control ( )( )tu r 1+  is 

sought ( ,...,, 210=r  – number of iterations) based on the 
maximization of the Hamiltonian ( ) ( ) ( )( )ttutxH *** ,, ψ  
[2]. Simultaneously the main system of equations is 
integrated. Thus at any given time there is a dynamic 
decomposition of the main tasks for several mathematical 
programming problems: linear programming, assignment 
problems [4]. 

The iterative optimization process ends when the 
following conditions are satisfied: ( ) ( ) ε≤−+ rr JJ 1 . 

Thus ( )0tψ defines vector of associative values of 

dynamic priority ζ


for each operation ( )iDκ [2,3]. 

5 Conclusion 
The constructed general model has a form of linear 
(bilinear as regards the model Mk) nonstationary finite-
dimensional differential dynamic system with 
reconfigurable structure. The solutions obtained in the 
presented multiple-model complex are coordinated by the 
control-inputs vector )(ou of the model Mo. This vector 
determines the sequence of interaction operations and 
fixes AMO AMCS resources allocation. The applied 
procedure of solution adjustment was called in [5,10-12] 
resource coordination. 

The model complex M evolves and generalizes the 
dynamic models of scheduling theory [2-4,6,15]. The 
main distinctive feature (as apposed to [3]) of the complex 
is that nonlinear technological constraints are actualized 
in the convex domain of allowable control inputs rather 
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than in differential equations. Therefore, Lagrangian 
coefficients keeping the information about technical and 
technological constraints can be defined explicitly using 
the local-sections method [2]. In [5-6] more complicated 
iterative procedure was suggested to obtain Lagrangian 
coefficients. Furthermore instead of relay constraints 

)()( tu o
jiæ  ∈ {0,1}, less strict ones )()( tu o

jiæ  ∈ [0,1] can be 
considered. This substitution allows for the use of 
fundamental scientific results of the modern control 
theory [8,13,14] in various AMO AMCS control problems 
(including scheduling theory problems). 

Computational investigation [2] showed that the use of 
the AMO AMCS dynamic models entails considerable 
dimensionality decrease for control problems to be solved 
in a real-time operation mode. Recurrence description of 
models allows parallel computations accelerating problem 
solving. 

The proposed original description of AMO AMCS 
control processes establishes dependence relations 
between control technology and the goals of AMO AMCS. 
For example, the methods of optimal-control theory 
applied to the models Mo, Me help to estimate the degree 
of interdependency between quality of spacecraft 
operating according to a specified purpose and such 
technological aspects of AMO management as AMCS 
resource allocation, trajectory measurement schemes, and 
information-flow routing methods. Consequently, the 
optimal programs for resource allocation, for flow routing, 
and trajectory measurements can be obtained. 

Various combinations and interactions of particular 
control models forming the general model M is the basis 
for detailed multi-criteria analysis of the factors 
influencing upon the objective results of AMO AMCS 
operating. 

 
The research is supported by the Russian Science Foundation 
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