International Journal of Ethics in Engineering & Management Education
Website: www.ijeee.in (ISSN: 2348-4748, Volume 3due 9, September 2016)

Fixed Transmission Cost Allocation to Wheeling
Transactions by Proportional Nucleolus Method of
Game Theory in Deregulated Power Market

Rachappa Chimirela
SCADA Circle
Southern Power Distribution Company of
Telangana Ltd
Hyderabad, India
rachappall@gmail.com

Abstract— As deregulation sweeping in electrical Power sysins
all over the world, Transmission Pricing has undergoe dramatic
changes in recent times. The conventional cost atiation methods
such as MW — Mile, ZCF methods have become obsoletad new
procedures are needed to deal with intelligent andelf-sufficient
players. Hence in this paper co-operative game thgo based
approaches are demonstrated. The existing game thgobased
approaches like Nucleolus and Shapley value methodse found
to be inefficient for Transmission Fixed cost allocton due to
their own pros and cons. Therefore Proportional Nuteolus (P —
N) method, which is also a method of cooperative g& theory
approach is proposed in this paper to overcome thdrawbacks of
aforementioned methods. All the methods presented this paper
are tested on standard IEEE 14 — Bus system. Comparis® with
traditional allocation methods and also with otherCo-operative
Game Theory methods are shown and proposed Proportial
Nucleolus method compare better in economic and phical
terms.

Index Terms— Coalition, Cooperative Game, Cost Allocation,
Nucleolus, Proportional Nucleolus, Shapley, Wheelm
Transaction.

|. INTRODUCTION

II. The Deregulation of the power industry, which sdrin
South America in the 1980s and later developed dwode,
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fail to send right economic signals [4]. Three atidns of the
MW-Mile methods for pricing counter flows are intigated
for the cost allocation method. But these methaddailed in
providing incentives to users of the grid who causeunter
flows [2].

Different cost allocation schemes have been fortadlan
recent years based on the “natural economic usethef
transmission system. The fixed cost allocation isy@ical
cooperation between the agents, who produces inesrand
economies of scale. These benefits can in turn Hzzed
among the network participants.

Game Theory provides interesting concepts , methat
models that may be used when assessing the interaat
different agents in competitive markets and in gbtution of
conflicts that arise in that interaction, such hese of the
electricity markets. In particular, cooperative ganheory
arises as a most convenient tool to solve costcatiion
problems. The solution methodologies of cooperataene
theory behave well in terms of fairness, efficienstability,
and qualities required for the correct allocatiétransmission
costs [1].

Cooperative game theory suggests reasonable fixad c

economically and technically, the different markeasad
situations. Among them, one of the most complicategls has
been the non-discriminatory open access to trassmisand
distribution networks, and the cost allocation agothe
different market agents using those networks [1 ].

The Fixed cost of Transmission network can be jmeted as
the cost of operation, maintenance and construatibrthe
Transmission system [ 2].Fixed costs make up ttges part
of Transmission charges.

Classic and modern solutions to transmission cliataion
have not been able to satisfy expectations of etgrd and
market agents. Conventional usage based methagl$vIik/-
Mile method, Zero Counter
advantageous from an engineering point of view they may
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advantageous from engineering point of view [5-19].

This paper describes the three cooperative gamerythe
methods namely Nucleolus, Shapely value, and Ptiopai
Nucleolus for transmission fixed cost allocationlgem.

In the following Section Il, the concepts and siolntmethods
of Cooperative Game theory are presented. Sediion
describes about transmission fixed cost allocabignusage
based methods. Section IV presents transmissied fcost

allocation by Cooperative game theory based methods

Section V applies the proposed methods to casg stutEEE
14 Bus system. Section VI summarizes the conausio

Flow (ZCF) methods are
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I.COOPERATIVEGAME THEORY CONCEPTSAND
SOLUTIONMETHODS

A. Concepts

Cooperative games have the following ingredients:

1) A set of players: let N= {1,2,...., n} be the finite set of
players and let i, where i, runs from 1 throughindex the
different numbers of N .

@.(v) = :ﬁzs{s — 1)1 — ) v ) — vis\{)] (5)

This formula can be interpreted as follows: suppogdayers
participate one after the other into the coalitittvat will
eventually form the grand coalition. Consider atisgible
sequential participants of n players. Supposeahgtsequence
occurs with a probability:ll . If playeri participates and finds

coaliton (S — {i}) already in the coalition, thelagyer's
contribution to the coalition iy (s) — v(s\{i})).

2) A characterigtic function: Specifying the value created by The Shapley value is the expected value of theribuion of

different subsets of the players in the game isotishbyv.
The characteristic function is a function expressed number
and is associated with every subset S of N, denoye/(S).
The number v(S) is interpreted as the value cdeateen the
members of S come together and interalst toto, a
cooperative game is a pair (N,v), where N is adisiet and v
is a function mapping the subsets of N to the membéthe
game.

the player. ie .g; (), ie ., the Shapley value awards to each
player the average of his marginal contributions etach
coalition. While taking this average, all orderstio¢ players
should be considered equally. It is a fair way istribute the
total gains to the players assuming that they fooalitions.

Shapley has proved that there exists one and onky o
allocation that satisfies the following four axiams

3) Imputation: For a given cooperative game (N,v), anl.Efficiency: X..,@; () = v(N), this is a collective

allocation X= (%,X2,X3

4) Core: ltis the key concept of CGT of the game.

The core is defined as a set of imputations satighithe
following conditions [6].

X = Vv (i) (individual rationality) (1)
Tiew¥; =v(5) (coalition rationality) 2)
Tenxi= v(N)  (collective rationality). €))

If the core of v is empty, it is not able to dramyaconclusions
about the game.

B.Solution Methods

There are numerous methods for the allocation ofefis
among the participants or players of a cooperataee.
Some of them are briefly described below:

i.Shapley value

The Shapley value is a solution concept that ptedi unique
expected allocation for every given value in thalition. The
rule for the Shapley value allocation is that eplayer should
be awarded his average marginal contribution toctheition

if one considers all possible sequences for fornihmgy full

coalition. For a given game in coalitional form (M, the

Shapley value is denoted ki) [7].

o) = (@, W) 0; () e g, () (4)

Where
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rationality that the total value of the playerstie grand

coalition (6)
2.Symmetry: If ‘I' and Y are such that
visulid J=wlsu ) (7)

3.Dummy Axiom : If ‘I is such that v(s) =i u {i}} for
every coalition ‘S’ not containing ‘I’ such thag;{v) =0

(8)
4. Additive: If u and v are characteristic functions, then
wlu +v) = glu) + el (9)

ii. Nucleolus

All the allocated benefit x satisfying three pradjes stated in
(2),(2),and(3), respectively, is a core solutionhick is
generally not unique. To decide a unique benefication
from a core solution, the nucleolus is introdudéd based on
the concept of coalition satisfaction. For a giadlocation X,
the complaint or excess of coalition S is defined a

elx:5) =v(5) - Y. x; (10)

From (2), it is understood that an imputation Xnishe core if
and only if all of its excesses are negative. Tthennucleolus
is a maximum lexicographical solution for all cdaln
excesses vectors.

The nucleolus can be calculated by using lineaggammming,
ie., the objective is to minimize the function bEtmaximum
excesses (dissatisfaction) vector over the nonympt of
imputations, represented as= mazx; (X: 5).It is also called
prenucleolus. Whenever the prenucleolus satisfibe t
individual rationality, the imputation coincides thi the
nucleolus:
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Min = (11)
Subject to

Fiexi—vis) € e(WscN) (12)
E[E_\r-r[ = I;-I:PJ:] (13)

iii. Proportional Nucleolus

An extended core concept is introduced as a soluimcept
for cooperative games for the empty-core envirortmé&he

main characteristic of the extended core is alwaysempty
unlike the core. This solution concept coincidesases where
the core is nonempty. It is an important charasteriof the

extended core solution concept. The question is tieolandle
these empty-core situations. It gains greater itapoe, as
there are considerable numbers of games in whiehctire

cannot be applied. As the extended core is a nhltiplued

concept, it is important to find a unique solutiamong its
imputations.

The proportional nucleolus always chooses an intjputa
from the extended core in a similar way as the ephof
nucleolus can be used to select a particular intjpatdrom

lll. FIXED COSTALLOCATION BY USAGEBASED
METHODS

MW-Mile method and Zero Counter Flow (ZCF) metheudls
important usage based cost allocation methods.

A) The MW-Mile Method

MW-mile method takes into account the transactedvguo
flow on all transmission lines, it can reflect nonly the

amount of wheeled energy, but also the path an@rdie of

transfer [4]. However this method does not consitler

economies of scale (The cost advantage that asigts

increased output of a product. Economies of scalse a
because of the inverse relationship between thentifya
produced and per-unit fixed costs; i.e, the greiterquantity
of a good produced, the lower the per-unit fixedtdzecause
these costs are shared over a larger number ofsyonid
transmission network facilities and does not artipgestability

of the solution.

The MW-mile method first calculates the flow on leaxdrcuit
caused by the generation/load pattern of each dgead on a
power flow model. Costs are then allocated in propo to

the core. The nucleolus formalizes the idea of & fa the ratio of power flow and circuit capacity.

distribution of output in the sense of choosingithputations
that minimizes the biggest excess by any coalitam
illustrated above.

The proportional nucleolus differs from the oridimacleolus
in the definition of excess concerned with coatiidhat suffer
the biggest proportional excess of their wortlis defined as:

Fies [x— vld]
:5 =l-l|._5 S |. e
el(¥:5) vz

(14)

If N={5;5;......5;= | = set of all possible coalitions, the

proportional nucleolus¥ (N,v) of a strictly positive game
satisfies the following propertiedi (i, 1) is non- empty, is
single-valued, and always belongs to the extendee. df the
core C(N,v) is nonempty,iV (N,v) belongs to the core. The
proportional nucleolus can expand the core to nldainique
solution in both cases of the empty core and tigelaore.

Thus, the proportional nucleolus is a better sotutb both the
extended core and core selection problem. Thistylf the

proportional nucleolus to select an imputation isother
advantage of the extended core as a solution cancep

Min & (15)
Subject to

Figexi—vls)(1 —z2) (wscN)szgs =N (16)
ienx; = v(N) (17)
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Network usage by player ‘i' for branch’ I’ will be

fi1 =€ % |P;| Length of branch "1" (18)
Where
C, = Specific Transfer Cost of branch ‘I' inNW/Mile,

F; = Power flow on branch ‘I by player ‘i’

Network usage by player ‘i’ for for ‘nI’ number dfranches
will be
f=ZE:fu (19)

Cost allocation to player ‘i by MW-Mile method ggven by

MWM, = K ﬁf”zgﬂﬂ_ (20)

Where ‘k’ is the total fixed cost to be allocated

The drawback of this method is, it does not consithe
direction of line flow.

B) The Zero Counter Flow Method

MW-Mile method does not consider the direction afver
flow of each transaction. However, it is often arduthat
power flows having opposite direction from the fiew (the
power flow due to all transactions) contribute gwsiin the



International Journal of Ethics in Engineering & Management Education
Website: www.ijeee.in (ISSN: 2348-4748, Volume F3ue 9, September 2016)

system situation by relieving congestions and asireg the
Available Transfer Capacity.

Using Zero Counter Flow [4] method transmissionrsisere
charged or credited based on whether their traiosectead to
flows or counter flows with regard to the directiof net

flows. The method suggests that if a particulangeation
results in flows in the opposite direction of thet flow, then
the transaction should be credited. Hence to acamtate this
concept, Zero Counter Flow (ZCF) method is intrastlic
According to this method, the usage of a line byasticular

transaction is set to zero if the power flow due the

transaction goes in the opposite direction of the flow for

the line.

Network usage by player ‘i' for branch’ I' will be

if p,>0

(21)

I G x p,, xlengthof branch'l’
" if p,<0

0

Network usage by player ‘i’ for for ‘nI’ number difranches
will be

= (22)

Cost allocation to player ‘i by ZCF method is givby

zcf, =k* (’—} (23)
L E":;:if-‘l_

But this method may fail to send right economimaig, i.e., it
is well established from engineering point of viebut
subsidizes the largest network users with compaaigti
smaller users due to the counter flows of formdre $avings

due to counter flows are not allocated as payoffs tnucleolus

participants, which is a major drawback of ZCF roetth

Hence to overcome the drawbacks of usage basedodseth
Game Theory based methods are attempted in thex pap

IV. FIXED COSTALLOCATION BY
COOPERATIVEGAME THEORYMETHODS

ALGORITHM:
Step 1: Read Power flow data of the system.

Step 2: Read the number of transactions as playpetbe
game.

Step 3: Start with player i=1

Step 4: Set the status of transaction, ‘S’ forvidlial player
‘i', ON and transaction state is put into operation

16

Step 5: Run DCOPF to compute the network usafje
corresponding to ‘S’ and form the elements of vig)
individual transaction.

Step 6: Formation of fixed cost is completed fodividual
transaction? If no. choose the next individual ptagi=i+1)
and set the transaction state related to the pldfyao, go to
step 4, If yes, goto 7.

Step 7: Set the status of loadd, {g}) for coalition ON and
the corresponding coalition generation is put seovice.

Step 8: Run the DCOPF to compute the fixed {f5related
to the coalition s U {i}) including grand coalition.

Step 9: Are all coalition elements formed? If nbpase the
next combination of coalitioiis L {i}} of loads. If no, go to
step 7, If yes, go to 10.

Step 10: Form the characteristic function v(s)adtecoalition
including grand coalition.

V(s)=(Z,£)- £ (24)
Where
1n; = Number of players in coalition's

fz = Usage of the network by coalition’s’

From (24) it is explicit that the characteristic nftion

represents the savings that can be achieved in ose

cooperation. It is obvious that for individual péayi , it is v(i)
=0.

Step 11: To allocate savings to all players by prtpnal

method, find
=[X:5)

(proportional) using & = max, - by using linear
T

programming.

Then minimize the maximum dissatisfaction (propmél)
subjecttoE;e x; = v (s) (1 — &) andZ;cpx; = vind

(Similarly allocate the savings to all players bydiolus and
Shapley value methods)

Step 12: These payoffs are resulting in a reducbibif for
each player:

if f>x
if f <x

fi_xi

Wheref' is the new use of network by player i. If the sas
assigned to player i are larger than the origfhttien thef
is set to zero. Thus , a player does not have ppertunity to

(25)

the maximum dissatisfaction
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receive money back from the network operator. fHason of
making this adjustment is to prevent the misukgame
from the side of players.

Step 13: calculate the amount that player ‘i hagpay. The
cost allocation is done using the formula.

R =k=—=
! Ef:i.lr-]r

(26)
When the electricity market operates in an envirenimof
bilateral transactions then each transaction agemtayer is
responsible to pay a part of power system fixecdt.cobe
formulation of a coalition between some players dan
profitable by the existence of counter flows.

V.CASESTUDY
The above algorithm is implemented on IEEE 14 lystesn

[20]. The loads are grouped based on their locatiorarginal
prices (LMP) and then 4 transactions are formetiénsystem.

@(;E\['R‘\THRN

@ SYNCHRONOUS
COMPENSATORS

THREE ~ WINDING
TRANSFORMER EQUIVALENT

— 9

Fig.1 IEEE 14 Bus system

The generator power outputs are obtained by runR@GQPF.
The dc power flow is noniterative, requiring justsagle
solution. It is ten times faster than the regulawer flow and
even faster for subsequent solutions, since itiregwnly a
forward/backward substitution. The obtained tratieas
(players) are given in table 1.
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Table | Transaction data of IEEE 14 bus system

Playe| Load Generator Buse()) Load
r Demand| with Generation(k) | Busesg,;,
0 | (Mw) S -
1 29.3 (1~ 24.070508), 2,5
(2= 5.229492)
2 142 (1-75.247070), 3,4
(2-66.752930)
3 30.8 (1-+19.452344), 6,12, 13
(2-+11.347656)
4 56.9 (1-21.694922), | 9,10,11,14
(2-35.205078)
Wheres; .. = Bus ' supplying load 'k’ for transaction ‘'

Bj = Load Buses.

In the above table, row 1, the first transactiompdses of a
total load of 29.3 MW (Buses 2 and 5 are groupegttioer
based on their LMP’s). This load is met by both eyators
with 1% Generator is generating 24.07 MW, where&% 2
Generator is generating 5.23 MW.
By running DCOPF for each transaction, the nekweage
and characteristic functional values of each cdoaljt
considering counter flows are obtained and areenmted in
table Il. The last row shows the grand coalitionwihich all
players are present, which assures maximum savings.
From table Il for coalition 15
Players 1, 2, 3 and 4 forms coalition.
fl5 =652.2197
f; = 31.1526
f,=326.3217
f3=133.0911
f, =230.2376
v(s) = (i + o+ fa+ 1) —fis

=(31.1526 + 326.3217+133.0911+230.2376)-B8%

=68.58 €
Similarly v(s) is calculated for each coalition. sy(is the

minimum amount which the coalition can assure fitSé(s)
value obtained for general coalition in table Ithe maximum
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total savings i.e. 68.5833 € which is allocateglayers in the
game as their payoffs.

In table Il network usage values ‘ffor each coalition are
calculated by (22). Pay off values V(s) for eachalition
values are calculated by (24).

The minimum value of payoff is determined by taking wyin
as v(s) when player i acts alone i.e. Zero fodgilayers. The
maximum value of payoff is determined by takiKg..x as

V(s U {i}) = v(s).

Table Il Characteristic functional values of IEE&us system.

Player Minimum Payoff | Maximum Payoff
{xtmin} {J: mex}
1 0 2.9056
2 0 22.9828
3 0 47.0805
4 0 39.7551

The payoffs and the new usage of network of player
obtained by Nucleolus, Shapley value and Propation
Nucleolus methods are shown in tables IV, V and VI.

From tables IV, V and VI, it is observed that themsof the
payoffs of 4 players is equal to v(s) of grand ttimal in table
Il. That means the payoffs satisfied the collectiggonality
condition shown in (3). New usage of network byypla'i’ is
f and is calculated using (25).

From these tables IV, V and VI, the total netwosage by all
4 players is equal to the value obtained farf grand coalition
value in table II. This indicates that when theldyprs acting
individually the total network usage is 720.803 fiene as
when 4 players forms a grand coalition the totavoek usage
is reduced to 652.2197 €. Finally the allocatiotfix#d cost to

Sl.no | Coalition| Network Usage| Minimum
at each coalition Payoff at eacH
(£) coalition V(s)
1 1000 31.1526 0
2 0100 326.3217 0
3 0010 133.0911 0
4 0001 230.2376 0
5 1100 353.8507 3.623
6 1010 161.3797 2.864
7 1001 258.0073 3.382
8 0110 433.6315 25.78
9 0101 538.2311 18.32
10 0011 320.8602 42.46
11 1110 461.7372 28.82
12 1101 566.2091 21.50
13 1011 348.8808 45.60
14 0111 623.9727 65.67
15 1111 652.2197 68.58
For player 1 :

X 1 max= V(15) — v(14) = 2.9056

Similarly for the remaining 3 players maximum limiare
determined. The minimum and maximum limits of pgfésyo
are shown in table III.

Table 1l Minimum and Maximum limit of payoffs
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all players is computed by (26).

Table IV Payoffs and new Network usage of 4 playeiducleolus method

Player Network Pay off NewNetwork
Usage (f) (%) Usagel(f')

1 31.1526 1.45 29.7026

2 326.3217 3.62 322.7017

3 133.0911 45.63 87.4611

4 230.2376 17.88 212.3576

Total 720.803 68.583 652.223

Table V Payoffs and new Network usage of 4 playarsShapley value

method
Player Network | Shapley NewNetwork
Usage(f) | valuel(g;) Usagéf')

1 31.1526 2.3284 28.8242

2 326.3217 | 15.3312 310.9905
3 133.0911 | 27.2605 105.8306
4 230.2376 | 23.6630 206.5746
Total 720.803 68.5831 652.2199
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Table VI Payoffs and new Network usage of 4 playersProportional
Nucleolus method

Player Network Pay off | New Network
usagelf) (x;) usage(f')
1 31.1526 0.0 31.1526
2 326.3217 3.78 322.5417
3 133.0911 26.32 106.7711
4 230.2376 38.48 191.7576
Total 720.803 68.58 652.223
The total fixed cost ie. ‘k’ to be allocated to rkeir

participants is calculated by multiplying the powilews with
their corresponding line lengths and line costsbl@aVvil
shows the allocation of k = 2773.35 € to four playwith all
the above discussed methods.

Table VII Cost allocation using various method$5EE 14 Bus system.

Pla | MWM ZCF Shapley | Nucleolus | Proportiona
yer €) € Value € | Nucleolus
€ €
1 104.50 119.86 122.56 126.28 121.13
2 1340.23| 125554 1322.38 137216 1331.65
3 528.08 512.07 450.01 371.91 464.96
4 800.52 885.85 878.39 902.98 855.59
Tot | 2773.35| 2773.35 2773.3b 2773.3p 2773.35
al

From Table 1, it is observed that players 1,3,42 @
ascending order with respect to loads. Aspgayer has more
line lengths compared to"4player, & player utilizes more
network. By Nucleolus method the cost allocated"tplayer
is 902.9843 € and with Shapley value method cdstation
is reduced to 878.3903€. By Proportional Nucleahethod
the allocated cost is further reduced to 855.5968€.

With Nucleolus method cost allocated td® Jlayer is
371.9095 €. And with Shapley value method costcalion is
increased to 450.0965€. By using Proportional Nalake
method this cost allocation is further increasedéd.9632¢€.

1600

m MWM
1400
1200 m ZCF
% o
= 600 Shapley Value
£ 400
200 - M Nucleolus
0 -
Playerplayerplayerplayer Proportional
Nucleolus

1 2 3 4

Fig 2. Cost allocation using different methodoésgior IEEE 14 Bus system.

From fig.1, it is observed that the fixed cost edited to 4
players using co-operative game theory methodstisre
with other cost allocation methods.

VI. CONCLUSION

The cost allocation problem becomes a matter oflicoras
market participants behave rationally based onr tlosin
interests. Since transmission system has strongoedies of
scale, there is a great demand for fair and effeciilocation
of these costs to players.

In this paper cooperative game theory methods raqgoged to
deal such matters of conflict, arise during fixestcallocation
in a transaction based market model in an equitatalaner .
To solve such problems, concept of nucleolus islusich is
reached from the least core. The scheme of theeolud is to
minimize a maximum regret of each participdst.a result,
the solution is acceptable among all participant®lved and
has proved stable.

The results obtained are compared with conventiasalge
based methods like MW-Mile method and Zero Couhktew
method. In MW-Mile method counter flows are not@aated.
In ZCF method counter flows are accounted but #ngngs
due to counter flows are not allocated to playehngctv could
be achieved with game theory methods. Hence gaswrth
methods give correct economic signals about theeations of
transmission fixed cost to players in the system.

In the case of a pool market , concerning the wisgltem,
there is no obstacle for such an implementationwéier,
negative characteristic function values may afised game is

As 3° player uses more network, the cost allocation idlayed at each system branch. For a bilateral aciits

increased by Proportional Nucleolus method. Theerotivo
players share the remaining cost.The graph showfigiri
compares the cost allocation by using various nttho
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market, the fixed cost allocation can take placehm entire
network as well as at each single branch.

The results of IEEE 14 bus system satisfy individua
rationality, Coalition rationality and global ratialities. As the
nucleolus is not monotonic, the solution of nualsoalways
lies within the core if the core is non-empty ahdnay favor
some players only. If the core is empty nucleolusthod
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cannot produce solution. Shapley value method isatomic
and always assigns a non zero payoff to the playarsthe
solution with shapley value method may or may r@tlithin
the core.

To overcome the drawbacks of nucleolus and shayddye
methods Proportional Nucleolus method is proposethis
paper. P-N method is also monotonic and the salui®
always lies within the core for both empty and eompty core
cases due to the extended core concept used inmetNod.
Due to its inherent property of extended core cphca better
solution is obtained by P-N method in the presentade
study.
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