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Abstract—In the context of economic or managerial opera-
tional systems, the discussion often revolves around strategies
to enhance efficiency. However, efficiency and loss are two
sides of the same coin. Minimizing loss is crucial for the
optimal functioning of operational systems, as reducing losses
indirectly contributes to improving performance. Therefore, this
study first proposes a rule within an operational system on
how to evaluate and minimize losses under a multi-objective
consideration. In real-world scenarios, participating entities
and their levels of participation yield different effects across
various objectives. Hence, corresponding weighted derivative
rules are also introduced concerning participating entities,
their participation levels, and related marginal effects. The
mathematical correctness and practical applicability of these
rules are also validated through related axiomatic processes.

Index Terms—OQOperational systems, multi-objective consider-
ation, minimizing loss, rule, axiomatic process.

I. INTRODUCTION

The enhancement of efficiency is a critical topic frequently
addressed in economic or managerial operational systems.
For instance, strategies on how to maximize commercial
profits, increase production capacity in machines, or enhance
the efficacy of pharmaceuticals are commonly explored.
However, efficiency and loss are intricately linked. For
instance, evaluating commercial profits requires considering
production costs, assessing production capacity involves ma-
chine wear and tear, and evaluating pharmaceutical efficacy
entails considering physiological risks. When assessing how
to minimize losses, it often indirectly leads to enhancing
efficiency. For example, reducing production costs ultimately
increases net profits from product sales.

However, evaluating minimization of losses often ne-
cessitates considering multiple objectives. For instance, in
selling products, reducing manufacturing costs conflicts with
prolonging machine lifespan while simultaneously reducing
pollution from the production process. These objectives
sometimes clash, as extending machine lifespan and reducing
pollution inevitably affect costs. In game theory, multi-
objective analysis aims to derive equilibrium outcomes under
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various objectives. Under the field of mathematics, mathe-
matical multi-objective game-theoretical methods are wildly
applied to address such multi-objective consideration issues.
The rules governing such situations lack acceptable struc-
tures to express reasonable consequences that, unlike usual
perspectives or notions, evaluate numerous objective goals.
Various existing researches have explored multi-objective
situations. For instance, Bednarczuk et al. [1] transformed the
multiple-choice knapsack problem into a bi-objective opti-
mization problem, whose solution set encompasses solutions
of the original multiple-choice knapsack problem. Goli et al.
[3] addressed the optimization of the multivariate manufac-
turing portfolio problem under return uncertainty. The key
achievement stems from employing an enhanced artificial
intelligence-robust optimization hybrid approach, introducing
a new concept for assessing the risk of a manufacturing port-
folio. A bi-objective mathematical formulation (maximizing
return and minimizing risk) is also presented. By delving
into multi-attribute analysis techniques amidst diverse and
complex conditions (e.g., considering multiple perspectives
and incorporating multi-level participating entities), Guarini
et al. [4] aim to outline a methodology for selecting the most
suitable rule tailored to specific evaluation requirements,
often encountered in strategic decision-making contexts. A
resilient combinatorial optimization modeling approach by
Mustakerov et al. [14] is advanced for multi-choice yield
with diverse strategy maker prerequisites. This approach is
founded on formulating multi-attribute linear mixed-integer
optimization tasks. Tirkolaee et al. [18] highlighted the
multi-attribute multi-mode utility-constrained manufacturing
scheduling problem with compensation planning, where tasks
can be completed through various modes, aiming to minimize
completion time and maximize net present value simultane-
ously. Related studies also could be found in Cheng et al.
[2], Khorram et al. [12], and so on.

Under traditional game-theoretical evaluating processes,
participating entities typically consider participation or
non-participation scenarios. The equal allocation of non-
separable costs (EANSC, Ransmeier [16]) is a common
efficiency evaluating rule proposed within traditional game
theory. Moulin [13] defined the complement reduction and
related consistency, combining other properties to prove that
EANSC is a fair, just, and rational evaluating rule. To accom-
modate multi-objective considerations, participating entities
in operational systems must have varying levels of involve-
ment, necessitating a multi-choice evaluating behavior where
each participating entity has different levels of participation.
Under multi-choice situations, Hwang and Liao [7], Liao [8],
[9], [11], and Nouweland et al. [15] have proposed several
derivative evaluating rules and related axiomatic processes.
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In many operational systems, however, losses generated by
participating entities or their levels of involvement often
vary depending on the context. For example, the same
pharmaceutical may cause different physiological harms in
different treatment contexts, may interact differently with
other drugs, and the dosage administered can also influence
outcomes. Therefore, it is reasonable to assign corresponding
weights based on the context for participating entities or their
levels of involvement.
The above statements lead to a question:

o Can an evaluating rule be proposed based on multi-
objectives, varying levels of participation, and relative
weighting considerations on how to minimize losses
under operational systems?

To address this question, the primary results presented in
this study are as follows.

1) Inspired by evaluating notion of the EANSC, within
a multi-objective multi-choice structure, we propose a
rule for evaluating and minimizing loss under opera-
tional systems, termed as the minimal uniform evalu-
ation of indivisible losses (MUEIL).

2) Since losses generated by participating entities or their
levels of involvement often vary across different con-
texts, we define different weight functions for partic-
ipating entities and their levels of involvement. These
two weight functions are integrated into the concept
of the MUEIL, resulting in two weighted derivative
forms.

3) However, defining weight functions and assigning
weights to participating entities or their levels of in-
volvement may be somewhat artificial. Therefore, this
study utilizes marginal effects from participation as
substitutes for weights, deriving a natural weighted
form as a result.

4) Further, we extend the Moulin’s [13] reduction, its
corresponding consistency and different balance prop-
erties to the structure of multi-objective multi-choice
situations, and utilize related axiomatic processes to
demonstrate the mathematical correctness and practical
applicability of the evaluating rules proposed in this
study.

II. PRELIMINARIES

A. Definitions and notations

Let UPE denote the universe of participating entities, for
instance, the set comprised of all citizens of a country. Any
b € UPE is identified as a participating entity of UPE, such
as a citizen in a country. For b € UPE and &, € N, we define
L, = {0,1,---,&} to represent the set of participation
levels for participating entity b, and L, = L, \ {0}, where
0 indicates no operation.

Consider P C UPE as the largest set encompassing
all participating entities of an interactive system within
UPE, like all employees of a company in a country. Let
LF = [I,cp Lo be the product set of participation level
sets for every participating entity in P. For every QQ C P,
a participating entity alliance () corresponds, in a standard
manner, to the multi-choice alliance 29 € LF, which is a
vector indicating 29 = 1if ¢ € Q, and 2¢ = 0if ¢ € P\ Q.

Denote Op as the zero vector in RF. For m € N, also define
O, as the zero vector in ™ and M,,, = {1,2,--- ,m}.

A multi-choice circumstance is denoted as (P,¢&, ),
where P # () is a finite set of participating entities,
€ = (&)pep € LF is a vector indicating the number of
participation levels for each participating entity, and x :
L” — R is a mapping with x(0Op) = O that assigns to each
participation level vector i = (up)pep € LF the benefit that
participating entities can receive when operating at level 1.
A multi-objective multi-choice circumstance is denoted by
(P,&,X™), where m € N, X" = (x")iem,, and (P, &, x")
represents a multi-choice circumstance for each ¢ € M,,.
The family of all multi-objective multi-choice circumstances
is denoted as MMC.

A rule is defined as a mapping p that assigns to each
(P,¢,X™) € MMC an element

p(B.&X™) = (0 (P&, X™)) ey, s

where pf(P,&,X™) = (p}(P,&,X™)),, € R° and
ol (IP, &, X"’) represents the remuneration of participating en-
tity b when b operates in (P, ¢, x"). Let (P,£,X™) € MMC,
Q CP,and pu € RF. We define N(u) = {b € P|u # 0} and
pg € RC as the restriction of u to Q. Given b € P, we also
define 1y, to represent pp\ (). Additionally, o = (11—, 1) €
RF is defined by o_y = p_p and o, = i.

Based on the claim of evaluating how to minimize various
losses during operational processes, this study introduces
derivative the concepts of the EANSC within the framework

of multi-objective multi-choice circumstances.
Definition 1: The minimal uniform evaluation of indi-

visible losses (MUEIL), A, is defined by

AL(P,€,X™) = AL(P,E,X™) + % [xt©) — S AL, &, x™)]
keP

for every (P,¢,X™) € MMC, for every ¢t € M, and for
every b € P. The value

AL (P, €, X™) = min {x"(§,9) — X" (§-bra — 1)}
qE]Lb

is the minimal marginal level-loss among all participation

levels of participating entity b in (I, £, x*).! Under the notion

of A, all participating entities firstly evaluate its minimal

marginal level-losses, and further assess the rest of losses

equally.

As mentioned in the introduction, related concept of
weights often becomes important consideration under various
allocating processes. For example, allocating proportions for
weights may be related to asset allocation, where weights can
represent the relative investment risk of various asset plans
under the investment circumstance. Similarly, weights can be
applied in insurance contracts, where the risk of various in-
surance items relative to different employment circumstances
may result in different weighted premium costs. Even if
the insurance items and employment circumstances for a
particular insurance product are fixed, the premium costs of
insurance items may vary in weighted proportions relative to
different insured parties. Therefore, it is quite reasonable to

I This study utilizes bounded multi-choice circumstances, treated as the
circumstances (P, £, x*) such that, there exists BY € R such that x*(u) <
B! for every i € LF. It could be utilized to assure that Af (P, ¢, x*) is
well-defined.
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assign weights to “participating entities” or their “participa-
tion levels” to differentiate their relative differences.

Let 2 : UPE — RT be a positive map. Then {2 is treated
as a weight function for participating entities. Similarly, let
= UbeUPEL;’ — R be a positive map. Then Z is treated as
a weight function for participation levels. Based on these
two kinds of weight functions, three weighted extensions of
the MUEIL could be considered as follows.

Definition 2:

o The 1-minimal weighted evaluation of indivisible
losses (1-MWEIL), A®, is defined as follows: For
every (P,£,X™) € MMC, for every weight function
for participating entities €2, for every ¢ € M,,,, and for
every participating entity b € PP,

AP, E,X™)
= ALPEX™) +

SO XE©) — X ALP,E,X™).

keP keP
According to the definition of A%, all participating
entities initially evaluate their minimal marginal level-
losses, and the remaining losses are assessed propor-
tionally via weights for participating entities.

o The 2-minimal weighted evaluation of indivisible
losses (2-MWEIL), A=, is defined as follows: For
every (P, ¢,X™) € MMC, for every weight function

for participation levels Z, for every ¢ € M, and for
every participating entity b € P,

Ay (P €, X™) =
= I'@6X™) + g [XH©) — X It (.6, Xm),
keP
where
Ty (P.€,X™) = min {=(q) - [x'(6-1,9) = X" (€-p,a — D]}
qGLb

is the minimal weighted marginal level-loss among all

participation levels of participating entity b. By defini-
tion of A=, all participating entities initially evaluate
their minimal weighted marginal level-losses, and the
remaining losses are assessed equally.

o The bi-weighted evaluation of indivisible losses
(BWEIL), A®=, is defined by for every (P,¢,X™) €
MMC, for every weight function for participating enti-
ties €2, for every weight function for participation levels
=, for every t € M, and for every participating entity
beP,

A?’E’t(P,f,XW)

= T3P X™) + <20 [x4(©) - ST Eexm).

kEP

Based on the definition of A®=, all participating en-
tities initially evaluate their minimal weighted marginal
level-losses, and the remaining losses are assessed pro-
portionally via weights for participating entities.

B. Motivating and practical examples

As mentioned in the introduction, each participating entity
can choose different participation levels relative to differ-
ent real-world situations. Moreover, multi-objective game-
theoretical analysis considers how the operational processes
and outcomes of systems operate in equilibrium when mul-
tiple criteria are simultaneously involved. Related concepts
have been applied in many fields, including industrial engi-
neering, ecological assessments, drug trials, logistics man-
agement, and decision-making sciences, where balancing
and formulating equilibrium strategies are needed under

considerations of multiple objectives. For example, in the
plant assessment process of a technology company, how to
reduce costs while delaying machine wear and tear, reducing
pollution emissions, and resource consumption, but still
maintaining or even improving efficiency. In many cases,
three or more objectives may be involved. Therefore, this
study focuses on the framework of multi-objective multi-
choice considerations.

However, it may not always be appropriate to consider
the importance of participating entities or their participation
levels as equal under different circumstances. Therefore, it
is very reasonable to assign relative weights to participating
entities or their participation levels under operating processes
and distributing processes relative to different operational
circumstances. Thus, the advantage of the evaluating rules
proposed in this study lie in considering multiple objectives,
multiple participation levels, and relative weighting, confirm-
ing that the global value of each participating entity can be
derived through evaluating minimization of losses.

To illustrate the concept of multi-objective multi-choice
scenarios, let us consider a concise example in the con-
text of “risk management.” Let P represent the set formed
by all participating entities in the operational organization
(P, ¢,X™). The function X! can be seen as a risk evaluat-
ing, evaluating the risk value of each overall participation
level vector a« = (ap)pep € LP, which presents the risk
generated by each entity b € P when operating with a
specific participation level o, € L, in the organizational sub-
department (P, &, x*). Using this corresponding framework,
an operational organization (P, £, X™) can be expanded to a
multi-objective multi-choice circumstance, where x* repre-
sents each risk evaluating function, and LL; represents the set
formed by all participation levels of each participating entity
b. Subsequently, we will further propose how to apply the
rules defined in this study for minimizing losses in practical
applications.

In the operational system example mentioned above, all
participating entities not only incur their unique losses within
the overall operational circumstance but may also experience
different effects due to interactions with other participating
entities. These effects can lead to mutual resistance, exacer-
bated losses, or unpredictable damages. As demonstrated in
the example above, the mapping x* can be seen as an eval-
uation of loss effects, where the collaborative participation
levels of all participating entities can be represented by the
vector o = (ap)pep € LF.

e According to the evaluating notion of the MUEIL
defined in Definition 1, one could first evaluate the min-
imal marginal level-losses caused by the participation
levels of each participating entity, and the remaining
losses will be shared by all participants.

« However, since each type of participating entity may
incur different relative loss effects relative to differ-
ent operational departments or related businesses, it is
reasonable to generate weights via weight function for
participating entities €. Initially evaluating the minimal
marginal level-losses caused by the participation levels
of each participating entity, the remaining losses should
be allocated based on the relative weighted proportions
of each participating entity, which is the evaluating
notion of the 1-MWEIL in Definition 2.
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¢ On the other hand, since the participation levels of each
participating entity may result in different loss effects
relative to different operational departments or related
businesses, these participation levels naturally exhibit
varying degrees of relativity. Therefore, it is reason-
able to generate weights through weight function for
participation levels =. Initially evaluating the minimal
weighted marginal level-losses caused by the participa-
tion levels of each participating entity, the remaining
losses will be shared by all participating entities, which
is the evaluating notion of the 2-MWEIL in Definition
2.

o If we combine the concepts of the I-MWEIL and the
2-MWEIL, initially evaluating the minimal weighted
marginal level-losses caused by the participation levels
of each participating entity, the remaining loss effects
should be allocated based on the relative weighted
proportions of each participating entity, which is the
evaluating notion of the BWEIL in Definition 2.

III. AXIOMATIC PROCESSES

A. Axiomatic results for the MUEIL and its weighted exten-
sions

Inspired by the axiomatic concepts due to Hart and Mas-
Colell [5] and Moulin [13], several axiomatic results for
the MUEIL, the 1-MWEIL, the 2-MWEIL, and the BWEIL
are presented below to demonstrate mathematical correctness
and the practicality of these rules.

Definition 3: A rule p fits the multi-objective effective-
ness (MOEIS) requirement if, for every (P, £, X™) € MMC
and for every t € M,,, the sum of remunerations evaluated
via p to all participating entities in PP coincides with the
overall effect x?(£). The MOEIS requirement ensures that
all participating entities evaluate whole the losses entirely.

Lemma 1: The rules A, A®, A=, A®E fit MOEIS.
Proof of Lemma 1: Let (P, &, X™) € MMC, t € M,,, Q
be weight function for participating entities and = be weight
function for participation levels. By Definition 2,

> APEHR, 6, X™)
beP

= Y IyiPexm)

beP o) ) -,

+ - PP e, xm
bze:JP’[k%WQ(k) [X (f) sz:P k ( 3 )]:|

= Y IyNPEX™) + w[x‘(é) — Y IR, X™))
= S IPHPEX™) 4+ xHE) — X TPH(P,€,X™)

beP keP
= x'().

The proof is done. If all the weights for participating
entities are set to 1 in the above proof process, the MOEIS
requirement of 2-MWEIL can be verified. Similarly, if all
the weights for participation levels are set to 1 in the
above proof process, the MOEIS requirement of 1-MWEIL
can be completed. Furthermore, if all the weights for both
participating entities and participation levels are set to 1 in
the above proof process, the MOEIS requirement of MUEIL
can be finished. u

To characterize the EANSC, Moulin [13] proposed the
concept of the complement reduction, where each coalition
within a subgroup can only receive its payoff if the coalition’s
payoff matches the original payoff of all non-participating

entities outside the subgroup. The derived definition of
complement reduction under multi-objective multi-choice
circumstances is introduced as follows.
Definition 4:
e Let (P,&,X™) € MMC, K C P, and p be a rule.
The reduced circumstance (K¢ K, X§, p) is defined
by X% , = (X% ,)tem,,» and for every p € LK,

t 0 if = O,
XK,p(lU‘) = Xt (“75]}]’\1() - Z pé(]}pvé-:X"L) OtherWisev
bEP\K

e Moreover, a rule p satisfies the multi-objective
bilateral consistency (MOBCY) requirement if
PL(K, Exc X ,) = ph(P,E,X™) for every (P, £, X™) €
MMC, for every t € M,,, for every K C P with
|K| =2, and for every b € K.

Lemma 2: The rules A, A?, A=, A%= fit MOBCY.
Proof of Lemma 2: Let (P,{,Xm) € MMC, K C P,

t € M,,, 2 be weight function for participating entities and

= be weight function for participation levels. Let [P| > 2
and | K| = 2. By Definition 2,

Q,=,
Ay UK €k, X ja2)

= FbEYt(K7 ﬁK,XTIZ”AQYE)
+% X a0z (6K) — kz =K, k. X na2)]
kEK eK
@)
for every b € K and for every ¢ € My,. By definitions of
I'=" and XtK AQE>

=t ,
Fb (K1 nyX;(L AQ,E)

I?]%‘I}F{E(Q)[Xi(ygﬂ,s(fl(\{b}: q) — X}’An,s Ex\{py-9— DI}
Al

mir}r{E(Q)[Xt(&b, q) —x"(é—pqg— D]}

q€L}

= TP, X™).

()]
Based on equations (1), (2) and definitions of XtK Aq.z and

Q.=
A=,

Q.2
Ab ’ 7t(Kv K, XrKn7A51,E)

N FbE,t(Pd(fb’)Xm)
B¢ m
T am X a0 @) = T T (B.6X™)]
keK

= FbE’t(IR £7xm) + % [Xt(g) - kE%:\K AXIJE’t(]P’ 67xm)

kEK _
- X TP X™)]
keK

= T(R¢,X™)
2] S AREE LX) - T TEHE,EX™)]
kEK kE_K keEK
(MOEIS of A®E)
= ;P X™)
Q(b) kgkﬂ(k) + =t
t>am [W[X 8- EGIH)FP’ (P,&X’")}]
- keEK peEP ) P
= IPMREX™) + s X9 — 3 ThP6,X™)]
pEP pEP

= APEIREX™)

for every b € K and for every t € M,,. If all the
weights for participating entities are set to 1 in the above
proof process, the MOBCY requirement of 2-MWEIL can
be verified. Similarly, if all the weights for participation
levels are set to 1 in the above proof process, the MOBCY
requirement of 1-MWEIL can be completed. Furthermore, if
all the weights for both participating entities and participation
levels are set to 1 in the above proof process, the MOBCY
requirement of MUEIL can be finished. |
Definition 5: o A rule p satisfies the multi-objective
rule for circumstances (MORC) requirement if
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p(P, &, X™) = A(P,&,X™) for every (P,&,X™) €
MMC with |P| < 2.

o rm A rule p satisfies the 1-weighted rule for circum-
stances (IWRFC) if p(P, ¢, X™) = A%(P, &, X™) for
every (P, &, X™) € MMC with |P| < 2 and for every
weight function €2 for participating entities.

e A rule p satisfies the 2-weighted rule for circum-
stances (2WRFC) if p(P,&,X™) = AZ(P, &, X™) for
every (P, ¢, X™) € MMC with |P| < 2 and for every
weight function = for levels.

e A rule p fits bi-weighted rule for circumstances
(BWRO) if p(P,&,X™) = A%E(P,£,X™) for every
(P,¢,X™) € MMC with |[P| < 2, for every weight
function for participating entities €2 and for every weight
function for participation levels Z.

¢ The requirements of MORC, MORC, 1WRFC, 2WRFC,
BWRC are generalized analogues of the two-entry rule
standard proposed by Hart and Mas-Colell [5].

Inspired by the axiomatic concepts due to Hart and Mas-

Colell [5] and Moulin [13], the MOBCY requirement would
be adopted to characterize these evaluating rules.

Theorem 1:

1) On MMC, the MUEIL is the unique rule fitting MORC
and MOBCY.

2) On MMC, the 1-MWEIL is the unique rule fitting
IWRFC and MOBCY.

3) On MMC, the 2-MWEIL is the unique rule fitting
2WRFC and MOBCY.

4) On MMC, the BWEIL is the unique rule fitting BWRC
and MOBCY.

Proof of Theorem 2: By Lemma 2, the rules A, A2,
AE, A®E fit MOBCY. Clearly, the rules A, A?, A=, A%=
fit MORC, 1WRFC, 2WRFC and BWRC respectively.

resent the uniqueness of result 4, suppose that p fits
BWR and MOBCY. By BWRC and MOBCY of p, it is
easy to clarify that p also fits MOEIS, thus we omit it. Let
(P, &, X™) € MMC, 2 be weight function for participating
entities and = be weight function for participation levels. By

BWRC of p, p(P,&,X™) = A®E(P, £, X™) if [P| < 2. The
situation |P| > 2: Let b € P, t € M,,, and K = {b, p} with
p € P\ {b}.
Ph(B.&,X™) — AN (B X)
= Ph(KEx, X ) — APUK 6 Xy 2)

(MOBCY of AQ =t and p) (3)
= AYTUE e, X ) — APTHK €k X o 2)-
(BWRC of p)

Similar to equation (2)

Do (K 6, X7 ) = T (P4 X™) = TP (K 6, X ) ()

By equations (3) and (4),
pb(P €Xm) = AP, &, X
= Ht(K €K7 )_ (K7€K7X2’AQ,E,)
= W [XK,p(gK)—XfK’AQ,E(fK)]

Q(b m
Aty PP, §X7) + A(P.EX™)
7Ab = (Pvévxm) - AP = (HD’g:X’m)}

By MOEIS of A®%=* and p,
[} (P, €, X™)
= Qb)) X [pp(P,&X™) —

PE
(b) [Xt(€) — x*(9)]

— APPSR X™)] - T Q(p)
_ peP
APEL (P, 6, X™))

Hence, p;(P,£,X™) = A?E’t(ﬂm,g,xm) for every b € P
and for every ¢t € M,,. If all the weights for participating
entities are set to 1 in the above proof process, the proof of
outcome 3 could be verified. Similarly, if all the weights for
participation levels are set to 1 in the above proof process, the
proof of outcome 2 could be completed. Furthermore, if all
the weights for both participating entities and participation
levels are set to 1 in the above proof process, the proof of
outcome 1 could be presented. ]

In the following some instances are exhibited to display
that every of the requirements applied in Theorem 1 is

independent of the rest of requirements.

Example 1: We focus on the rule p as follows. For every
(P, &, X™) € MMC, for every weight function for partici-
})atmg entities €2, for every weight function for participation

Vels =, for every t € M, and for every participating entity

if [P| < 2,

Q,5,t
¢ my _ } AP EX™)
pp (P, &, X™) = { 0 otherwise.

Clearly, p fits BWRC, but it does not fit MOBCY.
Example 2: We focus on the rule p as follows. For every

(P,&,X™) € MMC, for every weight function for partici-

{)atmg entities €2, for every weight function for participation
vels =, for every ¢ € M, and for every participating entity

AP (P, €, X™)

t P £ X — if [P| < 2,
pb( 7&7 ) 0

otherwise.

Clearly, p fits 2WRFC, but it does not fit MOBCY.
Example 3: We focus on the rule p as follows. For every
(P,&,X™) € MMC, for every weight function for partici-
{)atmg entities (2, for every weight function for participation
evels =, for every t € M,,, and for every participating entity

if |P| <2,
otherwise.

e xm = { o BEET

Clearly, p fits IWRFC, but it does not fit MOBCY.
Example 4: We focus on the rule p as follows. For every
(P, ¢, X™) € MMC, for every weight function for partici-
fatlng entities €2, for every weight function for participation
vels =, for every ¢ € M, and for every participating entity

if P < 2,
otherwise.

P (B, E,X™) = { AP X™)

Clearly, p fits MORC, but it does not fit MOBCY. AL

Example 5: We focus on the rule p as follows. For every
(P,&,X™) € MMC, for every weight function for partici-
pating entities €, for every weight function for participation
levels =, for every t € M,,, and for every participating entity
beP, pi(P,&,X™) = 0. Clearly, p fits MOBCY, but it does
not fit MORC, 1WRFC, 2WRFC and BWRC.

B. Different generalization and revised consistency

In Section 2 and Section 3.1, this study respectively
proposes weighted rules for evaluating the corresponding
weighted allocating notions concerning participating entities
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and their participation levels. However, the fairness or legiti-
macy of these weighted functions may be questioned, mean-
ing the relative weighting of participating entities or their
participation levels may seem somewhat arbitrary. Therefore,
replacing weighted functions with relative minimal marginal
level-losses in different situations appears to be more rea-
sonable.

By substituting “minimal marginal level-losses” for
“weights”, the following loss evaluating notion can be de-

fined differently from previous ones.

Definition 6: The multi-choice multi-objective interior
rule (MMOIR), A’, is defined as follows: for every
(P,¢,X™) € MMC*, for every ¢t € M,,, and for every
participating entity b € PP,

ApH(P €, X™)
Af(P,EX™)

= ApPEX™) + T ATEEERT) X'(6) - kZE:]PAi(HD,&Xm)L
keP

where

MMC* = {(P,£,X™) € MMC| > AL(P,£,X™) #0V t € Mm}.
keP

Based on definition of A’, all participating entities ini-
tially evaluate their minimal marginal level-losses, and the
remaining losses then assessed proportionally based on these
minimal marginal level-losses.

Next, one would like to axiomatize the MMOIR using re-
lated notion of consistency. It is straightforward to verify that
> AL(P,E,X™) = 0 for some (P, ¢, X™) € MMC, for
kEK
some K C P, and for some t € M,,,, i.e., AT (K, £, X%A)

doesn’t exist for some (P, £, X™) € MMC, for some K C P,
and for some ¢t € M,,,. Therefore, we focus on the multi-
objective revised consistency as follows.

Definition 7:

e A rule p fits the multi-objective revised-consistency
(MORCON) if (K, fK,X?’p) and p(K, EK,X%p) ex-
ist for some (P, £, X™) € MMC, for some K C IP, and
for some t € M,,, and it holds that p; (K, {x, X%p) =
po(P, &, X™) for every b € K.

e A rule p fits the multi-objective interior standard
(MOIS) if p(P,&,X™) = AP ¢,X™) for every
(P, ¢, X™) € MMC with |P| < 2.

Similar to Theorem 1, the related axiomatic process of Al

can also be presented as follows.

Lemma 3: The rule A! fits MOEIS on MMC™.
Proof of Lemma 3: Let (P,£,X™) € MMC, ¢t € M,,, Q
be weight function for participating entities and = be weight
function for participation levels. By Definition 6,

> AP €, X™)
beP
= 3 AL(P¢X™)

ber
ALEEX™) 4 ] -
+ = ey -2 APEX
%%R%AK@@X)h(O X a4Eexm)]]
= Y ALPEXT) +XN(E) - X AL(P.EX™)
bee keP

= X&)

The proof is done. ]

Lemma 4: The rule A’ fits MORCON on MIMIC*.
Proof of Lemma 4: Let (P,&,X™) € MMC", K C P,
t € M,,, 2 be weight function for participating entities and
= be weight function for participation levels. Let |P| > 2

and |K| = 2. By Definition 6,

APHK €, X2 1)

= AE(K7£K7X7£7AI)
ALK& XT 1)
> t
o X (39)
kEZKAﬁ((vaKvXKYAI)[ KAl

_ k;K Al (K, gK,X;AI)]

)
for every b € K and for every ¢ € M,,. By definitions of
AT and X5 At

AE(K’ é-K:XT[?yAI)
= qrg]iLg{x}AI ({21 9) = X a1 (Ex\ ()7 — D}
b 6
= in (€ 0) ~ X a1} ©
q€L;
= ALPREX™).

Based on equations (5), (6) and definitions of xi( Az and
AT,

Aé’t(K75K7X

= AlR.EX™)
ApT(R,E,X™)

+b7 Xt E(EK)_ Z At(Pvg)Xm)

kEZKAi’f(P,&X"W[ K,r kEK k ]

APTEEX™) oy

T AL Rexm) @)

€
- Z Ai!t(P7£,Xm)7 Z Ai(P,f,Xm)]
keK

TKn,AI)

= Ap(PEX™) +

kEP\K

= aEex™
Ay (R X™ m
2 BEF) s ALY, g, xm)

I
kEZK Apteexmy bt

- Z AZ(Pv érxm)]

keK
(MOEIS of AT)
= Al(P,&,X™) o
LAy Eexm™) [kezK AP X )[ o
= artEexm) = Q) X
keK pEP
- ZPA];(P,g,xm)}]
pe
= Ai(IP}t&Xm)
Ay (PEX™) m
+ b X () — X TH(P, &, X™)]

peEP peP
APH(P,E,X™)

for every b € K and for every t € M,,. ]

Theorem 2: On MMC*, the MMOIR is the only rule
fitting MOIS and MORCON.

Proof of Theorem 2: By Lemma 4, the rule A’ fits

MORCON. Clearly, the rule A’ fits MOIS.

To present the uniqueness, suppose that p fits MOIS
and MORCON. By MOIS and MORCON of p, it is easy
to clarify that p also fits MOIS, thus we omit it. Let
(P, £, X™) € MMC™, Q be weight function for participating
entities and = be weight function for participation levels. By
MOIS of p, p(P,&,X™) = A%E(P, ¢, X™) if |P| < 2. The
situation |P| > 2: Let b € P, t € M,,, and K = {b,p} with
peP\ {b}.

pb (B, €, X™) — Aé’*a@,tg,xm)
= pé(K’é-K:XT['(l’p)_Ab’ (K7£K7XTKn’AI)

(MORCON of At and p) @)
I, m I, m
= AK€k KR ) — A (K 6 X ).
(MOIS of p)

Similar to equation (2)

ALK, €, X ) = AY(PEX™) = ALK €, X A1) (8)
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By equations (7) and (8),

PL(P,E,X™) — ADH(P, €, X™™)
= APNK 6 X ) — AK€k, X A r)
AL (K 6 X )

t ot
TR & X ) TAL (g X o(68) = X p1 (€x¢)]
AP (K &k X )

t m t m
AR Er AE, AL e T,y P X + pp(B 6 X)
—APH (P, €, X™) — APH(P,€,X™)].

Thus,

ALK, €k, X2 ) - [ph(P, €, X™) — AP (P, €,X™)]
= ALK €k, X ) - [ph(P,6,X™) — Ap'(P,€,X™)].

By MOEIS of A’ and p,

[P (P&, X™) — Ay (P, &, X™)] - ALK KR )
P

= ALK XR,) - T (B8 X - ApH(P, &, X™)]
P

ALK, €5, X ) - [xE(E) — X(©)]
0.

Hence, pj (P, &, X™) = Ai’t(P,g,Xm) for every b € P and
for every t € M,,. ]

In the following some examples are exhibited to display
that every of the properties applied in Theorem 2 is indepen-
dent of the rest of properties.

Example 6: We focus on the rule p as follows. For every
(P,¢,X™) € MMC*, for every t € M, and for every
participating entity b € P,

if [P| < 2,

It
. my [ ApY(R,E,X™)
pp(P, €, X™) { 0 otherwise.

Clearly, p fits MOIS, but it does not fit MORCON.

Example 7: We focus on the rule p as follows. For every
(P, ¢, X™) € MMC*, for every t € M, and for every
participating entity b € P, p! (P, £, X™) = 0. Clearly, p fits
MORCON, but it does not fit MOIS.

In the following, an instance is provide to present (*) how
the new rules would distribute effects differently than the
previous rules and (**) differently from each other.

Example 8: Let (P,£,X™) € MMC with P = {a,b,c},

m=2,¢&=(2,1,1), L, ={0,14,2.}, Ly = {0,1}, L. =
{0,1.}, Q(a) =3,Q2(b) =2,Q(c) =4, E(1,) = 2,2(2,) =
3, (1) =6, Z(1.) = 5.

Further, let x*(2,1,1) = 6, x*(1,1,1) = 8, x*(2,1,0) =
4, X1(2,0,1) = 3, Xl( ,0,0) = 10, Xl(l,l,O) = 4,
Xl(l,O,l) = -5, Xl(O, ,1) = 5, Xl(l,O,O) = =2,
x'(0,1,0) = 3, x(0,0,1) = —4, x2(2,1,1) = 10,
X2(1,1,1) = 4, x2(2,1,0) = 6, X2(2,O,1) = 1,
X2(27070) = 57 X2(17170) = 74’ Xz(lvovl) = 5’
x2(0,1,1) = 4, x*(1,0,0) = 8, x*(0,1,0) = -3,
X2(0,0,1) = 4 and Xl( ,0,0) = 0 = XQ(O,O,O) By

Definitions 1, 2, 6,

AL(P ¢, X™) = g, Alp,g,xm) = %

%(Pagvxm) = 3 %(P’§7Xm) = 1

AZ(P,E,X™) = 4, AZ(P,&,X™) = 5
AQ’?(P 5 Xm) _ 15 AQJ(]P; 5 Xm) _ 25

a ( agv ) - 9 b ( agv ) - 9
A?,l([p’§7xm) = %4’ ASQ(P’§7XW) = 1
APREX™) = & AZAREX™) = P
AFIREX™ = 0 APREXT) = 2
Aéﬁz(Pagva) = 2%7 A§’2(P,€,Xm) = E
A;7 (]P)7€7Xm) = 3 AE’ (]P)7€7Xm) = 3
AZZIREX™) = = AP (PEXM) = AP
Ag’j’;(P,ﬁ,Xm) = ;TOZ’ Ag’j’z(Pagvxm) = 7T6;L
Ab >~I71(]P>’€7xm) = ga Ac ,;,I(P’€7xm) = ?8
Aa’ (Pagaxm) = R Ab’ (]Pagaxm) = 7
ALN(PEX™) = 2, AP(PEXT) = 0
A2 (.6, X™) T APPEX) 7

IV. BALANCE REQUIREMENT

In this section, related balance properties would be pro-
posed to characterized the rules introduced in this study.

Definition 8:

e« A rule p satisfies the
(MOBAL) requirement if

multi-objective balance

pZ(P7§7Xm) - pZ(P7§7Xm)
AZ(P,E,Xm) - Ag(P,f,Xm)

for every (P, ¢, X™) € MMC, for every t € M,,, and
for every a,b € P.

o The multi-objective balance requirement asserts that
the disparity in remuneration allocated to any two
participating entities should coincide with the difference
between their respective minimal marginal level losses
under any multi-objective multi-choice circumstance.

Lemma 5: The rule satisfies A satisfies MOBAL on
MMIC.
Proof: Let (P,¢,X™) € MMC. For every a,b € P,

E(Pu 67 Xm) - ZE(P, 51 an)
= ALBEXT) X (E) - X ALE.E X))
S
—AEEXT) 4y [X(O) - X ALP 6 X™)]
€
= ALPEX™) — AL(P,EX™).

(C)]

Hence, the rule satisfies A satisfies MOBAL on MMC. m
Theorem 3: On MMC, the MUEIL A is the unique rule
fitting MOEIS and MOBAL.

Proof of Theorem 3: By Lemmas 1 and 5, the rules A

fits MOEIS and MOBAL respectively.

To present the uniqueness, suppose that p fits MOEIS and
MOBAL. Let (P, &, X™) € MMC, 2 be weight function for
participating entities and = be weight function for partici-
pation levels. By MOEIS of p, p(P, &, X™) = A(P, &, X™)
if |P| < 1. The situation |P| > 2: Let b € P, t € M,,, and
K = {b,p} with p € P\ {b}. By applying MOBAL of p,

g(P7£7xm) _Aié(]}»vﬁvxm)

(10)
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By MOEIS of A= and p,

|P|pt (Prfa Xm) - Xt(é)
= |P|pb(P7§7 Xm) - ZPPZ(P7E7XW)
peE

= 3 [ph(P,&,X™) — ph(P,€,X™)]
peP

= 3 [AL(R,&,X™) — AL(P,&,X™)]
peP

= |HD|ZI€(HD7£7XT”) - ZG:]P’A*%(IRS’ Xm)
- P
= |P|A2(P1£7Xm)_xt(§)

Hence, p}(P,&,X™) = AL(P,&,X™) for every b € P and

for every t € M,,. ]

In the following some instances are exhibited to display
that every of the requirements applied in Theorem 3 is
independent of the rest of requirements.

Example 9: We focus on the rule p as follows. For every
(P,&,X™) € MMC, for every weight function for partici-
pating entities €2, for every weight function for participation
levels =, for every t € M, and for every participating entity
beP, pt(P,&,Xm) = X‘Tilﬂ Clearly, p fits MOEIS, but it
does not fit MOBAL.

Example 10: We focus on the rule p as follows. For every
(P,¢,X™) € MMC, for every weight function for partici-
pating entities €2, for every weight function for participation
levels =, for every t € M,,, and for every participating entity
beP,p(P,&X™) = A} (P,£,X™). Clearly, p fits MOBAL,
but it does not fit MOEIS.

In the context of multi-objective considerations, the same
participation level adopted by a single participating entity
may yield varying effects relative to different objectives.
Therefore, the subsequent requirement is to incorporate
weighted considerations into the previously proposed multi-
objective balance requirement. Specifically, the disparity
in remuneration allocated to any two participating entities
should coincide with the difference between their respective
weighted minimal marginal level losses.

Definition 9:

o A rule p satisfies the weighted multi-objective balance

(WMOBAL) requirement if

PL (P&, X™) — p}(P,€,X™)
= ISYP,EX™) TP, EX™)

for every (P, ¢, X™) € MMC, for every t € M,,, and
for every a,b € P.

e The multi-objective balance requirement asserts that
the disparity in remuneration allocated to any two
participating entities should coincide with the difference
between their respective weighted minimal marginal
level losses.

Lemma 6: The rule satisfies A= satisfies WMOBAL on

MMC.
Proof: Let (P,£,X™) € MMC. For every a,b € P,
A;’t(]P7 53 Xm) - Ab57t(P7 §7 Xm) —
= Ta'(P&X™) + g [x'(€) - z Iy (Pg,xm)
= € =
T (B 6 X™) + 5 [x(6) = X T (P& X))
S
= T&'(R&X™) —T3 (B &Xm).
Hence, the rule satisfies A= satisfies WMOBAL on MMC.
|

Theorem 4: On MMC, the MUEIL AF is the unique rule
fitting MOEIS and WMOBAL.

an

Proof of Theorem 3: By Lemmas 1 and 5, the rules

A= fits MOEIS and WMOBAL respectively.

To present the uniqueness, suppose that p fits MOEIS and
WMOBAL. Let (P, &, X™) € MMC, Q be weight function
for participating entities and = be weight function for partic-
ipation levels. By MOEIS of p, p(P, £, X™) = A=(P, &, X™)
if |P| < 1. The situation |P| > 2: Let b € P, t € M,,, and
K = {b,p} with p € P\ {b}. By applying WMOBAL of p,

PP, &, X™) — p (P, €, X™)
= T.'(P&X™) — T3 (P&, X™)

= AJUPEX™) — AT (B, E,X™).

12)

By MOEIS of A% and p,

\P\pg(RE,XW) —x'(¢)
= |Plp}(P,&,X™) — %Pp;(w,axm)

P
= 26:]1” [pi(]P)vf, Xm) — PL(P,&,X"L)}
p

= D [AT®ex™) - AT E6 X
pE - -
= ‘P‘A;’t(ﬂm’ézxm) - Z A;‘t(]P”é"Xm)

_ peP
IP|AS (P, €, X™) — x'(€).

Hence, pj (P, £, X™) = AbE’t(IP’, &, X™) for every b € P and

for every t € M,,. ]

In the following some instances are exhibited to display
that every of the requirements applied in Theorem 3 is
independent of the rest of requirements.

Example 11: We focus on the rule p as follows. For every
(P,&,X™) € MMC, for every weight function for partici-
pating entities €2, for every weight function for participation
levels Z, for every t € Mm and for every participating entity
beP, ph(P,&,Xm) = X‘T@) Clearly, p fits MOEIS, but it
does not fit WMOBAL.

Example 12: We focus on the rule p as follows. For every
(P,&,X™) € MMC, for every weight function for partici-
pating entities €, for every weight function for participation
levels E, for every ¢ € M, and for every participating
entity b € P, pf(P,&,X™) = I';"(P, £,X™). Clearly, p fits
WMOBAL, but it does not fit MOEIS.

Remark 1: Based on Definitions 2, 6, 8, 9, it is easy
to check that the 1-MWEIL, the BWEIL and the MMOIR
violates the multi-objective balance requirement and the
weighted multi-objective balance requirement.

V. CONCLUSIONS

In contrast to existing studies, this research defines dif-
ferent weighted functions for participating entities and their
respective participation levels simultaneously in the context
of multi-objective multi-choice scenarios, thereby proposing
loss evaluating rules such as the MUEIL, the I-MWEIL, the
2-MWEIL, and the BWEIL, along with its related axiomatic
processes. Unlike subjective weighted functions, this study
naturally utilizes minimal marginal level-losses instead of
traditional weights, introducing the MMOIR and its related
axiomatic processes within the framework of multi-objective
multi-choice settings. It is necessary to compare and analyze
the findings of existing literature with the results of this study.

1) Traditional evaluating rules mostly focus on participat-
ing patterns of either participation or non-participation
for participating entities.
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2) The MUEIL, the 1-MWEIL, the 2-MWEIL, the
BWEIL, and the MMOIR and related axiomatic pro-
cesses proposed in this study have not been appeared
in previous research literature.

o Under the evaluating notions of the MUEIL and
the 2-MWEIL, after evaluating the different mini-
mal marginal level-losses of all participating enti-
ties, the remaining loss effects are shared among
all participating entities.

e Under the evaluating notions of the 1-MWEIL
and the BWEIL, after evaluating the different
minimal marginal level-losses of all participating
entities, the remaining loss benefits are allocated
based on the relative weighted proportions of each
participating entity.

o The evaluating notions of the 2-MWEIL and the
BWEIL consider weights for participation levels
in evaluating the different minimal marginal level-
losses for all participating entities, which is not
considered in the MUEIL and the 1-MWEIL.

« Participating entities and their participation levels
are crucial in multi-objective multi-choice circum-
stances. Therefore, weights should be applied to
both participating entities and their participation
levels. Under the evaluating notion of the BWEIL,
the minimal weighted marginal level-losses of par-
ticipating entities are first evaluated, and then the
remaining losses are allocated based on the relative
weighted proportions of participation factors.

« However, using weighted functions for evaluating
may lack naturalness. Therefore, in the evaluat-
ing notion of the MMOIR, the minimal marginal
level-losses of all participating entities are first
evaluated, and then the remaining losses are borne
based on the corresponding proportions due to the
minimal marginal level-losses.

The multi-objective balance requirement and the weighted
multi-objective  balance requirement, as proposed in
Definitions 8 and 9, can be regarded as two distinct types
of symmetry requirements. The multi-objective balance
requirement implies that the disparity in remuneration
allocated to any two participating entities should be
symmetric with the difference between their respective
minimal marginal level losses. Conversely, the weighted
multi-objective balance requirement suggests that the
disparity in remuneration between any two participating
entities should be symmetric with the difference between
their respective weighted minimal marginal level losses.

The loss evaluating rules proposed in this study have
several advantages.

o Traditional evaluating criteria under traditional circum-
stances often consider the non-participation or universal
participation of all participating entities. However, this
study takes into account that all participating entities
can operate at different participation levels.

o In some studies on evaluating rules under multi-choice
circumstances, although the participation levels of par-
ticipating entities are considered, the evaluation is based
on related evaluating results of specific participating

entities at specific participation levels. In this study,
however, the overall impact generated by all participa-
tion levels of each participating entity is observed.

o To reflect real-world scenarios, the BWEIL conducts
loss evaluation based on the weighting of participat-
ing entities and their participation levels simultane-
ously. Furthermore, considering potential issues regard-
ing the fairness or legitimacy of weighted functions, the
MMOIR utilizes relative minimal marginal level-losses
instead of weighting.

Nevertheless, the rules proposed in this study have
some limitations. As emphasized in the advantages, each
participating entity has different participation levels.
Although it is possible to consider the overall effect of
all participation levels of each participating entity, it is
not possible to evaluate the effect of specific participating
entities at specific participation levels. Future research should
explore alternative rules that simultaneously consider both
overall effect and relative effect of a specific participation
level.

The findings of this study also motivate further research.

o In addition to the EANSC, alternative rules for evaluat-
ing losses under multi-objective multi-choice scenarios
derived from existing evaluating rules can be consid-
ered.

Readers are encouraged to conduct further research based on
the aforementioned motivations.
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