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A Kernel-Oriented Algorithm for Transmission
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Abstract—With deregulation sweeping all over electrical game of expansion [12]. However, this approach was not appli-
systems around the world, transmission planning has undergone cable to an environment where the players take their decisions
dramatic changes during this decade. Centralized cost allocation lcPOking for their own benefit only.

methods have become obsolete and new procedures are neede L o .
to deal with intelligent and self-sufficient players. In this paper Distributed Artificial Intelligence has proved a valuable tool

we study the allocation of transmission costs in a decentralized t0 @id game theory coping with multi-agent decision systems
manner. For this purpose we have developed a multi-agent in decentralized environments. The combination of both tech-

system that is based on a well known cooperative game theory niques has been already applied to solve transmission expansion
procedure, the kemel. Using our approach, the agents are able gjnn1e scenarios [13], [14]. The use of bilateral Shapley values

to form kernel-stable coalitions and the cost allocation procedure d t allocation techni based backward inducti
is performed at every step of the kernel- algorithm. A six bus and a cost allocation technigue based on a backward inauction

example and an IEEE 24 bus case illustrate our model. method has been successful with simple examples.
This paper is an extension of the original transmission expan-

sion problem studied in [13] that explores a new methodology:
the kernel approach. The kernel is a concept from cooperative
game theory that splits a common resource among the players
. INTRODUCTION in terms of the “strength” of the members of the coalition. In

RANSMISSION planning has been traditionally centralparticular, for the transmission expansion game, it rewards the
T ized until deregulation has been adopted by different coumembers that are less costly to the expansion of the system.
tries around the world. The structure of the paper is as follows. Section Il covers

Historically, a seminal work by Garver formulated thdhe mathematical model of the transmission planning problem.
transmission expansion problem in mathematical notatig§ction Il describes multi-agent settings and their connection
in the early seventies [1]. During this decade, mixed-integk} 9ame theory. Section IV analyzes the kernel approach and
programming techniques using Benders decomposition [2]_[§1e cost allocation procedure. Section V show; the result; from
simulated annealing [5], genetic algorithms [6], and artificidt 6 bus example and an IEEE 24 bus case. Finally, Section VI
neural networks [7] are among the latest contributions to tif€aws several conclusions.
field.

However, in the new deregulated environment, new features Il. THE TRANSMISSION PLANNING PROBLEM
related to transmission expansion and also connected to trans simplified formulation of the transmission expansion
mission pricing have been pointed out by several authors [%}-oblem can be expressed as follows [15]:

In particular, economies of scale and synergies in the expansion
may become crucial in decentralized planning models. o M )

On the other hand, not only expansion plans but also fair 1min 5 ZCJPJ 1)
ways to split lines’ usage costs have been recently studied i=t
[9]-{11]. The MW-mile method and other embedded cogpject to
methods are currently under heavy modifications in order
to account for wheeling transactions among the users of the Bo+K'Pp =P (2)
network.

Game theory has also been used to model the sharing of costs
among the users of new transmission lines. Gately modeled a
centralized cooperative game theory framework where the in-
vestments were shared according to the Shapley values Of\R/n%re

Index Terms—Cooperative game theory, kernel, multi-agent sys-
tems, transmission planning.

|BrLAO| < Py, (3)
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transpose of the node-branch connection maRiis the nodal Excess:The excessof a coalitionC with respect to a coali-

injection power for the overall networB, is a diagonal matrix tional configuration” is defined as

whose elements are the branch admittanBgsjs the branch

active power vector, and is the network incidence matrix. e(0) =V (0O) - Z ' 4)
A eC

wherev! is the payoff of agenti; andV(C) is the coalitional
IIl. MULTI-AGENT SETTING AND GAME THEORY value of coalitionC. The number of excesses is an important
. ) ) . property of the kernel solution concept. Agents use the excesses
. Th? main a_ldvantage of a centralized planning system is 1S 2 measure of their relative strengths. Since a higher excess
simplicity. Using a central planner, we do not need a SynchrE?c')rrelates with more strength, rational agents must search for

nized algorithm to exchange information amongst coordinatme highest excess they have. The maximum is defined by the
and agents, neither among the agents themselves. A multi-a

system with decentral?zed decision making is a more complexSurpl'us and Outweight: The maximum surplusS.ip of
system. T'hen, why usmg.such a complex system? agent A over agent B with respect to a coalitional configuration

In real life, an agent is just an autonomous entity that makgSyefined by
decisions according to her own intelligence and also depending
on the_ actions of (_)ther players. A_system with many autono_mo_us Sip= max ¢(C) (5)
decision makers is called a multi-agent system. In transmission ClAeC, B¢C
planning, there are many agents or players that can make deci-
sion about expanding the network or not. In particular, gené/yheree(C) are the excesses of all the coalitions that incldde
ators, loads and transmission line owners. It is not easy to @d excludeB, and the coalition§” are not in the current coali-
termine how these agents can obtain the maximum individdanal configuration. Agentd outweights agen3 if S.4p >
benefit from expanding the line, and if it is better or not to forny 5.4 andw” > V(B), whereV (B) is the coalitional value of
coalitions to gain more. agentB in a single agent coalition.

To solve this problem, this paper proposes a muIti-agentThe agents compare their maximum surpluses, and the one
system that is driven by coalitional agreements based with the larger maximum surplus is stronger. The stronger agent
cooperative game theory. Cooperative game theory is a bra§@ claim a part of the weaker agent's payoff, but this claim is
of game theory that deals with players that are willing to joiimited by the individual rationality” > V(B). Therefore,
other players in order to obtain more benefit. Indeed this is tR§ENtA cannot claim an amount that would leave agBwith
case of transmission planning, where bigger coalitions ne¥d?B) or less. If two agents cannot outweight one another, they
less lines to expand the network, since the overall reliability &€ inequilibrium: A and B are in equilibrium if one of the
improved if there are more players. However, this decentralizEjlowing conditions is satisfied: 1545 = Spa; 2. Sap >
and distributed decision making process needs a coordinatofes andu” = V(B); 3. 545 < Sp4 andu = V(4).
ensure that the flow of information is synchronized. The next Note that equilibrium is defined only for pairs of distinct
section presents the mathematical formulation that the ageR®@ents who are members of the same coalition.
use to build coalitions, based on a solution formula called theUsing the concept of equilibrium, the kernel can be defined as
kernel, within a multi-agent framework. the set of all coalitional configurations (and its associated pay-

offs) such that every pair of agents within the same coalition are
in equilibrium. A coalitional configuration (and payoff distribu-
tion) of this type is also called kernel stablé §table). Further-
IV. COALITION FORMATION AND COST ALLOCATION: A more, the kernel always exists for any coalitional configuration.
KERNEL APPROACH However, checking the stability does not direct the agents to a

) ) ) specific coalitional configuration. The following example from
The kernel [16] is a cooperative game theory solution concqaty] jllustrates a simple kernel configuration.
in which the coalitional configurations are stable in the senseconsider a game given by the characteristic functions

that there is an equilibrium between pairs of individual agentghe payoff that agents or coalitions or agents can obtain by

which are in the same coalition. Two agersB in a coalition  themselves):

C are in equilibrium if they cannot outweight one another from

C, their common coalition. Agenti can outweightB if Ais ,(4B)=90; v(AC)=80; v(BC)="70; v(N)=105;

stronger tharB, where strength refers to the potential of agent

A to successfully claim a part of the payoff of agéht where there are three player$; B andC, and N is the grand
In each stage of the coalition formation process, the agents gggilition formed by all three of them. Suppose playé@ndC

in a coalitional configuration. That is, the agents are arrangedgdre considering their coalition such that their payoff configura-
a set of coalition€ = {C;}. During the coalition formation tjgn is:

process agents can use the kernel solution concept to object to

the payoff distribution that is attached to their coalitional con- (x;S) = (45, 0, 35; AC, B).
figuration. The objections that agents can make are based on the

excess concept. The relevant definitions are recalled now. 1See [16] for details.
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wherex is the payoff of each player arfiithe coalition config- iy @)
uration. There are two coalitions that includebut excludeC,
namely coalitionsi and A B. The excess of coalition A with re-
spectta(x; S) isv(A) —xz4 = 0—45 = —45, while the excess
of coalition AB isv(AB) —x4 —xzp = 90 — 45— 0 = 45.
The maximum surplus of playet over playerC is therefore
sac = max(—45,45) = 45. Similarly, sc.4 = 35. Since
45 > 35 andzc > 0 = »(C), player A outweights player
C with respect tax; ) and the payoff configuration is not in
the kernel of the game.

Now consider another payoff configuration for the same
game, this time one with the grand coalition, or

(x;8) = (50,30, 25; ABC).

The maximum surplus of playe® over playerC is

spe = max(v(B) —zp, v(AB) — x4 — zp) Fig. 1. 6 bus Garver test system.
= max(—30, 10) = 10
B. Coalition Formation
The converse maximum surplusdgg = 5. Sincel0 >
5 andx. > 0, playerB outweights playelC with respect to
(x;S), and the payoff configuration is not in the kernel. Bu
consider now the payoff configuration

If the payment to all members of the joint coalition is greater
{han their current payoffs in their original coalitions, and if the
received offer is the first in the ranking list, then the proposal
is accepted. This local decision is broadcasted to all current
coalitions.

(x;8) = (45,35,25; ABC).
C. Cost Allocation and Stopping Rules

Here, we find thab,p = sac = sca = spo =scp =10. o o 20 aiocated at every iteration using the K-stable con-

Therefore, all players are in equilibrium, and the payoff Configl:'ept and when the coalition formation process ends, the al-

uration is a point of the kernel. . e :
e . . located cost is the last one calculated. Negotiation continues
In the transmission planning problem considered as a coop-

erative game, the steps that are taken to build coalitions an .got” all proposals O.f all coalition entities (.)f. the current coali-

' . o ion structure are rejected, or a grand coalition has been already
allocate costs are based on the Kernel-oriented Coalition Al Btmed, or a pre-defined time period has been exceeded
rithm (KCA) developed by Klusch and Shehory [18], [19]. This ' ’
is a new formulation of the same problem as seen in [14] where
a Bilateral Shapley Value (BSV) algorithm was presented.

As said above, the KCA is a decentralized, negotiation-ori- To test the KCA model we have run simulations with two dif-
ented coalition algorithm which determines a kernel-stable pagrent transmission expansion planning examples. A dual soft-
ment. The coalition negotiation is round-based, which meangire platform has been implemented with that purpose. The
that all agents are synchronized at specified points in the negigsst component simulates the coalition formation process and
tiations. At the end of each round a new coalition is formed ottie second one the cost allocation procedure. The software im-
of two old coalitions or there are no accepted coalition proposgliementation is shown in great detail in [20], [21].
and the algorithm stops with a kernel-stable payment configu-
ration. For more details on how the agents are defined at the 6 Bus Garver Test System KCA Solution
beginning of the game see [14].

Each round of the KCA can be divided in three phases:

V. NUMERICAL TESTS

The first example is the classical 6 bus example from Garver
[1], as shown in Fig. 1. Cost data and coalitional values are pre-
sented in Tables | and Il, respectively. Note that the costs are
equivalent to negative values in Table II.

Initially, all players are single coalitions. The coalition The kernel algorithm rewards strong agents from the begin-
chooses the strongest (in the kernel sense) representativaibg, and this is the case of agent 6. Bus 6 is constantly needed
calculate coalition offers. Her task is to calculate the new paydé supply the load for most of the other buses and it is rewarded
vector of every joint coalition that may be possible to creatby the kernel method because agent 6 excesses with respect to
Then, a K-stable payment configuration is calculated for eaplossible coalition partners are high.
coalition structure that can be formed out of the old structure byFollowing the kernel-stable algorithm formulated above, the
joining the own coalition with one in the ranking list. Later, theoalition formation process is as follows: [1, {2-6}, 3, 4, 5]
representative sends a proposal to every promising coalition[{1-2-6}, 3, 4, 5] — [{1-2-4-6}, 3, 5] — [{1-2-3-4-6}, 5] —

A. Calculating and Sending Coalition Offers
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TABLE | TABLE 1l
6 BUS GARVER TEST SYSTEM DATA 6 BUS BILATERAL SHAPLEY VALUE ALGORITHM RESULTS
Bus Cost Susceptance Capacity BSV COST ALLOCATION
from/to (Units) (1/Q2) (MW) [22.5,-78.75, 7.5, -24.375, -32.5, -24.375]
1/2 40 2.50 100 [20, -80, 10, -25, -30, -25]
1/4 60 1.67 80 [11.25, -75, 11.25, -24.375, -28.75, -24.375]
1/5 20 5.00 100 [16.25,-75, 8.125, -23.75, -31.875, -23.75]
;ﬁ ig ;-gg }gg [21.25,-49.375, 6.25, -55, -33.75. -19.375]
56 30 333 100 [15,-78.75, 22.5, -24.375, -40, -24.375]

[15, -48.75, 22.5, -60, -40, -18.75]

3/5 20 5.00 100
/6 30 333 100 [12.5, -49.375, 10.625, -55, -29.375, -19.375]
5/6 61 1.64 78
TABLE IV
SUNK COSTS FOR THES BUS GARVER TEST SYSTEM
TABLE 1l
COALITION EXPANSION VALUES FOR THEG BUS SYSTEM {Cavalitian Value Coalition Vialur
1 0 &, Dy b} 134
Caalitiow Valwe Coalition Value 7 ) |1, 5 6} il
1 0 12, 2, O} 154 i Il 14,5 6] BT
] SH 350 Hi 4 &l [1.2,3,6] “H]
§ 0 {4, 56 i 5 Al [1,2,4,6] 260
4 &l [1.2,3, ] 30 & 0 [1.2,5.6] 133
5 Al 11,24, ) 12 {2, 6] W [1.4,5, 6] 123
i) ) (1.2, 5. 6] i73 {3, 5] et [2,3,4,6] | B
{2, 6] il [1.4,5, 6] 143 ENS i (2.3, 5 6] |40
{3, 5] a0 [2,3,4,6] 120 15, 6] g [3, 4,5, 6] 1
(4, &) 0 [2, 3,5, 6] (1] |0, 2 &} 100 |1, 2,35 4,6 150
{5, 6] £ [3, 4,5, ] 14 (1,3, 5] ] {1,235, 6 | &0
[, 2 6} 40 [, 2 3 4, 6] M) [1, 4, 06] 120 [L, 2,4, 5.6 132
[1,3 5} 20 {1,335, 6} B0 |1, 5 6} M {1, 3,4, 5,86 170
1.4, 6} ) {L; & 4, 5; 6| 213 ERENT 1200 13,3, 4,5, 6 240
1,5 6} 183 1,3 4,5 6] 0 |2, 4, 6] 1501 [1,2.3.4, 5 6] 130
|, 3, 4} ol 14,3, 4,5, 0] L{d)
|, 4, 6] 150 [1,2,3,4, 5 &] 130

make buses attractive to possible partners. Therefore, sunk costs
cannot be calculated using the algorithm proposed in Section IV.
[{1-2-3-4-5-6}]. The final cost allocation is: (16.25;76.25, BSV’'s would lead to similar conclusions.

16.25,—-60, —40, 13.75).

D. IEEE 24 Bus RTS Example

B. 6 Bus Garver Test System BSV Solution The final example is taken from the IEEE 24 bus Reliability

Previous work based on Bilateral Shapley Values [13]est System (RTS), as shown in Fig. 2 and Tables V-VII. Note
[14] showed several possible grand coalition cost alloctat Fig. 2 presents the IEEE 24 bus system divided in four ini-
tion solutions: tial coalitions that fulfill the self-sufficiency axioms described

From Table lIl, itis observable that the BSV method does nist [14]. Table V shows the possible new lines in shadowed grey
favor big players as much as the kernel. More fairness in the céstor and total generatiort{) and demandZ{) for each coali-
allocation can be expected from BSV'’s, acting in a Shapley-lilg@n are also shown in Fig. 2. Itis also assumed that line thermal
fashion. This fact is observed in the allocation of cost to busk®its are equal to 3333 MW for all lines.

4,5 and 6, where Table Ill shows that bus 6 must always pay inThe KCA produces the coalition formation process and final
contrast to the kernel solution where the other agents subsid#gst allocation as presented in Fig. 3.

bus 6 (the strongest) increasing their own payments. These results indicate that self-sufficient players, like coali-
tion 4, with no need to expand their own system, will benefit
C. 6 Bus Garver Test System Sunk Costs Allocation from other player’s gradual expansion plans. In particular, total

. . . . sfystem reliability is greatly enhanced with player 4 and that is
A variation of the six bus example is the cost allocation 0 iy .
SR . . why player 4 gets a positive reward whilst players 1, 2, and 3
all lines: existing and possible new ones, assuming a total ex- X e .
. ) > ave to pay for expansion, although much less than in isolation.
pansion cost of 130 monetary units, the grand coalition scheme.
Table IV shows the new costs. Kernel allocation results are as
follows: (0, —90, 0,—-60, —40, 0). The simulation shows that
only buses 2 and 6 form a coalition and the process ends aftelhis paper has shown a new decentralized coalition formation

1 step. The reason is that sunk costs exceed the cost limits trad cost allocation procedure based on a kernel approach.

VI. CONCLUSION
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TABLE V TABLE ViII
IEEE 24 Bus RTS LINE CHARACTERISTICS VALUES FOR THEIEEE 24 BJS RTS EXAMPLE
LIME REACTAMCH LI E REAL T AMNLE COALITION LINES VALUE
I:l.i',:l T (WL Y] el 1 1-2,2-4 -71.8
(13 Jﬂcgz (11,03} 24.10 2 9-11,11-14 -63.63
il.5) 12.78 (L1143 2116 3 8-10 -83.58
(X4 .14 (12 03% 2410 4 0
{26 o7 .20 (1223 4%, {1,2} 1-2,2-4,9-11, 11-14 -134.81
(3,50 B0.24 (13 323) 43,79 {1,3} 1-2,2-4, 8-10 -154.76
[3,24) 1247 {14160 19,70 {2,3} 9-11, 11-14 -63.63
(4,0 52,50 (15,006 &.76 {2,4} 9-11, 11-14 -63.63
(5,100 a4, Tl 2% 1521 24,8 {3,4} 8-10 -83.58
[ 1] 0% (1529 2,27 {1,2,3} 1-2,9-11,11-14 -70.67
(i, 101 0,05 NEARF 1511 {1,2,4} 1-2,2-4,9-11,11-14 -134.81
2Y0T Ry 3108 [REE 11. 4 {2,3.4} 3-9 -60.24
(.9 K358 (17 1R 7.29 {1,2,3,4} 1-2,9-11 -49.51
(&, 10] B3.58 (1732% 53.31
(9,11} 4247 2% 18,11) 1311
I"iI, | ?ll -dz.-ﬂ? 2% ';.-.'n | 20,05 Coalltlon Formation for 24ieea (kca)
{LE LY 12 A7 2N, 2T ([ -
(21.2% 34,31 Round: 1 |,
————————————— e R T S—

TABLE VI
IEEE 24 BJs RTS NoDE CHARACTERISTICS Round: 2
NODE PRODUCTION DEMAND
(MW) (MW)

1 384 194.4
2 384 174.6 Round:3
3 0 324
4 0 133.2
5 0 127.8
6 0 2448 Round: 4
7 600 225
8 0 307.8
9 0 315 Fig. 3. IEEE 24 bus RTS example KCA results.
10 0 351
11 0 0
12 0 0 » Uniqueness of the solution to the transmission expansion
13 1182 477 problem, in contrast to a BSV approach.
14 0 349.2
15 430 570.6
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