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Abstract—The case-based assessment method of determining the vague boundaries of safety domains in
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I. INTRODUCTION

Today complex technical systems have appeared
containing a plurality of manned and unmanned
vehicles working together according to established
roles in a given mission. Such systems are called
ensembles. The ensembles may include objects
moving in different environments. For solving the
variety of search and rescue tasks as well as military
and emergencies counteracting tasks the ensemble
can include aerial, overwater, underwater, ground
and other types of vehicles.

One of the most important tasks of the ensemble
activity is a joint motion of their vehicles. As a rule,
the joint motion is limited by the space, by the given
restrictions on the positional and functional structure
of an ensemble, by the taken normative rules, and by
the reaction of an environment, which gives rise to
the different dynamic, navigation and situational
disturbances into different points of space.

Nevertheless, the most important limitation of the
joint motion is a guaranteed safety of vehicles and
the problem of its maintenance is very essential. A
growth of wvehicles number and their size, a
significant increase in their speed and density of
movement within the confined space have lead to
increase in the number of incidents and accidents,
which in turn raises an important problem of
ensuring a safe motion control.

Development of intelligent navigation systems is
one of the most actively researched decision of this
problem.

It should be noted that the development and
practical realization of the tasks of complex
vehicles’ ensembles motion control in real time are

not currently worked enough, and have a great
interest for research.

The most topical issue for today is to provide the
intelligent onboard navigation systems for use in
confined navigation conditions under the conditions
of incompleteness and uncertainty of analyzed
information, given a great amount of calculations
with significant time limitations, in which poses
significant risks and threats to vehicles’ safety.

II. REVIEW

Consider a set of vehicles U ={uy,u;,..1,} , such
that each u, €U performs some activity in the
confined space = to achieve its goal G, e=. We

assume that every goal G has a quantitative and/or

qualitative description in = . Activity of u, appears
to perform a given program (plan) II,, which is
represented by a sequence of operations [7»1,...,7»k]

and brings it closer to the goal G,. In the course of
the joint activity of vehicles some of them interact to
others, forming a complex dynamic system Q.
Many various models on risks and threat
assessment have been previously proposed. The
most common danger estimation method for

rapprochement objects », and u; is based on the
definition of a linear (a distance to the closest point
of approach D;) and temporary (a time to the
closest point of approach T} ) characteristics for the

vehicles’ joint motion process [1]. Thus, danger
assessment is based on the subsequent comparison
of D, and T, with the given values of maximal
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permissible distance of closest point of approach D,
and the time remaining until the closest point of
approach T .

Another approach [2] allows breaking down the
circumjacent area into safe and dangerous areas
(domains). In this case, we have to eliminate the
ingress of any other objects into the domain as it
moves. Therefore, any foreign objects intrusion into
the domain boundaries will be qualified as a threat.
As the development of this approach, two- and
multi-dimensional domains having the shape of a
circle, ellipse, and hexagon were proposed. It is clear
that the shape and size of the domain depend on a set
of factors of stochastic nature that make it
impossible to determine domain boundaries [3].

The joint motion of the plurality of high-speed
vehicles in confined spaces prevents the calculation
of their correct security domains as well as the
definition of threats based on predetermined
maximal permissible limits becomes more difficult
because the amount of computations increases
exponentially. The situation is exacerbated by
imprecision and incompleteness of available
information. In addition, the stochastic effects of the
environment makes little use of statistical methods.

In connection with these problems, in [4] the idea
of "fuzzy boundaries" of domain was proposed, and
in [5] this idea was developed to create a "fuzzy
safety domain". The fuzzy domain is the space
indicated around the vehicle that must hold free
from the presence of the other objects. The size and
shape of the fuzzy domain depend on the safety level
considered as the membership degree of the current
navigation situation to a fuzzy set of "a safe
situations". Then, depending on the situation, we can
select the minimum permissible safe level y, which

specifies the necessary domain boundaries.
Under the influence of above mentioned works it

was suggested [6] that the terms of variables D, and
T. would be represented as fuzzy, and the

boundaries between them could be scaled depending
on the number of factors. However, the "safe
situations" fuzzy set’s membership degree is
expected to determine with any statistical or expert
methods as well as the fuzzy evaluation of D, and

T. . This fact gives raise to the question of practical

applicability of the above mentioned methods to the
problem under consideration.

In [7] it is shown that the different models
proposed to formalize the safe domains provide
significantly different results, so they are not
applicable in practice, and especially under the
conditions of confined joint motion. Therefore, in

[8] it is also concluded that an adequate description
of vehicles joint moving process should take into
account the more complex conditions of the safety
approach and its stochastic nature, and further
research of these issues is needed.

Thus, the bottleneck for safety assessment is the
formalization of accepted safety assessment
standards — the conditions of the closest approach or
the safety domain boundaries. The absence of formal
methods for the determination of these standards has
resulted in unacceptable subjectivity in their
meanings and significantly affected by the "human
factor" in the safety.

III. PROBLEM STATEMENT

Suppose that an ensemble is formed of a group of
vehicles in joint motion by applying some
restrictions on their trajectories. The crisp
formalization of the safety assessment methods is
problematic, because they depend on the impact of a
variety of factors, most of which have a stochastic
nature, including dimensions, speed, maneuvering
and inertial characteristics, errors of location
estimate, weather and dynamic external impacts of
disturbances, traffic density, etc.

In general, the use of fuzzy norms of safety
assessments contradicts ensuring guaranteed safety.
It needs the safety assessment to be close to 1 to
achieve the goals but not hypothetical degrees of
membership of the current situation to the fuzzy set
of the "safety situations". Thus, the operators often
use intuitive methods. However, in confined
conditions they are limited in time to assess the
situation, so decision-making requires intelligent
decision support methods. A decision support
system can get rid of informational and temporal
overload of the operator and reduce dependence on
its heuristic characteristics.

The aim of this work is to propose the method of
risk assessment and threat detection, suitable for
solving the problem of safety joint motion control
for a plurality of vehicles under the confined
conditions in real time and free of defects caused by
the use of fuzzy sets as the tool for the uncertainty
description.

We assume that using the rough set approach for
the determining of the safety domains boundaries is
more appropriate than the fuzzy one. This approach
makes it possible to describe the blurred boundaries
of the safety domains without attracting unwarranted
statistical or expert assumptions. In addition,
accounting the relative vehicles spatial positions
makes it possible to describe the safety domains that
have shapes different from sphere. Besides that,
most characteristics of the vehicles interactions
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should be represented as rough (blurred) norm
limits, so we can use the case-based approach [9] to
perform danger and threat assessment.

It is obvious that if we can collect proper norms
for safety joint movement of the vehicles in some
specified situations, we can use these norms as
appropriate in the similar situations, and such
collections may constitute a case base.

Thus, we propose a case-based approach to
determine the vague safety domains for the set of
vehicles in confined navigation conditions with
incompleteness and uncertainty of analyzed
information. In this paper, we formalize the
description of the blurred safety domains and build a
method of danger and threat assessment using the
rough set approach and case-based techniques.

IV. SOLUTION OF THE PROBLEM

Let Y be a set of a certain nature, and let T be a
set of time points. Consider a time scale imposed by
a partial order <, over time points from 7 with
initial value ¢,.

Suppose = is a linear uniform space with respect
to the norm |y

) :[rer[lol’rrl)(y(t)), where yeY, teT,
and &.(»,»,)=|» —»,| is an appropriate norm
metric. Let C be a tree-dimensional space that
contains the terrain of consideration. Suppose
e.e,,e; 1s a basis in = such that the metric &_.
remains uniform. Decomposition of some vector
v=o,6 +0,e, +0,e gives a  coordinates
v(a,,0,,0a;) in E. The coordinates of vehicle u,

represent its position in = at the time e 7. The
move of vehicles can be described adequately as
changing their position in E over the time ¢, and
consequently, as changing their coordinates in =.

is discretized by a grid Dz{d } of

Space = e
isometric cubic cells dxyz , where Xx,y,z correspond

to e,e,,e, respectively. This allows switching from

a continuous representation of = to a discreet one.
Thus, the vehicle's location in E is discrete and
bounds to a specific cell. Given the size of the cells
can vary, the theater’s scale can also change.

The main structural element of = is a region /1,
which has the following properties:

a) binding to the coordinates in = ;

b) clarity;

¢) uniformity in terms of the certain attribute’s
values.

Thus, the theatre ==(D,h,q) is determined by
the set of cells D, the set of regions /, and the linear

isometric surjection ¢:D — A . On this basis, each
region H, € h is approximated by an underlying set
of cells H, =" d,, where n, is a total number of

cells in A, . It should be noted that depending on the

requirements = can be associated with various sets
of regions simultaneously. Therefore, one cell may
map to a plurality of regions.

Now consider the vehicle’s activity in =.

Each vehicle u; performs the movement function

—

¢, , and moves inside = changing its position over
the time and avoiding collisions with other vehicles.
Let Ps(u,) be a position of vehicle u, such that

<Ps(ui),t,>=(dxyz), d,. €D, andlet Crd(u,) bea

coordinates of wvehicle in C such that
<Crd(ui),tl>:(al,a2,a3). Then, a continuous

sequence [<Ps(ui),t,>...<Ps(ul.),tm>J at the time
interval ¢ €[t,,..., ] is called activity trajectory, and
is denoted by Tr(u,).

At the beginning, the activity trajectory Tr(u,)
for each vehicle u, € A4 is prescribed by a mission

plan P/(u;), which specifies important positions

and performed functions.

However, due to unpredictable environments the
vehicle is exposed to a number of dynamic and
situational ~ disturbances  (overcast, = weather
conditions, as well as the results of activity of other
members or opponents). Every disturbance
requires its compensation to minimize danger
degree, which can range from changing the moving
parameter(s) of activity trajectory to changing some
positions that changes the trajectory itself [8].

The determining of the safety domains’ vague
boundaries can be performed using the following
approach. The analysis showed that the fuzzy sets
are weakly suitable for the closest approach
conditions formalization as their membership
functions depend on many factors, poorly formalized
and make its construction by expert method
impossible in real time.

Let us use the rough set approach to solve the
problem. The uncertain conditions of the closest
approach can be represented in a "rough" way based
on the rough sets without any apriori information
because the information about the area between their
upper and lower approximations does not require
assignment of a probability or possibility
distribution or any membership functions.

For a consideration of the concept X €U and a
given equivalence relation R a lower approximation
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POS, (X) consists of all objects that must belong to
the concept X and an upper approximation
NEG, (X) consists of all objects that may belong to

the concept X . The space between the lower and the
upper approximations is the boundary area

BND, (X ) of the concept X', which consists of all
objects that can not be unambiguously mapped to
POS,(X) or NEG,(X)
available at the moment as it is shown in Fig. 1:

using knowledge

Bqu{YeU/R:YgX},
RX=U{YeU/R:YNX =D},

POS, (X)=RX, NEG,(X)=U—-RX ,
BND, (X)=RX -RX .

NEGy(X)
RX BND(X)
RY { POS(X)

Fig. 1. Determining the areas of approximate sets

Thus, POS.(X) and NEG,(X) set the
intervals, which contain the desired estimate values
of safe boundaries with some accuracy
o, (X) = card(EX)/card(EX) .

Getting aposteriori information about the values
distribution can improve the accuracy of
determining the concept X .

The boundaries of safety areas can be defined as
approximate estimates of intervals specified by the
boundary areas BND,,,, BND,,, ... BND,, , given

that POS,,,, = NEG,, W BND,, U POS,, for each

H(i+1), for example as it is shown in Fig. 2.

POSHI | POSw i POSs

---------------

BNPHI

NEGw NEGi  BNDw NEGw  BNDws
| |

| H i
| H  Hy | H;

Fig. 2. Determination of the boundaries of spatial areas

Thus, for each vehicle u; €U the controlled
divided

.Hj'."} using approximate estimates of the

space is into the set of areas

{H),.H],.

safe boundaries {5?2,5}2,...5;2}. Now we need to

find a way to assess {59

Jz?

-~ -~
Djz,...Djz}, and as
knowing them and assuming a constant vehicle
speed at the current point in time, we can also
determine the values {7:]2, fj]z,fj[z} .

For each u, we define a set of norm limits

P, ={pl_i,...py,...pmi} such that p,, > p, >p,..
Let us introduce a normed linear uniform space

B, for each u;, define the algebra o, and metric

sy similar to & such that

&y (dd,)=|d, - dz”g,- —P,, and  surjective

anisometry A, :C—B,, which determines the

subset of interacting vehicles.
We assume that v, interacts with u,, if and only

if &, (u;,u;)< p,;. Accordingly, u, interacts with

u;, dangerously with danger

degree k& if
€y (4;5u;) < pyy» and interacts with u, critically if
€y (#;5u;)< p,;- It is essential that the relationship
A is non-symmetric, i.e. A, (u;,u;)# A, (u,,u;). An
interaction set 4, for vehicle u; includes all
vehicles in U, which interact based on A; with at
least one u, such that u,u; eU.

Given the &, and P, we can build a set of

domains around each u, starting from Ps(u j) at

each ¢. For example, the set of domains can
represent the domain of bounded activity H }, the

domain of hazardous activity ,2 , and the domain of
prohibited activity Hf , each of which generally is a

sphere with a radius p,;, p,;, p;; for H;, le, Hf
respectively.
Since these domains are connected with a

reference point Ps (uj) that moves along the activity

trajectory Tr(uj), the domains H;, H/z, Hf also

move inside = together with the position of u;.

Using non-linear and/or non-uniform metrics as well
as fuzzy or rough sets’ methods, we can change the
shape and blur the boundaries of built domains.

Based on Pj we can obtain some domain-

dependent regions around u; at each moment, each
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of which are generally presented as a sphere with a
center Crd (u /) and radius p;. Further, we can
impose the space = structure that divide this sphere

into numbered or labeled sectors with a certain
angular size, which are delimited by border lines

with respect to p,;,...p,, asit’s shown in Fig. 3.

H; Hy =

H>

H;

Fig. 3. Spatial structure imposed for u,

Thus, the vehicle location is assigned to a
concrete sphere sector and specified by its name.

If we assume that in different directions for
different vehicles limiting safety norms can be
established separately, taking into account the spatial
configuration of the disturbances, we obtain the
ability to define safety domains as shown in Fig. 4.

As we cannot estimate boundaries of obtained
spatial areas precisely due to dynamic environments,
we describe these boundaries approximately using
intervals of maximum permissible values posed by
boundary regions of associated rough sets shown in
Fig. 2. These intervals describe vague boundaries of
spatial areas.

Danger and threat assessment can be performed
in a following way. A joint activity of vehicles

and u; is called mutually free if their trajectories

Tr(u;) and Tr(u,) provide H) (t)NH)(t)=@ in

J

/
/
N \/‘P/ .
u N
P / ’
//
/\4\ N
5 AN

Fig. 4. Determining non-sphere safety domains

all positions. According to the trajectories 7r(u;)
and Tr(uj) the activity of u, is called limited for u,
if H(1)nH;(t)#D, k-dangerous for u if
H (1)nH} (1) =D,
H'(t)nH! (1)#D.

It is clear that every critical activity is dangerous
and every dangerous activity is bounding. If u;

and critical for o, if

limits the activity of u,, its domain H(¢) is a
dynamic restriction area for 7r(u; ).
The domain of possible activity H’(¢) for u,

excludes the areas of static and dynamic restrictions:
* = p s _ n m
Hj (t) - Uk=1Rk ,'=1Hij (t)

A, (u,.,uj)
Ex (u,.,u j)< p,; is called situational disturbance of

Any  interaction such  that

activity trajectory Tr(uj) with respect to u;, and is
denoted by ®,,.

Let us introduce a metric &, on 7 such that
‘v’tl.,tj,tk eT:

a) & (t,,t;)=0=1,=1;;

b) & (1)=& (1,51, );

€) & (4.1,) <& (t.1,)+ & (2;51,), and

d) ||tl.—tj||r —P,, where P, ={pl_i,...py,...pmi} is
the time norm limit set.

Any interaction A, (u,u;)  such that
&y (4 u;)<p, and & (4,4,)>p, is called a
threat to u; and is denoted by ). The threat is a
immediate

dangerous  disturbance  requiring

unconditional compensation.
Thus, we can classify disturbances and build a
spatial configuration as follows. We represent each

disturbance ®; as ®, =<ul.,Pos(uj),Ki>, where K,
is a certain class of u,. At each time point we have a

vector of parameters for each u, such that:

171.=<t,Crd(ul.),rﬁi,vi,$i,@i,wy,ly>, where m, is a
velocity vector and v, is its module, ¢ is an angular
velocity and ¢, is its module, y, is a bearing and
[; is a distance from u, to u, .

For each u, eU classification depends on its
observed motion parameters and is performed



V.G. Sherstjuk, M.V. Zharikova Case-Based Assessment Method of Determining the Vague Boundaries ... 89

separately as K, for each known u; . Thus, vehicles

can be classified based on their motion parameters
(altitude, velocity, and others) as “maneuvering /
moving / stationary” at the moment, or as “moving
closer / moving away / equidistant” at the time
interval, or as “not dangerous / potentially dangerous
/ dangerous”. The total classification obtains by

performing convolution operation as
K=K ®.0K, 0. 0K,.
A tuple Vj(t):<(('0j]7gT]7gBl)7""((’0jn’aTn’aBn)>

defines a set of disturbances for vehicle u 5 that are

ordered with respect to &, (as &;,<&,,<..<E;,).
Now, if we distribute the disturbances spatially
across the sectors of the safety domain, V, (¢) will

be the spatial configuration for u; at the moment

teT as shown in Fig. 5.

Fig. 5. Spatial configuration for u,

The spatial configuration for ensemble 4 is a
composition of spatial configurations of its

members, V (1) =V,(t)e...oV, (¢) [10].

V. IMPLEMENTATION OF THE CASE-BASED CONTROL
OF THE SAFETY DOMAINS

The limit norms set necessary for building the
safety domains can be obtained in a real-time
intelligent case-based decision-support system as
shown in Fig. 6.

observation
________ Case Base
|
P i
> > ' retrieve
& PoEs
— | E L » S |
Hi $E Pati-F-I
2 | P EE -
ES = i
§ ? W EF-a . Case3 |
PV @ H 1 1
e d 1 Situation 1 Solution {
' i { LS P
_____________________

Similarity Echoose max(SIM)
| function SIM i
R 1

A 4

Classification

l Operator,
DSS

Fig. 6. Obtaining the boundaries of safety assessments
by case-based reasoning

The case structure includes a description of the
navigation situation and corresponding vectors for
an approximate estimation of safety domain
boundaries. The search for a suitable case requires a
given similarity function assessment for the
observed situation with respect to the existing
situations stored in the case base.

To build a similarity degree evaluation function
we can use the well known nearest neighbor method
based on measuring the coincidence degree for the
case parameter values.

Consider a set of vehicles {ul.,uj,uk,um} from the

position of , as it is shown in Fig. 7.

uj
.\ Uk
\ ..
\ I -
‘\ ,f’/’l
‘\ _-7 ik
\ P
\ -
\ .-
v -
o
Ui ~~‘~~~~
lim "“~-.
Um

Fig. 7. Determining the distances for u,

Suppose [ is a distance function given on = as
L =l(ui,uj)=<ic (Crd(ul.),Crd(uj)).

Let [ has the following properties for each

UARTIRTAE
a) l(ui,uj):l(uj,ui);
b) l(ui,uj)>0;
o) I(u;u,)=0;
d) l(ui,uk)Sl(ui,uj)+l(uj,uk).
The last formula defines the triangular inequality,

and provides a condition for evaluating distances
among vehicles based on metric relationship.

However, determining the distance /; between

vehicles does not give a complete description of
their spatial arrangement. This information is not
enough to find spatially similar situations, because
being at a similar points in =, vehicles can move
with quite differing speed and in different directions.

The static component of the situation description
should include bearings y, on the observed

vehicles u;, as well as the movement vectors m;

can describe the observed dynamics of the situation
defining direction and speed of vehicles’ movement,
as it is shown in Fig 8.
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Ui m
Uyg
\
\
L\ ,/\
ij e \
\ m; -7
\ ! P N
\ ’ l// e
VYii A SNYkio- myg
\ \/'x;"
v/
J‘ﬂ. [
ui Rl IoNg
lim ~~~"~-
.\\»
m
Un mn

Fig. 8. Spatial description of the situation for u,

The spatial description of the situation for u,

should enumerate other observable vehicles u ; with
their coordinates Crd (uj), the calculated distances

[, and bearings W, as well as vectors of their
movement #1,, describing the direction ¢, and

speed v, . Thus, we have spatial description for each

vehicle u; as Des, (uj)=<Crd(uj),¢j,vj,l,.j,wﬁ>

and spatial description of the situation for u, as

Des, = <Desi (uj ),...Desi (uk ),...Des,. (un )> where n
is a number of observed vehicles.
Using a spatial description Des; of the situation

for u,, we can determine the value of a spatial
similarity function SIMj(u,)= f(Des;) based on
the nearest neighbor algorithm iDistance [12].

Since the boundaries of the safety domains
strongly depend on the dynamic of the situation, we
must also take into account the temporal component.

When vehicles moving in = their distances and

bearings are changing at different times as it is
shown in Fig. 9.

Uj
E
~u m
\ iy S
1 1
1 1
\ 1
1 1
\ iy’
L |
|| '. myg
1 1
1 1
Ve )
! :*.‘ nt; T w’
Y L K
‘I ui’l_/_l-"’ ————— lik’
Yii “.><‘ Vi |
1
I
Wi TTTe--_
i lix "'1 Uk

Fig. 9. Spatio-temporal description of the situation for u,

The spatio-temporal description of the situation
for u, should reflect the relative change of bearings
and distances in time.

If we have Des, (uj) = <Crd (uj),¢j,vj,lv.,wji> at

time teT and
Des;, '(uj ) = <Crd '(uj ),¢'j,v'j,l',].,w'ji> at t'eT for
some u; , then we can obtain the relative changes of

Al=1"—1;

the

distances  as

and Dbearings as
Ay =y’ —y,.

The spatio-temporal description for each vehicle
u, can be defined as Desti(uj):<Al,.j,A\|/ﬁ> and

spatio-temporal description of the situation for u, as

Dest, = <Desti (uj),...Dest,. (u,),...Dest, (u, )> where
n is a number of observed vehicles.

Using a spatio-temporal description Dest; of the
situation for u,, we can determine the value of a
spatio-temporal similarity
SIM ¢ (u;) = f (Dest,) as proposed in [13].

Taking into account a huge amount of cases

accumulated in the case base (Fig. 6), we can split
similarity function as

function

SIM () = SIM ; (u,) ® SIM ¢, (u,) ® SIM

where SIM, is an environmental similarity.

The similarity degree SIM, is determined by
comparing the wise situation's parameters to cases,
whereby we can obtain the distance between the
environmental parameters of the problem situation
and the case situation as well as the maximal
distance among them based on the parameters range
[11]. If we find a case describing an environmentally
similar situation based on SIM ,, we can distinguish

a subset of cases relevant for the problem situation,
and there can be a lot of such cases.

In the next stage, we can apply SIM(u,) to
distinguished subset of cases and obtain a restricted
subset of spatially similar situations as cases for
similar environmental conditions.

Finally, we can find a subset of spatio-temporally
similar situations stored as the cases using

SIM g (u;). This subset will have a much smaller
size, so that it is possible to identify the most similar
situation effectively.

Further, we can use the values contained in the
founded case as a solution for obtaining the blurred

boundaries of the safety domains and for danger /
threat assessing.
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VI. CONCLUSION

We have proposed the case-based approach to
obtain blurred boundaries for safety assessment
where rough sets was used in uncertainty situations
for describing spatial configurations. Due to using
the rough sets to determine dynamic safety domains
this approach is not sensitive to imprecise and
incomplete observations. The main condition of
proper implementation of this approach is the
presence of a sufficient number of accumulated
cases in case base.
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