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Abstract: The paper deals with alliances and coalitions that can be formed by entities. In the paper, we consider
unselfish (not self-interested) entities that do their best to achieve their common goal(s) without expecting any
compensations or payoffs. The number of alliance members is assumed to be limited and fixed. To solve specific tasks,
alliance members form coalitions. Generally, many coalitions can be formed by alliance members, and the problem
arises to select the best of them. It can be done on the basis of some criteria, one of which could be coalition fault
tolerance. Despite the great volume of conducted researches, only a few metrics have been proposed that can be used to
quantify the coalition fault tolerance. The paper proposes new metrics for measuring coalition fault tolerance. A simple
example explains how to compute coalition fault tolerance by using the proposed metrics. Bi-objective optimization
problem, in which one of the objectives is coalition fault tolerance, was solved in the paper. Compromise programming
was used to solve the optimization problem.

Index Terms: Entities, Alliance, Coalition, Coalition Fault Tolerance, Multi-objective Optimization

1. Introduction

In the past years, diverse groups of entities have been researched. In general, an entity as a member of a group can
act as an agent in multi-agent systems, as a robot in multi-robot teams, or as a government organization or military unit.
Entities can cooperate and in this way can form alliances. In [1], the term “alliance” is understood as a group of agents
that have agreed to share some of their private information and cooperate eventually. In the paper, we consider an
alliance in a broader sense according to which the entities agree to contribute all (or part of) their capabilities to the
alliance. Capabilities can be regarded as resources and services. Resources may include: materials, energy, information,
communications and others [2]. In general, an alliance may have different properties, such as lifespan (long-time or
short-time), profit from cooperation (selfish or unselfish when entity doesn’t have intention to gain any benefits/payoff
from its participation in the alliance/coalition), possibility to split the capabilities (splittable or non-splittable),
autonomy (ability of an entity to make decisions and act independently), expandability (expandable or non-expandable),
etc. In this paper, we consider the alliance as a long-term cooperation among the entities. We assume that in the fault-
free situation the members of the alliance remain the same. Entity population of the alliance doesn’t change during
coalition formation and mission execution (i.e., the number of the alliance members is fixed). We also assume that
entities are unselfish. When it is necessary to perform the necessary mission the entities of the alliance form the
coalition(s).

Many formal description techniques, methods and tools were applied to solve the tasks of alliance and coalition
formation. Here we enumerate only some of them: LOTOS [3], agent UML [4], Erlang/OTP platform [5], etc. Several
aspects should be taken into consideration for solving the tasks of alliance and coalition formation. These aspects
include: centralized or decentralized manner of coalition formation, mutual communication between alliance members
during coalition formation, evaluation of the formed coalitions by using special criteria and choosing the best of them,
etc. Coalition can be perceived as a short-term cooperation among the entities. In our research, the best coalition is the
coalition that is able to carry out a task by using the minimum amount of capabilities or by engaging the minimum
number of entities and has maximum value of coalition fault tolerance. Excess of coalition capabilities is costly and
may be time consuming (e.g., it may require some coordination efforts). The number of entities in the coalition should
be minimal because a greater number of entities can cause overheads due to communication, coordination and internal
organization costs for the formation, operation and maintenance of the coalition [2].

An entity can fail during the coalition formation or while the task of the coalition is performed. After entity failure
it is possible to recover the coalition by replacing the failed entity with the fault-free entity from the same alliance. In
our research, we consider several types of coalition member failure such as complete, substantial, partial and minor
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failure. These types of failure correspond to the deterioration (reducing) of the entity’s capabilities (e.g., deterioration of
functionality or performance). Coalition can tolerate the failures of its members, and therefore can tolerate the loss of
some amount of its capabilities when it has enough redundancy/excess of capabilities. Since excess of coalition
capabilities is costly, it is necessary to have a minimum amount of redundant capabilities. On the other hand, lack of
redundant capabilities may lead to the situations when substitution of the failed coalition member is the only one
possible option (i.e., the other options that consist in reducing coalition capabilities cannot help). For some missions,
(e.g., rescue operations) time is of the essence, and therefore the coalition’s recovery time is limited. In view of this,
there may not be enough time to substitute a failed entity.

In order to evaluate the coalition fault tolerance, it is necessary to take into account some assumptions made and
restrictions imposed on the coalitions. Concept of fault tolerance and metrics for its measuring has been considered,
mostly, in relation to complex and distributed systems [6, 7]. As concerns the coalitions formed by entities, the problem
of choosing the appropriate metrics for measuring coalition fault tolerance or suggesting the ones has been little studied
and deserves attention.

Coalition fault tolerance is just one of the objectives that should be provided. Taking into account the other
objectives, a multi-objective optimization can be solved. Results of such optimization will allow determining the best
coalition among the possible coalitions.

This paper is organized as follows. Section 2 provides related work. Section 3 describes the metrics for measuring
coalition fault tolerance. Section 4 presents the results of computing fault tolerance of the simple coalitions and the
results of the bi-objective optimization applied on the possible coalitions. Section 5 discusses the conclusions and future
work.

2. Related Work

The concept of an alliance was proposed in [1]. The authors considered alliance members as different social
entities (e.g., people, organizations, institutions, army troops, etc.). Entities agree to share their private information and
form coalitions. In [8], the concept of restricted alliance was suggested. In restricted alliance, not all its members are
willing to cooperate with all other alliance members. In our research, we assume that entities are unselfish. It means that
an entity will deliver all of its resources to the coalition regardless of the coalition structure.

A coalition can be formed by autonomous agents [9, 10, 11, 12]. In this case, the agents are selfish (self-interested)
and try to maximize their own expected payoffs while trying to maximize the group (joint) payoff.

In [13], the authors defined a cooperative game as a set of agents in which each subset of this set is called a
coalition. In the given case, self-interested software agents can negotiate rationally in stable coalitions.

Modeling and simulation of coalition formation is presented in [14]. Paper [15] considered heterogeneous agents
(represented by the countries) that form coalitions. Coalitions can interact with other coalitions and can change their
composition. Unlike this approach, in our research, we strictly distinguish between two concepts: alliance and coalition.
A coalition member can be substituted (i.e., coalition is changed) when it fails and there is an alliance member capable
of making the substitution.

Caalition can be formed by robots [16, 17, 18]. Multi-robot coalitions are considered as multi-agent systems. In
this case, the problem of coalition formation is considered in relation to multiple robot — multiple task problem [19].
The formation of a coalition also leads to the allocation of tasks among the autonomous robots. It is worth noting, that
coalition formation for multi-robot tasks is still a significant problem. As for non-autonomous robots, to the best of our
knowledge, the groups of non-autonomous robots do not attract much attention of researchers.

A coalition member may fail to complete a task. The recovery of the coalition consists mainly in substitution of the
failed coalition members by available ones [20]. In [17], the problem of replacing a failed robot with another robot with
similar capabilities was considered. The authors also introduced a fault tolerance coefficient (FTC) which can be
incorporated into the algorithm that determines the best coalition. FTC takes into account resource distribution and
coalition size.

In [21], to improve the system fault tolerance, an approach based on the use of replication of individual agents was
proposed. Agent and its replica act as one entity. In this way, the authors try to reduce the complexity of the system.

A coalition member can leave the coalition for various reasons. In the context of multi-agent systems, a coalition
member can depart from the coalition due to its assigned payoff. A coalition is called stable if no agent wants to leave
the coalition [22, 23]. In our research, a coalition member is not self-interested, and therefore there is only one reason
why a coalition member leaves the coalition, namely its failure.

Coalition fault tolerance is one of the important characteristics of the coalition. In general, there are also other
important characteristics which we try either maximize or minimize. In many cases, maximizing one characteristic leads
to decreasing another characteristic or vice versa. In the paper [24], multi-objective optimization was considered. In the
given case, the objectives are of conflict to each other. Applications of multi-objective optimization can be found in
multi-agent systems and multi-robot systems. In [25], multi-robot coalition formation problem was modeled as a multi-
objective optimization problem with conflicting objectives. The authors considered evolutionary multi-objective
optimization problem and proposed an effective algorithm for the multi-robot coalition formation problem. In our
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research, we considered only two objective functions that coalitions have to balance, and solved the bi-objective
problem using one of the existing methods.

3. Metrics for Measuring Coalition Fault Tolerance

It is assumed that alliance A consists of N entities (members of alliance), i.e., A={ay,..,an}. To fulfill the necessary
mission, the members of the alliance form coalition COAL. In general, each coalition member a;, a; € COAL, has m-
dimensional vector of real non-negative capabilities.

Coy =< C[%..,Col > 1)

For simplicity reason, hereafter in the paper, we consider only one dimension of capability vector. It is also
assumed that capabilities of coalition members can be mapped onto integer numbers. In the given case, the total
coalition capabilities can be expressed as the sum of the capabilities that coalition members contribute to the coalition.

CeoaL = 25:1 Cai 2

Where k is the number of coalition members.
We assume that to perform a task, the coalition must have capabilities no less than the required capabilities Cyeedeq-
Thus, when

CCOAL = Cneeded (3)
a task can be performed.
The following simple example illustrates the capabilities of a coalition.

3.1. Example 1

Caalition consisting of three autonomous mobile robots (R;, R, and R;) has to perform a mission. For example,
dismantle the rubble after a building collapse. Robots have different sizes and powers. Robot R; is capable of moving a
load weighing a maximum of 100 kg. Robot R, is capable of doing the same work for a load weighing a maximum of 80
kg. Robot R; is capable of doing this work for a load weighing a maximum of 60 kg. In the given case, the robot
capabilities can be interpreted as pushing force and can be measured by the weight of the load that the robot can move.

Coalition capabilities equal the sum of robots capabilities, i.e.,

Ceoar = Xiz1 Cr, = 240kg 4

One of the tasks of the mission is removing a larger obstacle out of the way to clear the passage. This obstacle
weighs 200 kg. Thus, the required capabilities C,.q.t for performing this task are equal to 200 kg. Since the condition (3)
is satisfied, the task can be performed. It should be noted that no coalition consisting of two robots can perform this task.
Excess of robots’ capabilities can be used to compensate the loss of capability of one of the robots. This loss of
capability can be caused by failure of one of the robot’s elements.

3.2. The failure function

The failure of a coalition member is manifested by the loss of all or part of its capabilities. To describe the
dependence of the failure of a coalition member on the loss of capabilities of this coalition member, the failure function
fe(L) is introduced. We assume that the failure function is a linearly increasing function. The failure function fg(L) takes
real numbers from the interval [0 =-100] as input and produces real numbers lying in the interval [0 <+1] as output.

We consider four types of failure: complete, substantial, partial and minor.

Complete loss of capabilities (i.e., L = 100%) corresponds to complete failure (see Fig. 1).

Loss of capabilities that satisfies inequality

L, <L <100 (5)

corresponds to substantial failure.
Loss of capabilities that satisfies inequality

L,<L<L, (6)

corresponds to partial failure.
And finally, loss of capabilities that satisfies inequality

44 Volume 18 (2026), Issue 1



Evaluation of Coalition Fault Tolerance

0<L<L, (7

corresponds to minor failure.

Table 1 presents the types of failure of a coalition member. In Table 1, values V; and V; can be set based on the
available information about the entity and the tasks that must be performed. Hence, different types of coalition member
failure can be expressed by using the failure function fg(L).

We assume that the conditional probabilities of different types of failure can be determined on the basis of
information collected about entity’s failure. These conditional probabilities of different types of failure are denoted as
follows. Pc = P(complete/failure), Ps = P(substantial/failure), Pp = P(partial/failure) and Py, = P(minor/failure).

V1 pommmmm e e

V2 -

Failure function, fe(L)

L2 L1 100
Loss of capabilities ((percentage),

Fig. 1. The failure function.

Different types of failure can be described with the help of Example 1. Failure of robot’s locomotion system is a
substantial or complete failure. Failure of robot’s sensor can be considered a partial failure. Failure of one of the robot’s
actuators, which can be caused by mechanical wear, dirt clogging or poor functioning of a communication system, is a
minor failure.

Table 1. The types of coalition member failure

Type of failure Value of the failure function
Complete fe(lL) =1
Substantial Vi) <1
Partial Vo <fe(l) <V
Minor 0<fe(L) <V,

3.3. Assumptions

In this paper, some assumptions related to failures of coalition members and coalitions that can be formed were
made. It is assumed that multiple failures of the coalition members have a very low probability (i.e., the value of the
probability of occurrence of multiple failures is very small or negligible). It is also assumed that a failed coalition
member should be substituted by no more than one fault-free alliance member if substitution is possible. A complete
failure of any coalition member leads to coalition failure if the coalition members cannot be substituted. It can occur
when the formed coalition doesn’t have redundant coalition members.

After the failure of a coalition member, three situations are possible.

3.4. The First Situation

In the given case, the failed coalition members cannot be substituted for some reasons such as lack of time, very
long distance between coalition members and alliance members, etc. Coalition fault tolerance can be provided by
exploiting the redundant capabilities of coalition members. It is assumed that coalition member capabilities (resources)
are splittable. It means that a failed coalition member can contribute to the coalition only part of his capabilities. In
fault-free situation, a coalition member can split his capabilities and contribute to the coalition only necessary amount
of capabilities. As soon as one of the coalition members fails, it can increase the amount of capabilities that it
contributes to the coalition.

The failure of coalition member a; i€ {1,..,k} can be expressed by the value of its failure function VO (ie., fe(L)
= VO, where (0 < V¥ < ). Value V¥ corresponds to the loss of coalition member capabilities which is equal to 100 V®
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(expressed as a percentage). Taklng into account that loss of 100% means the loss of all capabilities of coalition
member a;, the loss of 100 V7% means the loss of capabilities equals to VI'C,; . Where Cy;is the initial capabilities of
coalition member &; . It means that the failed coalition member now can contribute to the coalition the capabilities equal
to Cqi (1 - V). If the inequality

(CCOAL - ViCai) = Cneeded (8)

is satisfied, the coalition is still able to perform the task. In the given case, we can say that the coalition tolerates the
failure of its member. It is worth noting, that inequality (8) may not be satisfied for some values of VD In view of this,
the task arises to determine the maximum value of V) for which inequality (8) is still met (see Fig. 2).

Failure function of

member a

L2 100— L1 100

al

Loss of capabilities of member a (percentage)

Fig. 2. The failure function of coalition member a;.

A coalition can tolerate the maximum loss of its capabilities, which is caused by the coalition member failure,
equals to AC, where AC = CcoaL — Creede-
Thus, the coalition member failure, which causes the loss of coalition capabilities by the value no more than AC,

can be tolerated. In the given case, value v,,(;gx is equal to

AC
Vo = o ©)

Taken into account the conditional probabilities of different types of coalition member failure, it is possible to
determine the probability of the event that coalition tolerates the failure of its member a;, i.e., PC(,‘Z;)

0.if Vinax =
Pyt i .
Pc(;}}) =1 Py+Ph Vrs%f JifV, < Vrr(lgx <" (10)
Py + Py + Ps *51131_" Jifv <yl <1
Lifv =1

As it follows from (10), the greater value V,,(l‘gx the greater value Pc(?]l") (i.e., the greater coalition tolerance to the
failure of coalition member &). It is possible to consider the coalition tolerance to all other coalition members and

determine the following values

(ap)
Pepr

=1L K, j#i (11)
The expected value E[Pcrr] is proposed as a metrics for measuring coalition fault tolerance.
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E[Pcpr] = 25:1 bi Pca;T (12)

Where p; — probability of failure of coalition member a; , i € {1,..,K}.
In the case when probabilities of failure of the coalition members are the same, the average value of coalition
tolerance to failure of its members can be used, i.e.,

1 i
Pepr = % i1 PC(?T) (13)

Calculation of values PC(;I%) can be explained as follows. Let’s consider one member of coalition, particularly a;

which has capability C, . Let coalition has excess of capabilities equal to AC. Coalition can tolerate only such failures

of elements of member a; that cause the loss of his capability which corresponds to value V,,(l?x of its failure function
(see Fig. 2). This value can lie either in interval [0, V] or in interval [V,, V4] or in interval [V;, 1]. These intervals

correspond to the minor, partial and substantial failures of member a, respectively. If value V,,(l;)x is equal to V, then

coalition can tolerate minor failures of its member a;. In this case, Pc(;l;) = Py. If value V,,(l;)x is greater than V, but less
than V; then coalition can tolerate all minor failures of member a; and some partial failures that cause the loss of its

capability which corresponds to value V,, that lies in interval [V, V,,Efl)x]. In the given case, probability that coalition
tolerates the failures of elements of member a; can be determined as

PY) = P, + P, P(V,, € [V,, VD] /partial) (14)

Where Py, is the conditional probability that occurred failure is a minor failure;
Pr is the conditional probability that occurred failure is a partial failure;

P(Va1 € [V,, Vnﬁfl)x] /partial) is the conditional probability of the event that occurred partial failure causes the loss

of capability which corresponds to value V,, that lies in interval [V, v,,&}}x].
Thus, coalition tolerates all minor failures of its member a; and only those partial failures that cause the loss of

capability which corresponds to value V,, that lies in interval [V, v,,&}}x].

The conditional probability P(V,, € [V,, V\w,]/partial) is determined as follows.

(1)

. v v,
P(Va1 € [V, V,,(I}I)x]/partlal) = TVZZ (15)

The wider the interval [V,, V,,(ull)x] the greater is this probability. When this interval is equal to (V;— V,) all partial

failures of coalition member a; can be tolerated as well as all its minor failures. In this case, coalition tolerance to
failures of elements of member a; is equal to

P =Py + Py (16)
Similar considerations can be applied to the situation when value V,,(lfz)x lies in interval [Vy, 1].

3.5. The Second Situation

In the given case, coalition fault tolerance is provided in two ways: by using redundant capabilities of coalition
members and by substituting the failed coalition member.

Coalition member &;, i = 1,..,K, can be substituted by alliance member a; € {1,.., N} when either capabilities of
alliance member a; is greater or equal to capabilities of the failed coalition member a, i.e., Cq; 2 Cq, OF

Cay < Coand (Co, — ;) < AC (17)
Coalition tolerance in relation to failure of the substitutable coalition members is equal to
P =1, for a; €T,i = [1,K] (18)

Where T is the set of substitutable coalition members, T = COAL. Set of irreplaceable coalition members is
denoted as S, S=COAL-T.
In the given case, the expression for coalition fault tolerance (13) can be modified as follows.
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1 (@) , Tl
Pepr = X {(:1/aiespcp} + X (19)

Where |T| denotes the cardinality of set T, |T| < K.

According to equation (19), it is possible to conclude that the greater the number of substitutable members in the
coalition the greater the coalition fault tolerance. The algorithm allows determining the coalition, which has the largest
number of substitutable coalition members as compared to the other coalitions, is presented below. This algorithm gives
approximately optimal solution because it doesn’t take into account the possibility of the substitution of coalition
member a; by alliance member a; when expression (17) takes place. The main idea of the algorithm consists in the
following. From the perspective of coalition member substitution, it is desirable not to include in the coalition the
alliance member that has maximum capabilities as compared to the other alliance members. It will allow to substitute
any failed coalition member by this alliance member. However, there may be situations where a coalition does not have
sufficient capabilities to perform a task unless it includes an alliance member that has maximum capabilities. Therefore,
in these situations, an alliance member that has maximum capabilities is included in the coalition.

At the next step, the alliance member with the second largest capabilities is examined similarly (i.e., either it
should or shouldn’t be included in the coalition depending on the fact whether the condition Ccoar > Cheedeq 1S Satisfied
or not). This searching procedure continues until the last in order alliance member is examined (see Fig. 3).

It is assumed that before performing the searching procedure the alliance members are sorted in ascending order
according to their capabilities. At the preliminary step of searching procedure, the Algorithm 1 is performed to
determine the initial coalition COAL1. The main goal of Algorithm 1 is to find the coalition COALL capable of
performing a task using as few entities as possible. In most cases, this number of entities is not minimal.

Algorithm 1.

Input: Alliance A = {ay,.., an}, Cneededs Cq,-+» Capr N
1.intij

2. fori < 0toN-2

3. A=A-{ay_;}

4. S=XENITNC,

5 |f S< Cneeded

6. COAL1=AU{ani}

7. return COAL1L

8 elseif i =N-2

9. return a;

Output: either COAL1 or coalition member a;

If the algorithm doesn’t output COALL then there is no need in coalition because one alliance member a; can
perform a task.

Algorithm 2 is the main part of the searching procedure. It allows finding the coalition that has the largest number
of substitutable coalition members, and consequently, the largest value of coalition fault tolerance. Before executing
this algorithm, coalition members are sorted in ascending order according to their capabilities. Algorithm 2 corresponds
to the block diagram of the searching procedure depicted in Fig. 3.

Algorithm 2.

Input: COALl, Cneeded: CCOALl: Cal,.., Cak’ K
1,inti
2. fori— 0toK-1
COAL «— COAL1
CcoaL < Ceonur
COAL «— COAL - {ax.i }
CcoaL < CconL - CaK—i

if CCOALZ Cneeded then

return COAL

elseif i = K- 1then
0. return COAL1
Output: either COAL or COAL1

RO NOoO O ~W

If the algorithm doesn’t output COAL then the initial coalition COALL1 is the result of the searching procedure.
Otherwise, the result of the searching procedure is coalition COAL.
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| Initial coalition COAL1 |

!

| COALI - {ag} |
COALI - {ak-]} |<'NO YES)l COAL=COALI - {ak}
YESH COAL=COALI - {3} 1} end
A

NO
I

v

| COALI - {aj} |

YESK COAL=COALI - ;a]} —

CeoaLZ Cheeded

NO
A 4

COAL=COALI I >.

Fig. 3. Block diagram of the searching procedure.

The found coalition COAL can contain the redundant coalition members. Algorithm 3 checks the presence of
redundant coalition members in the coalition and removes them if it finds some. Redundant coalition member is the
coalition member that can be removed from the coalition without affecting execution of the coalition task (i.e., the task
will be performed).

Algorithm 3.

Input: COAL, Creededs Capr-rCqpr K
1,intij,r
2. fori— 1toK-1
3. COAL=COAL-{4a}
S= Zi'(,:l Ca]- - er:l Car
|f S< Cneeded
COAL=COAL U{ai}
COAL" = COAL
return COAL"
elseif i=K-1
0. return ax
Output: either COAL" or ax

BoOoo~NG &

The Algorithm 3 starts with checking the coalition member that has the smallest capabilities. If after removing this
coalition member the coalition is still able to perform a task then redundant coalition member is found, and the
algorithm continues with checking the coalition member that has the second smallest capabilities. Otherwise, there are
no redundant coalition members, and algorithm ends. Checking procedure continues until (K — 1) coalition members are
examined. If the algorithm doesn’t output COAL" (i.e., checked and corrected coalition) then there is no need in
coalition because one member ax can perform a task.
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3.6. The Third Situation

Finally, the third situation takes place when any coalition member can be substituted by alliance member. It occurs
when the execution of Algorithm 2 results in the coalition for which K=N. In this case, |T| = K and according to (13)
and (18), Pcrr=1. The problem may arise when several coalition members fail simultaneously or sequentially one after
another. We leave this problem to future research.

4. Application of Proposed Metrics in a Sample Case

Let’s consider the alliance A={a,,..,an}. To perform a task that requires capabilities Cpeegeq , alliance members form
a coalition. Generally, there can be formed D different coalitions, where

D=L, (20)

It is assumed that in real-world scenarios, a smaller number of coalition members is more appropriate. In view of
this, we consider only coalitions that contain a minimum number of coalition members. These coalitions have different
capabilities and, consequently, they have different values of coalition fault tolerance. In the next example, we are going
to show how coalition fault tolerance depends on the excess of coalition capabilities.

4.1. Calculation of Pcrr for Coalitions of Robots

Let’s consider the coalition of three robots again (see Example 1). It is assumed that values L; and L, (see
expressions (5, 7)) for Robot 1 are equal to 70% and 30% respectively. For Robot 2 are equal to 60% and 20%. For
Robot 3 are equal to 50% and 10%. The conditional probabilities of different types of failure for all robots are as
follows: Py=0.85, Pp=0.1, Ps=0.03, Pc=0.02. Now we assume that load has weight of 150kg. It is evidently that three
coalitions can perform the task, particularly COAL® ={R;, R,}, COAL® ={R,, R} and COAL® ={R;, R, Rs}.With
regard to the assigned task, the third coalition is redundant since it includes members without which the task can be
performed. We don’t consider redundant coalitions. Thus, only coalitions COAL® and COAL® are evaluated. The
results of calculations which use expressions (10) and (13) are given in Table 2.

Table 2. Results of Computations for Coalitions of Robots

Coalition tolerance
Coalition Coalition members’ coalition Excess of coalition to Coalition fault
capabilities capabilities capabilities AC the failures of its tolerance
individual members
(&) CR1 =100 PCFT RO = 0.85 _
COAL Cey = 80 180 30 Perr B9 = 0,437 Pcrr=0.644
2 Cr1 =100 Peer ©7=10.283 _
COAL Cs = 60 160 10 Perr B9 = 0.867 Pcrr=0.575

Thus, the probability that the first coalition will tolerate the failures in one of the robots is equal to 0.644, whereas
for the second coalition this probability is equal to 0.575.

4.2. Example of Evaluation of Coalition Fault Tolerance

In this example, we are going to show how coalition fault tolerance depends on the excess of coalition capabilities.

Let A={a,,..,as} is alliance consisting of six members. To perform the task, it is needed capabilities equal to Cpeeded
= 80. Capabilities of alliance members are as follows: C,, =8, C,, = 10,C,, = 17,C,, = 26,C,, = 30, C,, = 40. It
is evident that there are no coalitions consisting of two members that are able to perform the task. Thus, the minimum
number of coalition members is equals to three. Therefore, the number of possible coalitions is equal to C$ = 20, but
only four of them are able to perform the task. Particularly, COAL®Y = {a,, as, as}, COAL® = {a,, au, as}, COAL® = {a;,
as, ag} and COALYW = {a4, as, ag}. In the example under consideration, it is assumed that all coalition members are not
substitutable. It is assumed that values of coalition members’ failure functions V; and V,, which define the minor, partial
and substantial failures, are the same for all coalition members and equal to 0.6 and 0.2 respectively. The conditional
probabilities of different types of failure are also the same for all coalition members and equal to Py, = 0.85, P, = 0.1, Ps
= 0.03 and Pc = 0.02. In real-world scenarios, these characteristics and probabilities can be set on the basis of the
collected data and subsequent data processing.

Coalition tolerance to the failures of its individual members is computed according to (10), and coalition fault
tolerance is computed according to (13). Results of the performed computations are presented in Table 3.
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Table 3. Results of Computations of Coalition Fault Tolerance

Coalition tolerance
Coalition Coalition members’ coalition Excess of coalition to Coalition fault
capabilities capabilities capabilities AC the failures of its tolerance
individual members
Cas =17 Perr @ =0.748
COAL® Cas =26 83 3 Perr @ =0.493 Perr= 0.521
Cas= 40 Pcer @ = 0.323
Cas =17 Peer @=0.900
COAL® Cas =30 87 7 Perr @=0.857 Perr= 0.825
Cas =40 Peer @)= 0.720
Cas =26 Perr ®P=0.951
COAL® Cas =30 96 16 Perr @=0.932 Peer= 0.927
Cas= 40 Peer @@= 0.900
Ca2=10 Pcrr @)= 0
COAL® Cas =30 80 0 Peer®=0 Peer=0
Cas =40 Pcrr @6 = 0

The function Pcer = f{AC) is a discrete increasing function. The domain of this function is the set of integers that
correspond to the values of excess of coalition capabilities. Function Pcer = f{AC) can be approximated by function f(Y),
where

1 1
o Y =—bAC,b =+ (21)

f=1-

Function f(Y) corresponds to the function 1 — e~P2€ in which e~22¢ is represented by the first three terms of the
power series (see Fig. 4). In case when there is only one objective, particularly coalition fault tolerance, the “best”
coalition is the coalition that has maximum value of coalition fault tolerance. For the considered example such coalition
is COAL®. When there is also another objective such as efficient using coalition capabilities, the problem arises to
solve bi-objective optimization. Bo-objective optimization consists in optimization of two competing objective
functions.

4.3. Solving the problem of bi-objective optimization

Excess of coalition capabilities may have some deficiencies, e.g., it is costly, it may cause some coordination
overheads, it may cause lack of alliance member capabilities for performing other tasks. The smaller the excess of
coalition capabilities AC the more effective is the use of these capabilities E. The dependence E on AC can be expressed
by objective function E = f;(AC) that should be maximized. The first objective function is function Pcrr = fo(AC),which
also should be maximized. Both objective functions depend on the one variable, AC. When AC increases the objective
function Pcrr = f,(AC) also increases, while the second objective function E = f;(AC) decreases (see Fig. 5). Thus, we
have two conflicting objectives.
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0
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Excess of coalition capabilities, AC

Fig. 4. Dependence of coalition fault tolerance on the excess of coalition capabilities.
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PCF T

PCF T

Excess of coalition capabilities, AC

Fig. 5. Two conflicting objective functions.

Expression for defining the function f;(AC) can be determined for each particular coalition. In this paper, we
assume that function f,(AC) is a linear discrete decreasing function. In Fig. 5, both objective functions are shown as
continuous functions. In general, objective function E = f;(AC ) can be expressed by the decreasing functions such as,

-1 _ _ k1 _ —kAC
for example, E = k; —k,AC Or E = PRV or E = k,e™"25¢ etc.

Assigning a value to variable AC is called a solution if it satisfies the imposed constraint 0 <AC <ACpax. For each
solution AC there is a point in the objective-space denoted by

fAC) =110, f(AO) I (22)

In the given case, bi-objective optimization consists in finding the solution AC that optimizes the function fAC).
Objective space is two-dimensional space that can be represented in a plane by Y-axis and X-axis, which correspond to
functions f;(AC) and f,(AC) respectively (see Fig. 6). In general, there can be many solutions, and consequently, many
points in the objective space. In [24], the concept of domination between solutions was introduced. Solution AC;
dominates solution AC;if f,(AG)> fi(AG) and f,(AG)> f,(AG;). 1t should be noted that either fy(AGj) > f1(AC;) or f,(AG)
> f2(AG;) can take place but not both. Solution ACp is called Pareto optimal if there is no solutions that dominates
solution ACp. The set of all Pareto optimal solutions is called the Pareto front.

If we start viewing the points, which correspond to Pareto optimal solutions, from the point that is placed leftmost,
then each subsequent observation point is located further to the right and lower. In the example, the following values of
variable AC were considered: AC; = 3, AC, = 7 and AC3; = 16. These are the values that variable AC can take within the
defined range [0, ACpaxl-

f (AC === °

Efficiency of using coalition capabilities, E

f, (AC)
Caoalition fault tolerance, PC'__r

Fig. 6. Two-dimensional objective space.
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Two functions was considered to express the efficiency E, particularly

E=2-%< (23)

10

and
E=1--5 (24)

The first function (23) can be used when excess of coalition capabilities has substantial impact on efficiency E.
The second function (24) can be used when excess of coalition capabilities has minor impact on efficiency E. In case of
using the first function, the objective function f;(AC) has the following values for the solutions AC;, AC, and AC;:
fi(ACy) = 1.7, f,(AG,) = 1.3 and f;(ACs) = 0.4. In order to select one solution from Pareto optimal set, which includes
solutions ACy, AC, and ACs, the compromise programming or gain-to-loss ratio [24] can be used. Gain-to-loss ration
method is based on the calculation of the maximum units of loss in the value that one objective has due to one unit gain
in the value of the other objective in a bi-objective problem. We consider that compromise programming is more
acceptable for our task. Compromise programming defines an infeasible ideal point Z (see Fig. 7).
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Coaalition fault tolerance, Pegr

Fig. 7. The infeasible ideal point Z.

Point Z is formed by combining the individual best values of each of the objective functions. The coordinates of
ideal point Z are represented by ordered pair (X, Y), where X = ;"% (AC) and Y = f™%* (AC). It is necessary to compute
for each point, which represents the solution, its distance from ideal point Z. This can be done by using Manhattan

distance (or L1-norm), i.e.,
dist(P, P) = |£,(P) = £(P)| +|A(P) = /(P (25)

When function (23) is used, the following values of distances are obtained: dist(ACy, Z) = 0.779, dist(ACy, Z) =
0.875 and dist(ACs, Z) = 1.673. Thus, the best solution is solution AC; (i.e., COAL® = {as, au, as}) since the distance
between the point that represents solution AC;and ideal point Z is the smallest. In case of using the function (24), the
following values of distances are obtained: dist(ACy, Z) = 0.509, dist(AC,, Z) = 0.245 and dist(ACs, Z) = 0.233. In the
given case, the best solution is solution AC; (i.e., coalition COALY = {ay, as, ag}).

The complexity of bi-objective optimization depends on the number of solutions that constitute the Pareto front.
The number of solutions is defined by the number of possible coalitions that can perform a mission. This number of
possible coalitions can be evaluated as follows.

Let’s consider an alliance of N members. At the first step, it is needed to sort the alliance members in ascending
order according to their capabilities. The sorting procedure has complexity O(NlogN). At the second step, it is needed to
exclude the alliance members that have capabilities more than required capabilities Cpeeqeq. It iS Necessary because each
such member doesn’t need a coalition since it can perform a mission by itself. This excluding procedure has complexity
O(N). Total number of excluded members is denoted as R. At the next step, it is needed to determine all possible
coalitions that can be formed by (N-R) alliance members and to choose only those coalitions that satisfy condition (3).
The number of coalitions that must be examined can be calculated according to (20). This procedure has complexity

Volume 18 (2026), Issue 1 53



Evaluation of Coalition Fault Tolerance

N1

O(N,?), where N;=N-R. We consider that coalitions with minimum number of members are preferable (when taking
into account coordination and communication costs). In view of this, we change the searching procedure so that first
will be examined all coalitions with two members. If at least one of such coalitions satisfies condition (3) then the
searching procedure will not examine the coalitions which have more than two members. Otherwise, all coalitions with
three members will be examined. If at least one of the coalitions with three members satisfies condition (3) then the
searching procedure will not examine the coalitions which have more than three members. The same analysis is applied
to the coalitions with larger number of members. Such arranged searching procedure allows reducing the number of
examined coalitions approximately by two times. Since the searching procedure has polynomial complexity, it could be
used when the number of alliance members doesn’t exceed a few dozen.

5. Conclusion

In this paper, a failure function for coalition members was proposed. This function takes into account different
types of failure of a coalition member such as minor, partial, substantial and complete failure. By using coalition
members’ failure functions, a metrics for measuring coalition fault tolerance was proposed. As distinct from the existing
metrics (such as FTC and maximum allowable number of coalition member failures), the proposed metrics takes into
account different types of coalition member failures and also the possibility to continue the work without replacing the
failed coalition member (in case of minor, partial and substantial failures).

In the paper, we have considered the situation when only one coalition member can fail at a time. Such situation is
the most probable. The situations when more than one coalition members fail at a time have essentially lower
probability. Nevertheless, they should be studied as a separate research. We are planning consideration of this problem
in the future. In the future, we also plan to relax the restrictions on the dimension of a coalition member’s capability
vector.

As distinct from multi-agent systems, in which the autonomous agents are self-interested, the alliance members
considered in the paper are unselfish. In view of this, the procedure of formation of coalitions by alliance members is
significantly distinct from the procedure of coalition formation used in multi-agent systems.

For the case when substitution of the failed coalition members is possible, the algorithm of formation of a coalition
by alliance members was developed. The algorithm searches the coalition that has maximum value of coalition fault
tolerance. The algorithm provides an approximate solution to the problem. Finding the exact solution is a difficult task
with high complexity.

For the case when substitution of the failed coalition members is impossible or very complicated, the method for
comparing the possible coalitions and choosing the coalition that has the largest value of coalition fault tolerance was
proposed. In the paper, the value of coalition fault tolerance is used for solving the problem of bi-objective optimization,
in which coalition fault-tolerance is one of the objectives.
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