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The Application of Robustness Analysis to the
Conflict With Incomplete Information

Hiroyuki SakakibaraMember, IEEENorio Okada, and Daisuke Nakase

Abstract—When players with different interests try to achieve Player2 | Confess | Not Confess
a better state, conflicts among players arise. Conflicts may arise Player |
also among public players. For example, a local government may Confess . )
insist on the interest of the region while the national government
represents the interests of the whole country. Not Confess 5 s

Conflict analysis is one of the methods to model such conflicts
mathematically. Its stability analysis specifies stable states based (The numbers in the matrix mean states.)

on the ordinal information on players’ preferences. However, if the
preference of a player is private, stability of states is not known. 9 M
In such a case, players or third parties have to collect additional
information on other players’ preference. It is necessary to specify
the minimum information to collect.
In this paper, graph model for conflict resolution (GMCR) is ex- °
tended for the cases with incomplete information. Then, the gen-
eralized robustness analysis is proposed to specify the minimum Player 1’s feasible transition (D,) Player 2’s feasible transition (D)
cc_)ndltlons for sta_lblhty of states. Finally, robustness analysis is ap- P()=2P2) =4 () =LE@ =3 P)=2,P,2)=LP,(3) =4 P,(4) =3
plied to the conflict on water resources development.

Index Terms—Conflict with incomplete information, graph Fig. 1. Strategic form (upper) and graph form (below) of “prisoners’
model for conflict resolution (GMCR), robustness analysis, dilemma.”
two-player conflict.

ences are not known each other. In Section Il, GMCR is ex-
. INTRODUCTION tended for the cases with incomplete preference information.

RASER and Hipel [1] proposed conflict analysis basel] Sgction Ill, generalized robustness analysis is_ propos_ed. In

on metagame theory [2]. Conflict analysis defines stabilit%ecuon IV, the methodology of robustness analysis is applied to
of states and specifies stable states. Nash equilibrium in gaffig conflict on water resources development.
theory is one of the concepts of stability. Faa@l.[3] extended
the methodology and proposed graph model for conflict resolu-
tion (GMCR). In GMCR, agents’ moves between states are ex-
tended to include common and irreversible moves.

In order to analyze the stability of states, it is critical to knowA. Graph Model for Conflict Resolution (GMCR)

the preferences of players. However, it is often difficult to ob- Fanget al. [3] proposed the GMCR as the representation of
tain complete information. That is why minimum Condition%onﬂicts among players. LeV = {1, 2 n} be the set of

for stability should be specified before the inspection of prefeﬁ]ayers andi = {1, 2 k} be the set of states of the con-
ences. Okadat al. [4] proposed robustness analysis to identify; .+ \ve also definej’\f—{u.p;l.e (D} =1, 2 n) as the set

the minimum conditions on players’ preferences in the 2'play8fdirected graphs thab; = (K, V;). The set of arcs; means
conflicts where one player’s preference is not known to anothgr ! P !

| On the other hand. the third " th ayer¢’s possible move between states. kek, be the arc
player. ©on Ine other hand, ,e Ird party may not have enougBn, the statek; to the statek,. If kiky € V;, player: can
information on both players’ preferences.

i o ove from the staté; to the staté:, unilaterally. We also need
In this paper, robustness analysis is extended to apply to f

h model for 2-ol flicts where both bl ! oref €define the payoff functio’;: K — R (R: the set of real
graph modet for 2-player contlicts where both players: pre eFfumbers). Payoff function determines players’ evaluations of

the state irf(, and specifies players’ preference order#’; (% )

Manuscript received December 10, 1999; revised November 13, 2001 a{ﬁcjarger_tharﬂ(k2)’ player: prefers the statg, to the state,.
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Il. GRAPH MODEL FOR CONFLICT RESOLUTION WITH
INCOMPLETE INFORMATION

erokakbars il e Deparimentof Qi Engneern, amegui UL 2, on)y K = {12 K V= (Vi Ve Vo
u.ac.j)[;). 9 $oap ' Jme.cVLyamadicind P = {F|K — R,i € N}. Fig. 1 shows both strategic
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D52 oo | lowing are the solution concepts used in graph model for conflict
Player 1 [3]
Not ! 2 Definition:
Cooperate
* Nash Stability
Cooperate 3 4 The statek is Nash stable for playerif, and only if,
(The mumbers in the matrix mean states.) cannot improve its payoff by changing his own strate-

gies. In other wordsS;" (k) = {@}.

° 0 G Q * Sequential Stability [4]

The state: is sequentially stable for playeif, and only
if, for every ky € S;f(k), there existsk, € S (ky)

° ° e o with Pi(k) > Pi(k2). (Here,k, is called the sanction
for playeris Ul, k1.)
Player 1’s feasible transition (D,) Player 2’s feasible transition (D,) « General Metarationa"ty (GMR)
R)=2,BQ)=4P3)=LP@)=3  ED=2P2)=LEE)=4F,#)=3 The statek is general metarational for playéf, and
only if, for everyk; € S;iF(k), there existd, € S; (k1)
Fig. 2. _Strategic form (upper) and graph form (below) of formulation of with -Pz(k) > Pi(k2)-
cooperation. We use these solution concepts also in the following robustness
analysis.

a) Statek’s reachable list; (k)

ki € 5;(k) if players can move unilaterally from the - £y ansion of Graph Model for Conflict Resolution for the

statek to the staté; (kk; € V). c .
. ) ase With Incomplete Preference Information
b) Statek’s unilateral improvement (UI;" (k) P

ki € SF(k)if ky € S;(k) andP;(ky) > Py(k). Potential users of GMCR are players themselves, consultants

Compared with strategic form, the major advantage of grapgVvising players, third parties analyzing conflicts, mediator,
form is that it can represent common and irreversible movediC. (Fanget al. [3]). Let us call such users “analysts.” In

The definitions of common and irreversible moves are &Me cases, an analyst does not have complete information on
follows. players’ preferences. When one player is an analyst, it may not

Definition: know about its counterparts’ preferences. Consultants, third

« The movek, k» is common move ity € Vi andki ks € parties, or mediator may have only limited information on all

o . layers’ preferences.
V;fori, j € N andi # j. P . - . .
. T;1e m%delf I is irLrefeJrsible move ift ks € Vi and Before presenting the GMCR with incomplete information,
kaky & Vi f(;”? e N 1 ! we introduce a binary description for representing ordinal pref-
In strategic form, states are defined as the combination encek -; ko means that player(strictly) prefersk, to s,
players’ strategies. As a result, the move between two state@idl k1 = ;5> means that player strictly or equally prefers
’ o%. On the other hand;; ~; k2 means thak, andk, are

possible only when one player changes its strategy. Howeveri I rent for playeri.

real conflicts, plural players may be able to move to the sameL h £ ol ' oref q dth ¢
states, and the choice such as “nuclear attack” in military con- et the pattern of players’ preference orders and the set o

flicts, leads a conflict to the irreversible result, which canndi2tterns bev and <, res_,pe_ctlvely. Wherk states are strictly
be returned. GMCR can incorporate common and irreversitdl dered (there are no indifferent states), the number of each
moves into the model player's preference orders amountsib Consequently, the

Fig. 2 shows the game on the formulation of cooperation b%grrlber of patternsnoﬁ players’ preference orders becomes
tween two players. The difference from prisoner’s dilemma i O™ and|€] = (k1)". . L .

Fig. 1 is the existence of common and irreversible moves from!f @n analysthas complete information, it can recogniz-

the state 4 to the state 1. It is assumed that both players hag8y- However, if an analyst has only limited knowledge, it only
two alternatives, “collaborate” and “not collaborate” in strategk€c09nizes thatthe pattern of preference ordersis included in the
form. To realize cooperation, both players need to take the SHPSet of2. Letn be the subset d representing an analyst's
ternative “collaborate.” However, cooperation collapses everfjfowledge on players’ preferences. Although an analyst knows

one player changes its alternative from “collaborate” to “not cofhat the true pattern of preference orders is certainly included in

laborate.” Once cooperation is collapsed by the common mo€ Sevr, it does not know which is a true patternzin

players cannot return the same path to cooperative state directly/Sing information set, we propose GMCR with incomplete
They have to change their strategies one by one again. information. GMCR under analyst’s information setis rep-
resented by 4-tupléN, K, V, =}, whereN = {1, 2, ...n},
K={1,2,...k},V={V1, Vo, ..., V,,}, andn C Q. When
7 is a singleton set, an analyst has complete information.
Here we define the sets that represent analyst’'s knowledge on
Based on Fangt al. [3], some definitions on stability are preferences. Ordered sets on analyst's informatiom set
shown as follows. Here we assume a 2-player game. The fol{®} (k, =), ®; (k, n), ®/(k, =), and®} (k, 7)]:

B. Definition of Stability and Equilibrium in Two-Player
Conflict
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* The staték; belongs tod} (k, ) if k; is preferred td: by In the next section, robustness analysis that specifies the
player: at every pattern of preference orders in informaaecessary and sufficient conditions for the stability of states is
tionsetr (k1 =; k£ Yw € 7). shown.

¢ The statéy; belongstad) (k, =) if k1 is equally preferred
to k£ by playeri at every pattern of preference orders in ll. GENERALIZATION OF ROBUSTNESSANALYSIS
information setr (k; ~; £k Yw € 7).

» The statek; belongs to®; (k, =) if k1 is less preferred
to & by player: at every pattern of preference orders in Stability analysis in conflict analysis decides if the corre-
information setr (k; <; k Yw € 7). sponding state is stable or not, based on the solution concepts.

* The statek; belongs tod; (k, «) if k; does not belong to However, if an analyst does not know players’ preferences, it
either®; (k, 7), ®/\(k, «), or®; (k, 7). In other words, cannot judge the stability of the state.

A. Robustness Analysis

an analyst does not know if playeprefersk; to k or not In the actual situation, an analyst does not necessarily have
with information setr. the complete information at the beginning of the analysis.
The product of reachable list and ordered set is defined as “dferefore, when an analyst needs to know about the stability,
dered reachable list.” That is it has to collect information and renew its knowledge. Okada
et al.[4] proposed robustness analysis to specify the minimum
SH(k, m) = Si(k) N & (k, 7) (1) conditions that is necessary to judge the stability of the cor-
A A responding state. robustness analysis is a kind of an inverse
Si'(k, m) = Si(k) N @ (k, ) () problem of stability analysis.
S (k, m) = 8;(k) N &7 (k, m) (3) Okadaet al. [4] proposed robustness analysis for 2-player
conflict in which the preference of one player is not known.
Si (K, m) =5i(k) N @7 (k, m). (4)  In this paper, we generalize the methodology to apply 2-player
When 7 is a singleton setS+(k, 1) = S+(k) and conflict under arbitrary information set of an analyst. The gen-

eralized robustness analysis can be applied to the conflict where
both players’ preferences are not known. Analysts can use the
D. Stability in GMCR With Incomplete Information rei)ullt of rc.)bustness analysis as follqws. .
ayers: Although a player knows its own preference, it may

Even if the information on players’ preferences is incompletgot have enough information on its counterpart’s preference.
for the analyst, stability analysis for some states can be carrReébustness analysis can provide the minimum information
out. For 2-player conflict, definitions for Nash stability, sequemyuaranteeing that a state can become a resolution of a conflict.
tial stability, and GMR based on analyst's knowledge can beMediator: Mediator tries to find the state that can be ac-
shown as follows. cepted as a compromise by both players. The stable state has

Nash Stability Based on Analyst's Knowledgehe statek  high possibility to be accepted by players. However, in many
is Nash stable for playerbased on analyst's information set if cases, mediator has incomplete information on both players’
and only if, the following condition is satisfied: preferences. If a mediator can confirm the condition for stability
that is shown by robustness analysis, it can present the state as
a proposal for agreement with conviction.

In the following parts, robustness analysis is generalized.

S*(k, 7) = {@}.

S (k, 1) 0 8} (b, ™) = {2}

Sequential Stability Based on Analyst's Knowleddéte
statek is sequentially stable for playerbased on analyst's

knowledge if, and only if, the following condition is satisfied: B. The Conditions for Stability in 2-Player Conflicts

Here we show the conditions that are necessary for the third
ki € &7 (k, m)dor S;f(kl, ) N{®; (k, 7) USL(k, 7)} party to judge if the corresponding state is stable or not. Since
£ {2} Vi € Si(k). (6) these conditions are specified based on the third party’s knowl-
edge, the information sets on the third party’s knowledge are
General Metarationality Based on Analyst's Knowlused. The sufficient condition for stability of a state is repre-
edge: The statek is general metarational for playgbased on sented by some inequalities on players’ preference. We call the
analyst’s knowledge if the following condition is satisfied:  set of these conditions “condition set.” In the following subsec-
tion, conditions for Nash stability, sequential stability, and GMR
ki € ©7 (k, m) or Sj(ki, m) N {®; (k, 7) U S (K, m)} are formulated.
£{D} Vi € Si(k). ) 1) The Condition for Nash StabilityThe statek is Nash
stable for playet if the Ul from statek by player: is empty
Nash stability is decided without any information on otheset [S;" (k) = {@}]. In GMCR under the information set,
player’s preference. If a player does not have any Uls, the stat&(k, =) is the subset of5;"(k), and S (k) is included in
is Nash stable for the player. On the other hand, sequential s$g-(k, =) U S (k, 7) (see Fig. 3). Consequently, the condition
bility and GMR depends on the player’s knowledge on its couthat the statés is Nash stable for playeris shown as follows.
terpart’s preference. If a player knows that its counterpart has(Presumption)S;* (k, 7) = {&}: For everyk, € Si(k, )
a Ul (in sequential stability) that reduces its payoff, the player
gives up moving from the current state. k> k1. (8)
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=S, (k) State k,in S, (k,7)

YES

® Playeri prefers kto k,?

 (k,7) S; k1) | S (k1) (k> k7
2 Check other states
NO or unclear S, (k. 7)

YES

Sanction exists ?

5:6)

Fig. 3. Relationship between sets.

NO

k is not sequentially stable.

The number of conditions included in a sufficient condition set
becomessS; (£, 7)|. The number of sufficient condition sets forrig. 4. Flowchart for specifying conditions for not moving to the state in
playeri is one. S (k, ) (sequential stability).

2) The Condition for Sequential Stabilityfhe stakek is se-

quentially stable for player if sanction exists for every state State k; in S, (k,7)

included inS;H (k). SinceS;t (k, 7) is the subset off (k), the YES
i [3 X (3 ? (3 ! . ; 9
existence of sanction for playéts movement to the state in Player  prefers k to k;
S;*(k, 7) is necessary to guarantee sequential stability of the (k> k7
stakek. That is Chzc,l(‘k"ther states
m S,
* For everyk, € S;i(k, ) NO or unclear (k7
@ ]{}2 %j ]{}1 and/{}ﬁi/{ig YES
* The state less preferred to k
kg € 57 (K1, ) ©) by player i exists in S(k,)?
® kiZkQ NO
+
ko € Sj (ky, ). (10) k is not general metarational.

Here,j = 2if ¢ = 1,andj = 1if ¢ = 2. @O or @ is the
condition that playei does not move to the state which is knowrfig. 5. Flowchart for specifying conditions for not moving to the state in
as Ul for player. S#(k, m) (general metarationality).
For the state it$ (k, ), itis not known if a state is included N
in S (k) or not. If an analyst obtains information that shows * For everyk, € Si"(k, 7)
that playeri prefersk to the state iS5 (k, =), it needs to find '
information showing existence of sanction. The flowchart for kimika o 3y € Si(ky). (14)
specifying conditions is shown in Fig. 4 and in the following ¢ S (k1) N®; (k, 7) # {}, k2 can always be found.

inequalities. In case of the states 8} (k, =), the process for checking pos-
* Foreveryk, € Sk, ) sibility of playeris move is similar to the process for sequential
® =i by 1) stability. First, an analyst checks if playgprefersk to the state
@ k> ki andk > ks in Sj(k, 7). If an analyst obtf_;lins informgtion that shows that
player: prefersk to the state inSf (&, ), it needs to find the
ky € S (ky, 7) (12) information showing existence of sanction (see Fig. 5).
® k= » Foreveryk; € Sf(k, m),
Tk € SF(ky, 7). (13) homiky (15)
or
(® is the condition thak, is not Ul for playeri. @ and ks ko ks € S;(ky). (16)
(& are the condition for the existence of the sanction = !
for k. If S;(k)N®; (k, ) # {3}, ks can always be found.

The condition for sequential stability of the stdténcludes The sets of Nash stable states and sequentially stable state are
one of @ or @ for everyk; € S} (k, v) and@—@ for every the subsets of general metarational states [3]. Therefore, the
ky € Sf(k, m). conditions that the state is general metarational (14)—(16) are the

3) The Condition for General Metarationalityln the case necessary conditions for other solution concepts. That implies
of GMR, the condition for the existence of sanction is not nethat the state which satisfies the conditions for Nash stability or
essary. Therefore, we need to assume a very conservative plagguential stability is more robust than the state which only sat-
when we use the solution concept of GMR. isfies the conditions for GMR.
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C. Example of Robustness Analysis

As an example, robustness analysis for the conflict shown in
Fig. 6 is carried out. Since there are four states in the conflict,
2] = (412 = 576. Let us assume that an analyst's information
setr consists of the following eight pairs of preference orders:

Player 1°s feasible transition

Player 2’s feasible transition

A1 B> C>1D and B>, U2 A2 D Fig. 6. Conflict consisting of four states.
A1 B+~ C+1 D and C+=5 A»9 B+s D
A1 C»>1B>=1 D and B>2(C >3 A>2D Nash Stability:
Heberier St terierier SR
1 A>1 B> an 2 U >3 A > B+, D (20)
C+-1A=1B+=1D and C+3A~>B+> D Player 2
C-1A=1 D=1 B and B>>C >3 A=>D B> A (21)
C=1A>=1 D= B and C>> A>> B>> D. (17)
Sequential Stability:
Ordered sets and ordered reachable lists are shown as follows.
Ordered Sets: Player 1
(@) B>~ D (22)
oA =4 P (A =1{B, D
1/\( ,7T) { }7 i( ,7T) { ’ } (b) Btlo (23)
(I)l (A7 7T) = {®}7 (I)I(Av 7T) = {C} Player 2
(B, 7) ={A}, &®7(B,7)={D
i\( ,71') { }’ =1k( ,71') { } (a) B%QA (24)
(I)I(Bv 7T)I{®}, (I)I(Bv W):{Cv D}
of(C, m) ={}, @[(C, ) ={D} (®) Crid and Br,C (29
(0, m) ={T}, @1(C,7) ={A, B} General Metarationality:
(I)T(D’ 7() :{Av C}’ (PI_(D’ 7() = {@}
A . Player 1
(I)I(Dv 7T)I{®}, (I)I(Dv W):{B} B D 26
(A7) ={C}. @5(A )= (D} @) & (26)
eF (B, m) ={2}, @5 (B, n)={D} Player 2
ON(B, 1) ={3}, O3B, )= {4, O} (@) By A (28)
of (C,m) ={2}, @;(C,7) ={4, D} (b) B, C. (29)
95(Cm) ={2}, (G m) = {5} When two conditions [(a) and (b)] exist, the state B is stable
=+ _ — _ )
(I)QA(D’ ™) =1{4, B, C}’ 5 (D, m) = {2} if at least one of the two conditions is satisfied. The result of
(D, m) ={Y}, 03D, ) ={J} (18)  robustness analysis shows that limited number of preference re-
SHA, ©) ={@}, S{(@ ) ={2}, SNMA, r) ={D} Iatti(t)nships needs to be specified to guarantee the stability of a
X Z state.
Sl(Av W):{O} Sf—(Bv W)I{Q}, Sl (Bv W):{g}
SNB, 7)) ={2}, Si(B,w)={D} SF(C,n)={2} IV. APPLICATION OF ROBUSTNESSANALYSIS
Si(C, ™) =19}, Sli(c’ ™) = {2}, STA(C’ n={4 A Planning Conflict
Sl*(D’ ™) ={7}, il (D, m) = {9}, fl (D, m) = {7} Environmental problem often involves conflicts between
SUD, m) ={B} S; (A, m)={2}, Sy (A m)={D}  stakeholders. For example, Fagiggl. [3] discuss the Garrison
SNA, m) ={2}, Si(A,7)={B} S5 (B,n)={2} diversion unit conflict [S], which involves the governments of
Sy (B, ) ={T}, SNB,x)={2}, S3(B,n)={4} the United St?tes and (Ilanﬁda, thfei\_ government of Manitohba,
" _ _ _ ~ _ environmentalists, etc. In the conflicts on environment, the
52*(0’ ™) ={7}, éjf (€, m) ={D}, 6} (©,m) ={2} alternative for mediating interests on development and environ-
53(C,m) ={2} S7(D, m)={C}, 57 (D, m)={D}  mentis necessary. Therefore, it is important to guarantee the
SMD, ) ={2}, S3(D,w)={2}. (19) stability of a state.

In this section, the methodology of robustness analysis is

Let us think about the stability of the state B. Using the corapplied to the conflict on hydropower generation and a river
ditions shown inC, the state B is stable if the following rela-environment [6]-[8] (Fig. 7). There exist some reservoirs only

tionships are satisfied.

for hydropower generation in a river basin. For the purpose of
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Reservoirs for

Hydropower Generation (Reservoir Storage

Reallocation)

The Area with
No Flowing Water

Fig. 7. Effects of hydropower generation on downstream river environment.

Fig. 9. Reservoir renewal (one example).

A New Reservoir . .
(for Environmental tricity by other means (other reservoirs, thermal power genera-

R/ RiverFlow) tion, etc.) If the scale of hydropower generation is reduced, the
benefit to the power generation company is reduced. Therefore,
the power generation company may ask the local government to
compensate the loss. The transfer of benefit can be interpreted
as net benefit reallocation of the project.

In this case, the power generation company represents the
vested interests, while the local government represents the new
interests of the river environment. A critical difference between
them is that the power generation company (an existing user)
can continue the hydropower generation in a status quo, while
the local government cannot recover the river flow without
taking any actions.

We assume two players. One is a local government and the
other is a power generation company. In this conflict, the local
government (Player 1) represents societal needs for better river
Fig. 8. Constructing a new reservoir for maintaining environmental river flovanvironment. The purpose of the player is to conserve (or re-

cover) the river environment by increasing discharge from a
efficient use of potential energy, the water stored in reservoligservoir. We assume that the local government does not care
is often sent to the other reservoir directly. Bypassing watabout the benefit of a power generation company. The purpose
by pipelines may reduce a large amount of water downstrea®f power generation company (Player 2) is to generate and sell
That results in a shortage of river flow downstream. Thiglectricity. Player 2 hopes to maintain the current level of hy-
shortage affects ecosystems, leisure, landscapes, sightse@f@power generation. However, if it can achieve the coopera-
and groundwater. tion with Player 1 (local government), it may have an incentive

Several countermeasures (alternatives) to increase the fléwghange the current situation. Player 2's incentive depends on
of water are available. For example, local government can cdhe net benefit which Player 2 can obtain.
struct a new reservoir to obtain a storage capacity for environ-Player 1 can maintain the status quo or construct a new reser-
mental flow (see Fig. 8). In this case, local government can makeir by itself. These alternatives are callédand iV, respec-

a decision independently of existing user (hydropower genetively. Player 2 has the alternative that it stays in the status quo.
tion). However, the resolution may result in an inefficient use dthe alternative is called. Redevelopment solutions are not re-
sites. Local government may not be able to find an appropriattzed if at least one player takes these strategies.

site to construct an additional reservoir. We assume the case where several types of redevelopment so-

On the other hand, the power generation company may loéions are assumed. Redevelopment solutions are represented
able to reduce the level of hydropower generation (see Fig. By. the combination of the alternatives on net benefit allocation
When this alternative is taken, the company has to generate elmd structural measures. This is assumed as follows.
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1) Player 1 can select the alternatives on net benei (%) ()
allocation.
2) Player 2 can select the alternatives on structural measur

Player 1's alternatives for redevelopment solutioRg)( ﬁ o &
* Low payment level ). )
* Medium payment levelR,,).
« High payment level Ry). W

Player 2’s alternatives for redevelopment solutiadg){ K ‘
()4 >

* Using other power generation meang).

» Adding hydropower generation in another reservdipy. \ :
+ Upgrading the dam4y). \,A/ \’§§| \’
Redevelopment solutions are representedhy;. The rede- 0\ J

velopment solution?; A; indicates that Player 1 takes strategy =
Ry, on net benefit allocation and Player 2 takes stratagyn
structural measure.

In order to realize redevelopment solutions, both players
have to take the strategies compensating the loss (Player 1) and
changing the status quo (Player 2), respectively. However, if
Player 1 gives up compensating and preferred noncooperative
solution (V.5), the state is moved from a cooperative solution
(RiA;) to a noncooperative solutiot(S). Similarly, if Player
2 gives up taking a structural measure for redevelopment,
the state is moved fronk; A, to N'S. On the other hand, the
transition from NS to R, A; could not happen unilaterally. > v 4
All of this shows that each player can cause the collapse of
a cooperative solution unilaterally and the transition is an
irreversible move.

Figs. 10 and 11 show); and D, in the graph model for
the planning conflict. The number of the feasible states is 20.
The collapse of cooperation is represented by irreversible and
common moves.
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Fig. 10. Player 1's feasible transition between states.
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B. Information Structure in Planning Conflict

In this planning conflict, we assume the following informa- o, the other hand, it is also obvious that both players prefer

tion structure: the states in which its own payment is lower. That is
_ _ _ RrAp 1 Ryr Ay -1 Ry Ay
RoS € {®; (ReAy, m) 1] (NS, 7)1 ] (S5, )} R R R 1)
(m=0,D,U k=0.D,U I=L,M, H) (A; means Player 2s alternative).

NA, €{®] (RxA;, 7) N @] (NS, 7) N & (SS, 7)}

ing this information, w n make th rder ween
(h=L, M,H k=0D,U =L, M, H) Using this information, we ca ake the order betwee

these states. Table | shows the ordered §?@‘t$RMAO, ),

SAn €{0y (BpAy, 1) N (NS, m) Ny (S5, )} 7 (R Ao, ), and®? (Ryr Ao, m) in the planning conflict.
(n=L, M,H k=0.D,U =L, M, H)

RS € {®7 (RyA;, m) N ®F (NS, 7) N &7 (SS, 7))} C. Players’ Preferences and Social Efficiency
(m=0,D,U k=0.D,U |=L, M, H) As regards players’ preferences, the following relationships

exist.

o If Ri Ay =1 NS, Player 1 prefers the redevelopment solu-
tion Ry A; to constructing a new reservoir by themselves.

NA, €{®; (RyA;, )N &5 (NS, ) N5 (SS, 7)}
(n=L M,H k=0.D,U 1=L, M, H)

SA, €{Q; (ReAr, m) N @5 (NS, ) N @5 (S5, m)} o If ReA; <1 NS, Player 1 prefers constructing a new
(n=L M, Hk=0.D,Ul =L, M, H). (30) reservoir by themselves to the redevelopment solution
Ry Ay

Equation (30) reveals that temporary states are not preferredes If BiA; >1 SS, Player 1 prefers the redevelopment solu-
to the solutions which could become final solutions. We call  tion R; A; to maintaining the status quo.
R;A;, NS, andSS “real solutions.” This information enables < If Ry A; <1 S5, Player 1 prefers maintaining the status
us to classify states into two groups. guo to the redevelopment solutidt), 4;.
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TABLE |
PLAYER 1S ORDERED SETS IN THE PLANNING CONFLICT [® (R Ao, 7), (R Ao, 7), AND @; (R Ao, 7)]

D7 (R, Ay, 7) CD:(RMAO’”) D, (R 4,,7)
R, A, Ridy, Rydy, Rady, RyAp, RS, R,S, RyS,
Ry Ay, RyAp, Rydp, N4y, N4y, NAp
NS, 8§ S,, S4;, S4,

o If RiA; 2 NS, Player 2 prefers the redevelopment sahe planning authority needs not only to inspect players’ pref-

lution R; A; to maintaining the status quo. erences, but also to hold the information jointly with players.
o If R Ay <2 NS, Player 2 prefers maintaining the statughat is, specified preference order should be made common
quo to the redevelopment solutid), A;. knowledge.

On the other hand, redevelopment soluti®nA; is better than

the noncooperative solution for the community consisting &. Case With More Information

both players if the following conditions (32) are satisfied: Now we assume another situation where the planning au-

thority can obtain additional information on players’ preference.

Brdi =1 NS, Bgdy =2 NS In thigcase, the number of conditions includpedyin su?ficient con-

Ry Ay =155, RyAi>»2 5SS, (32)  dition sets can be reduced. Table 11l shows sufficient condition

sets forRR y; Ao s stability with following additional information.

1) Player 1 prefers arbitrary cooperative solution (reservoir
renewal)R; A, to both the status quésS and the nonco-
operative solutionVs

If (32) is satisfied, redevelopment optid®y. A; should be im-
plemented from the viewpoint of a community, becalég

andsS S are Pareto-dominated ¥, A;. However, in a planning
conflict, if the profit obtained by a player can be improved by

moving from R, A; to another states, the player does not ha\jl% 4 5 d BA N
an incentive to stay aR A;. kAL 71 an ki -1

(k=L,M,H, 1=0,U, D). (33

D. Application Results

Table Il shows the conditions that staly, Ao (Player 1 2) Player 2 always prefers the structural measuig
pays the cost at medium level and uses other power generation (USINg other power generation means) A (adding
means) is Nash stable or sequentially stable for Player 1 (A) hydropower_generatlon in another reservoir) and prefers
and Player 2 (B). The inequalities in Table Il are the condition - (UPgrading the dam) talo
sets which the planning authority has to detect to confirm that
Ry Ao is a stable renewal alternative. Hypdo =2 BpAp  and RyAy -2 R Ao

From Ry Ao, Player 1 can always move to low payment (k=L,M, H). (34)
level. In other words, it is common knowledge that Player 1
has a Ul fromR; Ao to Rp Ao. Therefore, it is obvious that In this case Ry, is the second largest payment for Player 1 and
Rp; Ao is not Nash stable for Player 1. Ap is the second preferred alternative for PlayeR2; Ao can

From Table Il, we can obtain the following properties. be regarded as the compromising alternative.

1) RyrAo is stable for P|ayer 1 if a) P|ayer 1 prefers Table lll shows that?; Aos stability depends on the trade-
Ry Ao to NS and$S, and b) Player 2 can improve Offs of both players’ preference between structural alternatives
its payoff fromR; Ao by changing its option from,, and payment. That is, the critical conditions for stability are that
(using other power generation means)4p (adding both players prefefy; Ao to Rp Ay
hydropower generation in other reservoir) Ay (up-
grading the dam) and Player 1 prefdig; Ao to the V. CONCLUSION

resulting state Bz Ap or Ry Ay) (b-1) or Player 2, yig paner, we proposed the application of robustness anal-
pr_efersNS or S510 R Ao (b-2). ysis to the conflicts where the information on players’ prefer-
If Ry Ao is stable for Player 1{(a) and (b-1) or {(a) and ences isincomplete. Robustness analysis is generalized to apply
(b-2)} must be satisfied. the situation where preferences of both players are not known
2)  RpyAp is stable for Player 2 if Player 2 preferspy the third party. Then, the methodology was applied to the
Ry Ao to NS or SS (c), and Player 2 prefe®y; Ao planning conflict between two players representing hydropower
to Ry Ap or Ry Ay (d), Player 2 preferdiy; Ao to generation and river environment.
RpAp or Rp Ay (e-1) or Player 1 preferd’ S or S5 If the third party has only incomplete information on

to Ry Ap or Ry Ay (e-2). preferences of stakeholders, it is necessary to use a different
If Rar Ao is stable for Player 2{(c) and (d}, {(c) and (e-1}, methodology for coordination, which is different from one
or {(c) and (e-2} must be satisfied. where complete information is available. The robustness

Sequential stability needs player’s ability to forecast coumnalysis can become a useful approach to detect the stable and
terpart’s sanction. In order to lead players to the stable stabetter alternatives.
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TABLE 1l

(a) RESULTS OF ROBUSTNESSANALYSIS (STATE Ry Ap).
(b) CONDITION SETS FORPLAYER 2S STABILITY

SS<,R,A, NS=< R A,
Condition Set 1 oMo LM

RLAD:SIRMAO RLAO <2 RLAD

SS <, R,A, NS<, Ry,
Condition Set 2

R 4, <R,A, R A4,=<,R A4,

N SS<, R, A, NS=<,R,4,

Condition Set 3 RuA, <, SS

SS < R, A, NS<, R4,
Condition Set 4 RL AO =, NS

(@)

Condition Set 1

S8<, Ry, A, or NS<, R, A,

Ry dp =<, Ry 4, R, A, <, R, A,
Condition Set 2 SS<, R,,A, or NS=<, R4,
RLADjzRMAo RMAU -<2 RMAo
SS<, R NS=<, R
Condition Set 3 2 R4, or LR A4,
Ry Ap <, 8§ Ry, A4, <, R, A,
Condition Set 4 SS=, R, A, or NS<, R A4,
RMAD < NS RMAU <, RMAo
§§<, R NS<, R
Condition Set 5 2 R4, or , R,A,
RMAD =, RMAO RMAU < SS
Condition Set 6 S§=, R,A, or NS=, R4,
RMAD '<2 RMAO RMAU <1 NS
§5<, R NS<, R
Condition Set 7 2Ry 4, or , R4,

Ry

Ay <, R, A4, R A,<,R, A,

Condition Set 8

S§=, R,A, or NS<, R, A,

R4, <, SS R, A, <, SS
8§<, R NS=<, R
Condition Set 9 2 Ry dp or » Ry,
Rudp % NS R, A4, <, NS
.. SS
Condition Set 10 <, R,A4, or NS<, R A,
RMAD .<] SS RMAU -<1 NS

Condition Set 11

R, A, <, NS

SS<, R, A, or NS=, R, A,
Ry A, <, SS

Condition Set 12

Ry

S§=<, R,A, or NS<, R, A,
Ap <, 8§ R 4,<,R 4,

Condition Set 13

S§§=<, R,A, or NS<, R, A,

RLApszMAO RMAU <, SS
iti §S=, R NS <, R
Condition Set 14 <, R4, or NS<, R, 4,
RMAD = NS RLAujzRMAO

Condition Set 15

R,

SS<, R4, or NS<, R, 4,
A, <,R A, R, A4, <, NS

Condition Set 16

R A, <,Ry A,

S§§=, R,A, or NS<, R,,A,
R A, =%,R, 4,

(b)

TABLE III-A

(a) RESULTS OFROBUSTNESSANALYSIS (STATE R 3y Ao) WITH ADDITIONAL

(1
[2]
(3]

[4]

(5]

(6]

(71

(8]

INFORMATION. (b) CONDITION SETS FORPLAYER 1S STABILITY .
(b) SUFFICIENT CONDITION SETS FORPLAYER 2S STABILITY

Condition Set 1 R A, =R, A,
Condition Set 2 R4y =<, S8
Condition Set 3 R 4, <, NS

@

S8<, R A, or NS<, R A4,
RLAU52RMA0

(b)

Condition Set 1
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