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-e paper discusses the solution of the assignment task between two groups of mobile (MR) objects. -e assignment task is to
determine the purpose of MR to each other when playing football. -is article analyzes well-known works devoted to the tasks of
assignments, and the relevance of research in this area is noted. -e task of target distribution is successfully solved with a small
degree of uncertainty. -e urgency of further research to solve the problem of target distribution in conditions of uncertainty is
substantiated. -e model of target assignment is considered. -e basis of the model is a bipartite graph. -e vertices of a bipartite
graph are defined by the properties of MR. One group of MR is assigned red color and the other one group is blue. -e properties
of the mobile objects are formally determined by the membership grades given by the experts. Identification of a bipartite graph is
a solution to the assignment problem. When the problem of target distribution on a bipartite graph is solved, the criterion of the
maximum degree of bipartite is applied. Formulas are given to determine the degree of bipartite, taking into account the number
of vertices in the graph and the weight of each edge in two fractions of the graph. -e study of the target distribution model was
carried out by the simulation method. A program is developed to solve the problem of assignments. Properties and degrees of
belonging of properties of red and blue MR are set for carrying out researches. -e program allows you to produce research and
under equality of red and blue MR, and under their inequality. -e analysis of modeling results is carried out.

1. Introduction

During the interaction of groups of mobile objects (MO),
there is a task of assigning the mobile objects of one MO
group to another group. For example, when simulating a
fairly well-known task of robots playing football [1], robots
of one group must interact with robots of another group.
Another example of the application of the assigned task is
the task of target assignment (the task of target distribution)
between the individual groups [2] that is the robotic complex
(RC).-is task can be solved at different points of time at the
beginning of the group motion and in the process of motion,
in the latter case, even several times if it is necessary to
evaluate the result of an individual mobile object activity and
change the parameters of the task.

-e task of target assignment in conditions of motion
uncertainty, parameters and coordinates of targets and
parameters of obstacles is relevant. If there is an absence of
uncertainty, assignment tasks are successfully solved by the
dynamic programming methods [3], then in conditions of
uncertainty, these methods are difficult to apply. -ere are
works [4, 5] in which assignment problems are solved by
using expert knowledge, methods of the theory of fuzzy sets
and fuzzy logic.

We will consider the interaction of MR groups provided
that the problems of robot navigation in dynamic envi-
ronments are solved, as well as the orientation control of
MR. -e solution of these problems are reviewed in many
works, for example, in works [6–9]. A method for robot
navigation in dynamic environments, referred to as visibility
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binary tree algorithm, is introduced for solving the MR
navigation problem [6]. -e strategy of control in hyper-
complex algebra [7] can be applied for controlling the MR
orientation in three-dimensional space. -e assignment
problem can be solved using methods of game theory. For
example, in work [10], it is shown that two separate losing
games MR can be combined following a random or periodic
strategy in order to have a resulting winning game. However,
this is a somewhat different aspect of the solution to the
assignment problem, which should be considered in order to
further develop the results of this paper.

It should also be said that the task of target assignment
might not have an unambiguous solution. -us, the task of
target assignment is relevant.

2. Innovative Strategies

2.1. Analysis ofWell-KnownWorks with the Assignment Task.
In [11], the division of tasks and the assignment of the
possibilities of using self-organization when presenting
robotic groups as a swarm are proposed.

All these tasks are solved as smaller, solvable problems.
-ese tasks can be solved in a self-organized way. Algo-
rithms for self-organized assignment of tasks are proposed,
and algorithms are tested in practical real-world applica-
tions. However, the authors themselves believe that the
results are not generalized.

Groß et al. [12] give the solution to the problem of
assignment between objects, taking into account market
costs and benefits. -eir study shows that in the conditions
of a small degree of uncertainty, the problem is successfully
solved. And with limited or inaccurate communications, it is
rather difficult to obtain the adequate solutions.

Koeman et al. [13] consider the ways of using the
communications between robotic systems for solving the
object assignment task. A complex of robotic tools in which
there is a collaboration between agents is realized. Several
agents can work on this task. Algorithms for obtaining
information are developed. Software is developed, and re-
search is performed. It is shown that when solving the
problems of object assignment, one can effectively use the
power of an agent to achieve the targets.

-e article [14] provides an overview of the well-known
works in this area of work. It is made the analysis of the
problems of cooperative robots. -ere are studies of the
systems functioning from several autonomousmobile robots
in order to study group architecture, resource conflicts,
cooperation, training, and other tasks. -e relevance and
necessity of further solving the problems of cooperative
robots, which is still in its infancy, is determined.

-e article [15] considers the assignment between sep-
arate robot subsystems or individual group of robots of tasks
of processing sensory information to control the joint op-
eration of several manipulators with the coordination of
their motion simultaneously in space and in time. -e so-
lution of the problem is considered in an uncertain envi-
ronment for the optimal achievement of a group target.

-e task of target assignment between robots is con-
sidered in [1, 2]. Each mobile object in the group has its own

task, and all these tasks constitute a single task. In [1, 2], a
relative estimate of the efficiency of the j-th object of the i-th
target problem is proposed. Relative estimates of the effec-
tiveness of the solution are the additive components of the
overall objective function. -e task is reduced to the imple-
mentation of two successive operations. -e first operation is
object assignment by targets based on current information
about the status of the robot and the distance to the target. -e
second operation is the assignment of the robot on the ob-
jectives in the next iterative step, taking into account the in-
formation on the objectives. A solution algorithm is proposed,
but under uncertainty conditions, it is difficult to prove the
convergence of this algorithm and evaluate its effectiveness.

In order to solve the problems of target assignment,
fuzzy linear programming can be applied based on the
Bellman-Zade decision model [16, 17]. -e objective
function and restrictions are in the form of fuzzy sets.
Experts defined the membership function of the targets for
fuzzy constraints and the membership function of the
constraints. -e condition is accepted that the function
association of all fuzzy sets has a linear form. -en a
maximizing solution is sought that ambiguously defines a
clear solution. Decision-making algorithms have been de-
veloped for finding a clear optimal solution that maximizes
the membership function of a fuzzy solution.

Accordingly, to the assignment task, it is paid a lot of
attention to use robotic complexes. -e solution of this task
is successfully performed when there is sufficiently complete
information about the robotic parameters in the group and
about the objectives, as well as about the parameters of the
external environment. However, in the conditions of in-
complete source data, the solution of this problem is not easy
and requires the application of expert knowledge and the
corresponding software product.

2.2. Target Assignment Model. Graph theory uses methods
for solving optimization problems. On the graph, the as-
signment task is reduced to a selected group of bipartite parts
from a link graph. -ere are known solutions of the as-
signment problems using the methods of graph theory in
fuzzy conditions defined by the fuzzy bipartite graphs. -e
task is solved by “selecting the optimal (by the defined
criterion) maximum fuzzy part from the initial defined fuzzy
graph” [17, 18].

It is possible to use the methods of graph theory for
solving assignment problems with the fuzzy setting of pa-
rameters. -is solution is limited to the condition of pa-
rameters formalization using bipartite graphs. Let us
consider the features of the solution of the assignment
problem with the use of fuzzy bipartite graphs when opti-
mizing by the criterion of the maximum degree of bipartite.
A fuzzy graph defined as the set of vertices is defined as a
graph of F � < μF < xi, xj > /< xi, xj≫ , i, j � 1, n. -e
degree of bipartite for any fuzzy dicotyledon part of the
graph G′ � (V∪V′, F′), V∪V′ � X, G′⊆F is determined by

d1 � 1 − max μα, μβ , (1)
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where

μα � max
u∈Uα

μu, Uα <xi, xk > , xi, xk ∈ V

μβ � max
u∈Uβ

μu, Uβ <xi, xk > , xi, xk ∈ V′.
(2)

-e degree of bipartite is determined by the formula,
which takes into account the number of vertices in the graph
and the weight of each edge in two fractions of the graph:

d2 � 1 −


l
i�1 μei + 

m
k�1 μek

mV − mV′
, (3)

where µei is the value of the membership function for the
edge ei ∈V; µe′k is the value of the membership function for
the edge ek ∈V′; mV is the number of edges between vertices
V; and mV′ is the number of edges between vertices V′ and

mV �
nV nV − 1( 

2
,

mV′ �
nV′ nV′ − 1( 

2
,

(4)

where nV is the number of vertices in the set V and nV′ is the
number of vertices in the set V′.

If all possible dicotyledonous parts of a fuzzy graph that
determine whether the robotic is in accordance with the
objectives are considered, then it can find the degree of
bipartite of these parts. After that, according to the results of
the assessment, the solution of the assigned task is found.
Estimation of the degree of bipartite of parts of a fuzzy graph
can be made by the lower dl and upper du estimates.

We can apply the algorithms for finding the maximum
bipartite part of a fuzzy graph, allowing to select such a
maximum bipartite part in the graph, the degree of bipartite
which is greatest. As a result, the highest degree of com-
pliance is established according to the selected criterion of
the specific mobile object of the assigned target. -ere are
several options for constructing these algorithms.

-e algorithm [19, 20] can be applied for a clear graph
based on a complete enumeration of all vertices and edges of
the graph and extend its application to a fuzzy graph with the
selection of the maximum bipartite parts of the graph.

It is possible to construct and apply an algorithm for
extracting the maximum bipartite part of a fuzzy graph, in
which the edges of a fuzzy graph are ranked in descending
order of degrees of membership. -en an edge with the
maximum degree of affiliation is taken, and one of its
vertices is placed in the first lobe and the other vertex is
placed in the other lobe. -en, in the order of ranking, the
remaining edges are viewed, and their vertices are distrib-
uted by fractions of a fuzzy graph. After reviewing all the
edges, the degree of bipartiteness of the resulting dichro-
matic fuzzy graph is calculated.

-e computational complexity of the first algorithm for
extracting the maximum bipartite part of a fuzzy graph is
associated with the need to construct such several bipartite
parts, which is determined by the number of vertices in the
original part. -e computational complexity of the second

algorithm is associated with the number of noncontiguous
edges in an ordered sequence. It is better to use the second
algorithm if the ranking of the edges of the original fuzzy
graph shows the absence of adjacent nonadjacent edges in
the sequence.

It is considered that there are the mobile objects of one
group, which are called the robotic complexes (RC) of red,
and there are the mobile objects of another group, which are
called RC blue. Let us set the task of how to assign the MO
blue for the MO red in order to achieve success (win) by the
MO red.

Fuzzy graph is set as G � (X, F). By the set X�X1 ×X2,
X1, X2 ∈X, X1∪X2 �X, X1∩X2 �∅, where X1 � {x1, x2, . . .,
xm}, |X1| � m is the set of the red group, X2 � {xm+1, xm+2,
. . ., xn}, |X2| � m is the set of the blue group. -e fuzzy graph
F is determined from the properties of the elements of the setX,
which are taken from the MO parameters of the groups of red
and blue, specified both in a clear and in a fuzzy form. All MO
players are identified, that is why their parameters are known.

-e properties of the robotic elements of the players of
the red group are determined by the set P1 � P1

1, P2
1, . . . , Pm

1 ,
where 1 is the index of the membership of the set of the red
MO properties, for each i-th MO of the red the set of
properties is determined Pi

1 � pi
11, pi

12, ..., pi
1ri

 , i � 1, m.
Similarly, let us determine the set P2 of the blue

MO P2 � P1
2, P2

2, ..., Pn
2, where 2 is the index of the mem-

bership of the set of properties of blue football team, for
each j-th blue MO, the set of properties is defined

P
j
2 � p

j
21, p

j
22, ..., p

j
2rj

 , i � 1, n.
Let every robot be a robot soccer player. To set the

properties of the red and blue RC, the following charac-
teristics are applicable: 1—the indicator of gains from an
opponent football player; 2—the accuracy of hitting the
sword; 3—the motion speed; 4—the effectiveness of the
vision system; 5—the long-range characteristic of hitting the
sword; 6—the positive effect of inertia; 7—the protection
from the power of the opponent; 8—the protection from
interference; and 9—the information security.

-us, all the parameters of the target assignment
problem are considered, in general, as fuzzy, defined by a

pair of pi
k � < μpi

k
(dk)/(dk)> , dk ∈ Dk k � 1, g,

where Dk is the base set for determining a fuzzy parameter
pi

k, and μpi
k
(dk) is the membership function of the dk ele-

ment of a fuzzy set pi
k.

Let us give an example of setting the properties for
mobile objects of a group of red and blue. Both red and blue
groups have four mobile objects.

-e results of the expert assignment of the properties
membership grades for each mobile object of the group of
red and blue are shown in Table 1.

As a result, we obtained the initial plan of the assignment
task of target assignment in the form of a bipartite graph,
which is shown in Figure 1.

In Figure 1, on the left, there are the vertices of the graph
corresponding to the robotic numbers of the red group, and
to the right of the graph, there are the vertices corresponding
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to the robotic numbers of the blue group. -e task of target
assignment is associated with finding a match
q � <P1, P2, Q> , where P1 is the departure area of the
correspondence, P2 is the arrival area, and Q is the corre-
spondence graph, generally a fuzzy graph that should be
identified to solve the target assignment task. -e corre-
spondence graph is in the form of a set:

Q � < 1r, 1b, μ 1r, 1b( > , < 1r, 2b, μ 1r, 2b( > , . . . ,

< 1r, nb, μ 1r, nb( > , < 2r, 1b, μ 2r, 1b( > ,

< 2r, 2b, μ 2r, 2b( > , . . . , < 2r, nb, μ 2r, nb( > , . . . ,

<mr, 1b, μ mr, 1b( > , <mr, 2b, μ mr, 2b( > ,

<mrnb, μ mrnb( ,

(5)

where μ (ir, jb) is the membership degree (correspondence)
of the j-th blue MO to the i-th red MO in solving the task of
target assignment.

-e definition of values μ (ir, jb) can be performed by an
expert with known tactical and technical data of the red and
blue football players.

-e elements of the P1 set can be divided into disjoint
subsets that characterize the maneuverability, the possibility
of winning the opponent, the reliability, and so on. For
example, the nine properties in Table 1 can be divided into
two subsets S1 �<1, 2, 3, 4, 5> and S2 �<6, 7, 8, 9>, S1∩ S2�S
is the set of the MO properties of the group.

-e subset S1 contains “active” properties aimed at
improving the efficiency of achieving a win, and the subset S2
contains “passive” properties that provide protection against
a loss but restraining the achievement of the winning. Such a
division of properties reflects the subjective point of view. It
is useful because, with many of the properties under con-
sideration, one can combine them and look for a more
simplified way of solving the task of target assignment.

-e requirements can be also formulated in a form of
lower values of parameters (properties) of a robotic group or
each MR separately. -en, based on the chosen decision-
making model [21], it is possible to draw a conclusion about
the effectiveness of the created robotic group and the in-
dividual robot.

-e basis for building a graph of correspondenceQ is the
dominance relation (preference) between the elements X1 of
the robotic set of the red group and X2 of the robotic set of
the blue group. -is domination relation must be identified
when solving the task of assignment. Taking into account the
membership grades, it is obtained the plan of the assignment
task of target assignment in the form of a fuzzy bipartite
graph, the general view of which is shown in Figure 2.

(i) Definition: two fuzzy relations α� {u, μα (u)} and
β� {u, μβ (u)} are equal, i.e., α� β if μα (u)� μβ (u) for
any u ∈U [22].

(ii) Fuzzy dominance: the fuzzy relation α is a fuzzy
subset of the fuzzy relation β, i.e., α⊆ β (α⊂ β) when
μα (u)≤� μβ (u) (μα (u)<μβ (u)) for any u ∈U. It is
sometimes said that β includes (dominates) α.

Fuzzy inclusion is determined by applying the degree of
fuzzy inclusion for each j–th fuzzy set P

j

2 � p
j
21, p

j
22, ...,

p
j
2rj

}, i � 1, n into every i-th fuzzy set P
i

1 � pi
11, pi

12, ...,

pi
1ri

}, i � 1, m according to the formula provided that the
power of these sets is equal (m� n):

υ P
j

2,
P

j

1 ∩j μ p
j

2i ⟶ μ p
j

1i  , i � 1, m, (6)

Table 1: Results of expert assignment of membership assessment properties for each mobile object of a red and blue group.

No. of property
Number of objects in the red team Number of objects in the blue team
1 2 3 4 1 2 3 4

1—win rate 0,7 0,9 0,8 0,95 0,9 0,7 0,8 0,8
2—hit accuracy 0,95 0,7 0,8 0,7 0,7 0,8 0,8 0,7
3—motion speed 0,8 0,9 0,9 0,8 0,8 0,8 0,9 0,6
4—efficiency of the vision system 0,8 0,9 0,8 0,8 0,8 0,7 0,7 0,8
5—long-range characteristic of hitting the sword 0,9 0,9 0,8 0,7 0,7 0,8 0,8 0,7
6—inertia 0,6 0,7 0,6 0,8 0,6 0,7 0,7 0,6
7—protection from the power of the opponent 0,6 0,8 0,7 0,9 0,5 0,7 0,7 0,7
8—protection from interference 0,7 0,5 0,6 0,6 0,5 0,7 0,8 0,5
9—information security 0,9 0,9 0,8 0,7 0,7 0,6 0,9 0,9

P1
1

P2
1

P3
1

………

Pm1

P1
2

P2
2

P3
2

………

Pn1

Q

Figure 1: Initial plan for the assignment task.
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where the operation of fuzzy implication is performed in the
Zada basis:A⟶ B � max(1 − A, B).

Studies of the target assignment model can only be
carried out using simulation methods, since there is a formal
task of finding the optimal solutions, but in practice it is very
difficult and even impossible to obtain analytical solutions.

3. Results

3.1. Software for SolvingAssignmentTasks. -e software does
not require data exchange with external systems, which
makes it not difficult to implement. -e interaction between
software modules occurs through common system data.

When working with the software, the input parameters
in the form of numerical values of each object for the selected
MO properties should be entered strictly less than 1 and
separated by commas. -e number of software in the group
cannot be equal to zero. Output parameters (results of the
obtained solutions) are presented in the form of a matrix of
values and the directly resulting value.

As noted above, the simulation is performed for twoMO
groups, blue and red, playing football against each other. It
should be assigned to the red MO corresponding to the blue
MO in the game so that the red MO can win.

When you start the software, the main modal window
appears, which is shown in Figure 3.

In the main modal window, the task is performed:

(i) -e number of red robots
(ii) -e number of blue robots
(iii) -e selection of the compared properties of the red

and blue MO groups is carried out

-e software can do research not only in the situation of
equality of elements, but also in any other situations. After
entering the data, it must be clicked the “Apply” button to

continue the work of the program or “Reset” if the infor-
mation is entered incorrectly and then it must be corrected.

In the dialog box shown in Figure 4, it must be entered
the numerical characteristics of the properties of each robot
in accordance with the sequence number of the selected
property. -e numerical characteristic of the property is a
membership grade, which is set by the expert. In the window
on the left, there are the properties values of the red robotic
group and on the right the blue one.

-e next step is to select the robot sequence number of
the group with which it will be necessary to make a com-
parison (see Figure 5).

As a result of the software operation, it is obtained the
solution found in the form of a table shown in Figure 6 for
the first MO and in Figure 7 for the second MO of the red
group.

4. Discussion

4.1. Analysis of the Results of Solving the Task of Target
Assignment. We will conduct three experiments and com-
pare the results of solutions under a priori conditions:

(i) Red group is weaker than blue group of mobile
objects

(ii) Red group is stronger than blue group of mobile
objects

(iii) Mobile objects of red are approximately equal in
strength to blue ones

4.1.1. Experiment #1. In each group, there are 4 red robots
and 4 blue robots. Let us choose properties for comparison:
the range characteristic of hitting the sword, inertia, pro-
tection from the forceful impact of a football opponent (see
Figure 8).

To simplify the names of the properties in the results
table are replaced by numbers in accordance with the se-
quence number among the selected properties, i.e., 1—long-
range characteristic of hitting the sword, 2—inertia,
3—protection from the forceful impact of the opponent
football player (see Figure 9, the entered values of the degrees
of property belonging).

In the first experiment, it is determined a priori that the
red robotics are “weaker” than the blue robotics, and the
solution of the target assignment problem is obtained,
shown in Table 2.

In Table 2, it is shown that there is not a single degree of
affiliation greater than 0.5. Consequently, with such pa-
rameters of the red robotic objects, their opposition against
the blue robotic objects will not give a win in the game.

4.1.2. Experiment #2. Let the properties, listed in Figure 10,
of the first red group of robotic systems to be noticeably
superior to the properties of the second blue group of robotic
systems. In Figure 10, there are shown the values of the
entered property grade values. In Table 3 is shown the result
of the obtained solution of the target assignment problem.

P1
1

P2
1

Pm1

P1
2

P2
2

Pn1

……… ………

µ(1r, 1b)

µ(2r, 1b)
µ(2r, 2b)

µ(1r, 2b)

µ(1r, nb)

µ(2r, nb)

µ(mr, 1b)

µ(mr, nb)

µ(nb, 2r)

µ(nb, 1r)

µ(mr, 2b)

µ(nb, mr)

µ(1b, 1r)

µ(1b, mr)

µ(1b, 2r)

µ(2b, 2r)

µ(2b, 1r)

Figure 2: Interpretation of the task of target assignment in the
form of a fuzzy bichromatic graph.
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Figure 3: Main software modal window.

Figure 4: Entering the numerical characteristics of the properties for each robot.

Figure 5: Selection of the sequence number of the MO group.
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Figure 6: Result of the solution for the first MO of the red group.

Figure 7: Result of the solution for the second MO of the red group.

Figure 8: Selected robotics options.
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Figure 9: Entering the values of the robotic properties of the group of red and blue in the first experience.

Table 2: Solving the goal assignment problem in the first experiment.

1st 2nd 3rd 4th
1st 0,3 0,3 0,3 0,3
2nd 0,1 0,2 0,1 0,2
3rd 0,1 0,2 0,1 0,1
4th 0,1 0,2 0,1 0,3

Figure 10: Entering the values of the robotic properties of the group of red and blue in the second experiment.

Table 3: -e result of the solution to the goal assignment problem.

1st 2nd 3rd 4th
1st 0,8 0,6 0,6 0,7
2nd 0,6 0,6 0,6 0,6
3rd 0,7 0,6 0,6 0,7
4th 0,8 0,8 0,8 0,8
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-e decision shows that the second blue robotic systems can
be assigned to the first red robotic systems, since it is
“significantly weaker than the first red robotic group” and
the first red mobile objects will win against the second blue
team.

4.1.3. Experiment #3. Select the degree of belonging of
properties in such a way that the red and blue teams have
approximately the same potential. Let there be 3 robotics of
groups of red and blue.-erange characteristic of hitting the
sword and the speed of the mobile objects are considered, as
shown in Figure 11. -e results of the solution in the third
experiment are shown in Figures 12, 13, and 14.

-e final decision on the appointment is summarized in
Table 4.

From Table 4, it follows that the third robot of the blue
group should be assigned to the third robot of the red group
and the first and second robots of the red group would be an
equivalent appointment against the remaining blue robots.

4.2. Conclusion. -e task of the target assignment refers to
the study of operations for the class of assignment tasks.
With sufficient knowledge of objects, this problem can be
solved by linear (nonlinear) programming methods. Under
uncertainty, such problems are proposed to be solved using
the methods of graph theory and the theory of fuzzy sets. A
model has been developed for solving the assignment
problem.-e difference of the model is in the task and in the
identification of a fuzzy domination relation on a bipartite
graph, which makes it possible to find appointments for the
soccer players of the red MR and the blue MR. Robotic
characteristics are defined by a set of properties that are
formally defined by degrees of ownership. -e degree of
ownership is set by experts. Studies conducted with
boundary values of the degrees of belonging of robotic
properties showed adequate work of the developed program
for solving the task of the target assignment.

Further research in this area is related to targeting in the
presence of obstacles in the environment of movement. -e
coordinates of the obstacles may be unknown in advance.

Figure 11: Entering the values of the mobile objects’ properties of the group of red and blue in the third experiment.

Figure 12: Obtained values of the comparison of the 1st mobile object of red with the blue ones and the identification of the most successful
purpose.
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multi-criteria decision-making procedure under imprecise
linguistic assessments,” European Journal of Operational
Research, vol. 279, no. 1, pp. 159–167, 2019.

[6] A. T. Rashid, A. A. Ali, M. Frasca, and L. Fortuna, “Path
planning with obstacle avoidance based on visibility binary
tree algorithm,” Robotics and Autonomous Systems, vol. 61,
no. 12, pp. 1440–1449, 2013.

[7] L. Fortuna, G. Muscato, and M. G. Xibilia, “Attitude feed-
forward neural controller in quaternion algebra,” Intelligent
Automation and Soft Computing, vol. 5, no. 3, pp. 191–199,
1999.
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