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ABSTRACT: The paper considers the structure and functional elements of the emergency computing center that
carries out operational control of sea catastrophes of vessels of the fishing fleet based on the integration of
intelligent systems of new generations and high-performance computing within the problem-oriented dynamic
environment of the virtual testing area. The real time operation of the computer center is provided by the
system integration of information, algorithmic and software support based on dynamic measurement data
and a structured knowledge base. The focus is on providing decision support in complex dynamic

environments using modern catastrophe theory.

1 INTEGRATED EMERGENCY CONTROL
ENVIRONMENT

The purpose of the experimental studies conducted
during development of the emergency computing
center (ECC) is connected with the study of the
characteristics of the vessel’s interaction with the
external environment in emergency situations (Fig. 1)
based on the on-board intelligent system (IS) of the
new generation operating in the emergency
computing mode (Urgent Computing). - UC) [1] -
[17]. The integrated environment of IP is organized
within the framework of conceptual solutions based
on the dynamic theory of catastrophes [6] and is
characterized by the interaction of functional
components: fuzzy (FUZZY), neuro-fuzzy (NF) and
neuroevolutionary (NE) systems. The real-time mode
problem is provided by the service-oriented
architecture [13], [14] in UC mode, and the problem of

uncertainty is within the concept of the minimum
description length (Minimal Decision Length (MDL)
[4] and complexity theory [10].

In the practice of operation the situations take
place: due to uncertainty the vessel’s characteristics of
interest are not available for direct observation and
measurement, at the same time the data of a physical
experiment can be quite complex and involve large
financial costs. In this case, some indirect information
about the interaction dynamics is acquired based on
the interpretation of the results of a computational
experiment [6] - [8]. Thus, the tasks of on-board IE
and the integrated complex of the ECC are considered
to determine the causes according to the results
obtained as a result of measurements. The tasks of
this type are usually called inverse [11]. The causal
inverse tasks are individual and are used in the
construction of mathematical models of interaction
based on the dynamic theory of catastrophes [6].
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Figure 1. Information processing paradigm of emergency modeling

2 METHODS AND MODELS USING FOR
EMERGENCY SITUATIONS INTERPRETATION

The procedure for solving tasks in the treatment of
causal relationships is often associated with
overcoming serious mathematical difficulties. The
success of the solution strongly depends both on the
quality and quantity of the information obtained from
the experiment, and on the method of its processing
[2]. That is why the dynamic theory of catastrophes
provides  creation of a multi-model program
complex (MMPC) using a geometric and analytical
interpretation of the vessel’s behavior in emergency
situations. Based on this representation, the solution
is carried out within the framework of the Soft

Computing [17] and Data Mining [1] procedures

using mathematical models based on the modified

Mathieu and Duffing [6] differential equations. In this

case, the solution of the inverse problem is preceded

by the study of the properties of the direct problem on
the basis of a formal conceptual analysis [16]. It is
assumed that the original data have large dimensions

(many factors and conditions of the vessel), do not

always obey the normal distribution, are incomplete,

inaccurate and noisy. It is believed that in non-
standard situations in conditions of considerable
uncertainty, the initial data is extremely difficult to
establish as a result of specially organized physical

modeling and the only way to obtain information is a

computational experiment. This characteristic of the

source data allows us to formulate the following basic
requirements for a mathematical model of the
interaction of functional elements of the EVC:

— informative interpretability using the concept of
Soft Computing and Data Mining based on the
geometric and analytical components of the
dynamic catastrophe model [6];

— effective computability based on parallel
information  processing  algorithms in a
multiprocessor computing environment [6] - [8].

It is these two requirements that determine the
construction of the interaction model in the
development of the information environment and
algorithms for controlling emergencies, as well as
testing the knowledge base of IE (Fig. 2).
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Figure 2. Information environment of interpretation of
decisions when modeling emergency situations: A -
numerical analysis; B - phase plane method; C - graph
theory; (D - G) - dynamic environments of fuzzy (D), neural
network (E); F - cognitive (F) and physical (G) modeling

The functional analysis of the information
environment modeling ensures that the tasks and
modeling tools are consistent with the ECC computer
complex used. As the initial time point t0 to monitor
the current situation in the information environment,
the set of necessary tasks Task (t0) and their set of
functions Opt (t0) are allocated:

Cet(to):Up(to)Cia(v(ilaiz)ep)/\(cilciz)’ (1)

i.e. the full set of tasks Cet (t0) is divided into classes
Ci in accordance with their purpose in the operation
of the ECC.

A tool for describing tasks C and the order of their
distribution is the interaction matrix. The elements of
the matrix denote the intensity of data transmission
during the operation of tasks that provide
identification, approximation and forecast of the
vessel dynamics by moving from the j — th stage of the
selected sequence to the i — th.

3 THE GENERATION OF ALTERNATIVES AND
THE CHOICE OF DECISIONS IN THE
EMERGENCY SITUATIONS CONTROL

The construction of the multi-model program
complex(MMPC) and the generation of alternatives
when choosing a solution that includes various



scenarios of interaction in emergency situations is
carried out in the form of a situational model of the
game with a dynamically changing class of strategies
and a controlled scenario (Fig. 3). To solve this
problem, the scenario described by a finite graph [6] -
[8] is formulated:

G = (Ss, W5s), ()

where the Ss structure is the union of all considered
Ssi  emergencies taking into account the moments
of time defining controls on the implementation
interval at a given moments t, j=1,...,N, and the
structure  WscSsxSs describes transitions between
situations by displaying a set of the IE operator tactics
as a decision maker (DM).
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Figure 3. Information Processing Model for Emergency
Control

The problem under consideration is adjacent to the
problem of controlling an ensemble of trajectories
under conditions of uncertainty [5]. However, the
approach to the generation of alternatives involves
the study of the behavior of nonlinear nonstationary
systems (NN-systems) for isolated trajectories which
is equivalent to the task of controlling an ensemble.

Axiom 1. When the conditions of irregularity and
control with geometric constraints are met, an ensemble
prediction of trajectories under uncertainty can be achieved
by building solutions generated by elements minimizing
the function of interpreting the behavior space at a given
stage of system evolution within the framework of a
dynamic theory of catastrophes [6].

Let us consider the application of this axiom in
constructing an ensemble of trajectories of a dynamic
catastrophe model by generating solutions of an NN
system within the framework of the UC concept [15].
Suppose that the initial state of the system is not
known in advance and the restriction on admissible
values of the quantity under investigation is given
x%eX? rae X’ is a given compact set in Rn.

Then at each moment of time t many alternatives
are known

X6 u(o) = x( u(o), X°) = Uhle,ule) 2 )x" e X} @)

uniting all trajectories of the system with a known

control u = u (t) and with all possible vectors x°eX°.
Thus, we have a trajectory ensemble [5]:
X(t,ue)), t, <t <t, (4)

generated by the X° and the control u (®) for a given
perturbation w (t). By choosing the function u (t),
one can control the set of the ensemble in the control
space. The control goal on the implementation
interval is to bring the ensemble X (t, u (*)) into a
Euclidean &- neighborhood %, at a given time, and
the optimality requirement is that the quantity be
minimal.

Let control be defined in a given class of
functions u(e)eU, and R — be a set in R . Then
the Euclidean distance of a point x to R in the
form of a symbol d(x, R) has the form :

d(x, R)= minﬂx - z| ze SR}, (5)

and the corresponding &- neighborhood R- set
R(e) is defined by the inequality

R(z)={x|d(x, R)< &} )

For a given function u () of the control space, the
set X (t, u (®)) will completely lie in (u (®)) - e(u(e))-
neighborhoods

e(u(e))= max{d(x, R) |x e X(z, u(O))} (7)

Consequently, the optimal control u0, formed on
the basis of the evaluation of the function of
interpretation of the space of behavior, must satisfy
the condition

g’ = g(uo(O))z min{d(x, SR) ‘x € X(t, uO(O))}z

ril(lr)l mflx{d(x, R) |u(0) eP,xeX(t, u(O))}, ®

P ={u(e)[u(c) P(t)} VreT, ©)

where P(t) — convex compact set in space RP.

Generation of scenarios for the interaction of the
vessel with the external environment on the basis of
relations (3) - (7) is carried out on the basis of the
model of the “essence-relationship” type [6] - [8]. In
accordance with this structure, alternatives are
formed (emergency scenarios) comparing and
choosing the preferred alternative. A generalized
criterion for the transformation of information when
comparing alternatives can serve as an indicator of
information efficiency [3]. With regard to the problem
of choosing a solution for controlling the dynamics of
a ship in an emergency, this criterion takes the form:
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CR(E) =1-EE (10)
where
E, = (ad - a(Xt ))/ad (11)

— relative change of the current parameter o(Xt)
characterized by the dynamics of the interaction of
the emergency vessel with the external
environment (equilibrium landing parameters,
restrictions on the emergency stability parameters)
from the maximum allowable aug;

E =(X-X)/Xx (12)

— relative change of the current value of the
determining parameter (factor) X: (Xi<X) from
selected value X in the specified interval (a , D).
Here X can be a regular, random and fuzzy value.

When interpreting solutions, different models can
be used. The simplest model is associated with the
construction and analysis of the selection function [7],
[8], which allows for the targeted narrowing of many
alternatives in the decision support system (Decision
Making Process) when choosing and justifying the
best decision based on the principle of competition

[6]:
PQ) ={qeQ 'L}, (13)

where gi — object from the set
condition U.

Q, selected by

The selection condition is represented as a tuple

U=<o(t), n(R) >, (14)
where o(t) — current vessel’s condition information;
n(R) = <R, T > - set of selection rules. R - relationship
between elements xici, T - type of choice
(equivalence, match, preference).

4 EVALUATION OF THE EFFECTIVENESS OF
DECISIONS IN THE EMERGENCY SITUATIONS
CONTROL

We formalize the task of evaluating the effectiveness
of the DMP system in controlling emergency
situations in the ECC models. The implementation of
the control function depends on the parameter vector
XeR® determining the dynamics of the vessel and the
state vector of the environment WeR™ in an
emergency. If [X, W]eA, then the solution with the
parameter vector X maintains the condition of the
vessel in a dynamic environment characterized by
vector W. If [X, W]eB then the generated
solution leads to inefficient system operation DMP.
The above conditions determine the solution to the
problem of choosing a solution:

x*(X,W)>0,Y(X,W)eA; (15)
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x*(X,7)<0,V(X,W)eB, x*e X *, (16)

where x* — selected class of separating functions.

When conditions (15), (16) are implemented the
range of possible values of the controlled parameters
of the vessel is established in the models of the ECC
computer complex, which is limited by various
factors, including the features of operation and the
level of intelligent technologies used. Each specific
implementation of the technical solution corresponds
to certain values of the parameters that satisfy the
conditions [8]:

X, <X, <X, _.i=l..n (17)

I min nmax ’
Thus, in the n-dimensional parameter space for
each implementation, you the vector of parameters

can be represented

] xy,)Ta

which belongs to the parameter space defined by
inequalities (17).

X =(x,.. (18)

The vector of parameters (18) uniquely defines the
characteristics of the vessel, the set of which we
denote by (Ch);, j=1,..., m.

The number of characteristics is determined by the
characteristics of the vessel's dynamics in various
operating conditions.

Let us associate each set of characteristics with the
vector

H=((Ch),,...,(cn),) (19)

m-dimensional space.

In this case, the ship can be considered as a system
with n inputs for parameters xieX and m outputs for
characteristics (Ch);.

To each vector X of the parameter space (18) such a
system associates the space vector of the
characteristics of an emergency situation defined by
(19). The considered model allows us to construct a
geometric interpretation of various versions of the
tasks, their analysis and optimal mapping in the ECC
system.

The choice of solution depends on the complexity
of the situation being controlled, in emergency
situations, especially in conditions of considerable
uncertainty, a collective decision strategy is used by
the experts of the ECC. When developing this
strategy, you can use the approach [9], the
development of which in this application is related to
the following features. Consider the feedback
characterizing the implementation of the choice of
solutions in the presence of two choices, which we
denote o um B. The degree of reliability of these
features is characterized by the numbers Ao u Ag.
The number of experts ECC who made a choice «
or B is denoted by Xo m Xpg. At the same time, in the
course of the situation development it is possible to
change the decisions of experts. Relative number of



experts willing to change the decision a. in the process
of development of the situation is in proportion to the
number of those experts who have already made a
choice B. In this case, the preference of choice is
defined as Ap(AotAp). Similarly, the number of
experts willing to change the selection B to a will
be proportional Xp in accordance with the formula
Ao/(AotAp). This leads to a system of equations for
X

X, jdt =aX (X 44, (4, + 4,)- X, 4,/(4, +4,)) (20)

or considering that Xg = N - Xo, where N - total
number of experts

dxX,[dt=aX,(NA,/(4,+4,)-X,) 1)

Thus, various choices affect the efficiency of the
DMS system which is a function of the instantaneous
state of the vessel due to its dependence on the
variables characterizing the emergency. These
considerations can be generalized to the case of an
arbitrary number of elections K, taking into account
the real situation, when the preference of the i-th
option depends on the number of the expert group,
which must make a choice:

dXi/dtzaX,(l—Xi (zk:NjA,]/ZA,,)], (i=1,..K). (22)

Here the group of experts is heterogeneous and
falls into several subgroups, each of which has its
own idea of the relative preference of this choice.

Risk assessment of decisions made on the basis of
the developed strategy is carried out using various
interpretations [2], [6] - [8]. The theory, methods and
technologies for developing various classes of tasks in
a risk assessment system cover various problem areas
[4] - [6]. The complexity and interrelation of these
areas bring to the fore the problem of assessing the
quality of models, analyzing and streamlining the
choice of the most preferable models for solving
applied problems. The urgency of the problem is
exacerbated if the dynamics of the vessel are
described by a multi-model computing complex [2]
which may include heterogeneous and combined
models each of which is evaluated by its own system
of indicators.

5 CRITERION BASIS OF EMERGENCY CONTROL

A conceptual model of a ship’s behavior in emergency
situations formalizes the processes of building
applied tasks and criterial functions for interpreting
interaction processes in the implementation interval.
Figure 4 presents the sequence of operations that
determines the criterial basis for assessing the safety
of a vessel in the form of the main stages of
determining the parameters of the environment, the
dynamics of interaction, as well as the stage of
evolution in predicting the behavior of the vessel.

CONCEPTUAL MODEL OF FUNCTIONING OF THE EMERGENCY SITUATION
CONTROL SYSTEM

Identification =N Restoration of the spectra of external
disturbances (wave and wind parameters)

1

Approximation =N Assessment of vessel dynamic characteristics
(interaction parameters)

1

Prediction _‘ Prediction of a ship’s behavior in an
emergency (evolutionary stage)

Figure 4. Criteria basis for assessing the dynamics of the
vessel at the stages of operation of the behavior space

Improvement of the theoretical, methodological
and technical support of operational control of
emergency situations is associated with the use of two
systems of criteria-based assessments (Fig. 5). The
first (local) criteria system is related to ensuring the
safety condition and can be implemented on the basis
of the developed standards in the form of an
embedded procedure of inference rules. The second
(global) system includes national and international
requirements, which are ensured regardless of the
particular dynamics of the vessel.

The local system is developed in the process of
creating a dynamic knowledge base and takes into
account the characteristic features of the vessel under
study. Improvement of the local system is carried out
in the direction of creating a fuzzy criteria system
based on the methods of formalizing information
with regard to its incompleteness and uncertainty
within the framework of the concept of “soft
calculations” [17].

The transition from a local system to a global one
is carried out through a description (a conceptual
model of the system), which fixes information about
the vessel being modeled and the process of
interaction in terms of typical competing
mathematical models and knowledge structures.
When choosing a simulation scheme for an
emergency, the concept of a functioning environment
is introduced, which makes it possible to use
information of an applied nature on the purpose of
modeling, the laws of system evolution, the existing
mathematical apparatus for studying methods and
algorithms for making decisions on ship
management. Thus, the object of the considered
applied theory of rationing of vessel characteristics is
the modeling process.

F r Formalization of
criteria system o
‘ Local system I <:‘/'\ and multi-criteria
‘ Global system I analysis
Control actions — ffs— Fuzzy inference and
fecisi "

Figure 5. Criterion basis for the rationing of extreme
situations

The practical implementation of the formulated
approach is associated with the creation of a fuzzy
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system of logical rules for the knowledge base of the
IE [2], [6] - [8]. One group of rules allows you to
define an assessment of the danger of a situation, the
other is aimed at preventing it and can be directly
managed to make decisions on reducing the speed of
DO and changing the course angle

6 ASSESSMENT OF THE ADEQUACY OF MODELS
OF THE VESSEL’S BEHAVIOR IN EMERGENCY
MANAGEMENT

The strategy of assessing the adequacy of the ECC
computing complex (Fig. 6) determines the
formalization of the procedure based on the
consideration of factors characterizing a priori
information [2], the concept of MDL [4], and the
problem of complexity [10]. As follows from this
tigure, the adequacy problem is solved by integrating
a priori information which determines the choice of a
solution in accordance with the conceptual model of
the dynamic theory of catastrophes [6] which is
adapted to the problem in question.

Prior Information

Dynamic
measurement data

Concept MDL

Formation of an
information array

Difficulty problems

Formation of a set of
models

Model selection
based on criteria

Physical simulation — Selecting data
results structures

The results of
mathematical
modeling

Evaluation of the
adequacy of the
model

Evaluation error

description

Figure 6. The flow of information that determines the
strategy for assessing the adequacy of the model of
interaction in an emergency

The assessment of adequacy is carried out on the
basis of the modified O. Balchi scheme [12] for a
specific application in order to take into account the
data of physical, neuro-fuzzy and neuro-evolutionary
modeling (Fig. 7). At the same time, improvements
were made in considering the interaction model as an
integral part of the practical application based on it -
the task of modeling emergencies in the operation of a
software package based on the principle of
competition.

The first cycle is associated with the development
of competing models (modeling - M), implemented on
the basis of the neurodynamic system (ND-system)
and methods of classical mathematics. In the process
of performing this cycle, the structural and parametric
synthesis of the neural network in the NF and NE
modeling tasks is implemented, and for the
competing model, the assessment of the overall
structure and components is carried out within the
framework of sequential statistical analysis
procedures.

The second cycle refers to the implementation of
the  corresponding  mathematical  (imitation)
experiments performed with competing models
(simulation - S) for given initial conditions and
elements of the input vector. Here are formed the NF
and NE models of data bank analysis on the basis of
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which the computational experiment, generation and
analysis of alternatives and the assessment of
adequacy are implemented,. The construction and
analysis of the competing model is carried out in
accordance with the formalization of the problem
under conditions of significant uncertainty in
accordance with the algorithm [6].

i ng Problem formulation Assessing the possibility of
D ) : | | the use of simulation. Study
i X L means of solving
Ev a.hlatm‘n. of the Suggested ways to
acceptability of solve the problem
the sinnilation results -
. # The study of the simulated system
Integrated Decision — - -
Toa Description of the simulation
oo target system Ovwerriding by
Presentation of repeating cycles M.S
results Qualification and
Results of s model formulation
mathematical and Conceptual model
physical modeling ‘P,/—\

i

Data Interaction model
validation
The program of P N
imitation and / rogramming
physical experiment Imitation and physical

model
/Expeﬁmmt Planning
Systems of simulation and
hysical experiment
Figure 7. Modified methodological scheme for assessing the

adequacy of neural network and standard (traditional)
models: M, S, P - information conversion cycles

Formation of the program

The third cycle is the most important. It is in
carrying out physical (physical - P) experiments, on
the basis of which the models are formed that provide
an assessment of adequacy under conditions of
complete uncertainty. On this cycle, in the ND
system, the components of the NF and NE models are
formed using physical modeling data, a
computational ~experiment and an adequacy
assessment are implemented.

Intellectual support of the procedures M, S, P is
provided by the control system of calculations and
visualization of simulation results. As assessments of
the adequacy of fuzzy, neural network, and
competing models, one should follow the
recommendations set out in the paper [8].

7 CONCLUSION

The considered conceptual solutions implement the
strategy of the dynamic theory of catastrophes which
determines the evolution of the vessel under
conditions of continuous changes in the behavior of
the object and the external environment. The
management of the interaction process is provided by
the levels of functioning of the structural components
of the ECC using an interactive control system that
provides analysis of the state of the controlled vessel,
development of management decisions and their
implementation, based on the problem-oriented
onboard IE.

The EEC multi-model complex contains interaction
algorithms and operating environments as well as
visualization models that implement computation



and data presentation using elements of modern
cognitive computer graphics. Operations that
determine the flow of information based on the
dynamic theory of catastrophes and intelligent
technologies are implemented within the framework
of conceptual solutions for controlling emergencies in
a non-stationary dynamic environment.

The implementation of operational and long-term
planning of emergency scenarios is organized. as a
model with a dynamically changing class of
strategies. The generation of scenarios is carried out
on the basis of an entity-relationship type model. In
accordance with this structure, alternative scenarios
and the choice of the preferred computing technology
based on the principle of competition are formed. A
generalized criterion when comparing alternatives is
the indicator of information efficiency and
intelligence of the system.
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