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Abstract. Conflict or dispute is common, involving a mismatch of interests or deficit resources shared
among the contestants. Eventually, the conflict also exists among the co-riparian states of transbound-
ary rivers contributed by the surrounding lands. In turn, river water needs to be shared based on their
deservedness and agreeable to co-riparian. In this study, the inter-state (Kerala, Tamil Nadu and Kar-
nataka) dispute over sharing Cauvery River waters in South Peninsular India is being taken up for analysis
and game-theoretic modelling. Various options available to the contending co-basin states were analyzed.
Also, ‘Fair and Equitable allocations’ were derived based on the deservedness of the contender and con-
sidered one of the options on each side of the riparian in the Metagame Analysis. ‘Equity’ describes
deservedness based on contribution. The two components of Fairness and Equity (F&E) includes ‘Propor-
tionality and Egalitarianism’. The former talks about deservedness, and the second talks about that equals
should be treated equally, and unequal should be treated accordingly. The options adopted by any given
player must reflect the hydrologic reality of flow availability. In this regard, options were developed based
on the categories of unimpaired flows given as (1) maximum (MAX); (2) upper quartile (UQ), median
(MED), and lower quartile (LQ); and (3) minimum (MIN). Accordingly, separate sets of options have been
proposed for each player corresponding to each of the above mentioned three flow categories of MAX,
[UQ, MED, LQ] and MIN. Metagame Analysis is then used to generate equilibrium outcomes and feasible
solutions for three flow categories. For example, for the flow category of LQ, the equilibrium outcome
arrived is (1 0 1 0, 1 0 1, 1 0 1) with a decimal value of 725. The interpretation from this outcome: Kerala
obtain its with ‘Annual irrigation requirement of 1271.43 Mm3 and Municipal and industrial requirement
of 368.12 Mm3’. Tamil Nadu obtains its ‘Annual irrigation requirement of 12,601.0 Mm3 with support from
Prior Appropriation Doctrine (PAD)’. Karnataka obtains its Annual irrigation requirement of 8732.9 Mm3

with support from Prior Appropriation Doctrine (PAD)’. This study shows that the outlined approach can
indeed organize information and, in the process, facilitate a proper understanding of the conflict and also
aid in deriving Fair and Equilibrium outcomes as possible candidate solutions to this conflict.

1 Introduction

Access to water is viewed as a fundamental right
and societal necessity. The world is facing increasing
demands for water to satisfy the divergent needs of
the ever-increasing population. Environmental concerns
and water scarcity in arid and semi-aridregions almost
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invariably lead to ‘water stress’ [1]. Social activism,
political posturing, and the hardening of attitudes are
some of the apparent consequences. Conflict arises when
contenders seek a share of a shared resource and find
themselves in a condition of competition and opposi-
tion. These conflicts, especially those that arise within
the realm of water resources, often get exacerbated due
to differences in the political ideology of the contending
players. The issues related to sharing water resources of
a river basin are indeed very complex and, in an equal
measure, controversial. Conflict situation is inevitable
as water resources become increasingly scarce and their
use within a given region can no longer be insulated
from impacting one’s neighbour. Naturally, when such
conflicts are not resolved quickly and amicably, there
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is severe long-term damage to relationships at various
levels.

Various mechanisms have been developed to address
issues related to conflict analysis (see, for example, [2–
4]). Classical game theory [5,6] has provided a frame-
work for methodologies known by their generic name of
conflict analysis (CA) techniques. As part of CA-based
approaches, metagame analysis (MA) has been shown
to facilitate a mathematical analysis of beset con-
flicts with socio-political disagreements. For example,
[7] have applied MA technique to the Garrison Diver-
sion Unit project and demonstrated that the approach
could be valuable for decision-makers involved in water
resources management. Application of MA technique to
various sectors are discussed in [8–11], amongst others.

Recently, [12] used the MA technique for the Krishna
Waters dispute by considering the derived unbiased
‘Fair and Equitable allocations’ (F&E) options on each
player’s side of the conflict. However, the author derived
the F&E allocations for all the contenders, considering
the average total water available in the basin in a year.
In reality, there is always an inter-annual variation of
rainfall observed when long-term time series of rain-
fall is considered. Considering only average rainfall for
deriving allocations may not be a feasible solution to
the river water disputes. This does not meet the reality
of inter-annual variation of rainfall in any basin where
dispute remains unresolved. Overcoming the limitation,
the present study aims at (i) finding the F&E allo-
cations based on inter-annual variation of the rainfall
of five categories, i.e., Maximum flow (MAX), Upper
Quartile flow or 25% dependability (UQ), Median flow
or 50% dependability (MED), Lower Quartile flow or
75% dependability (LQ) and Minimum flow (MIN) and
(ii) application of MA technique to the Cauvery River
dispute considering the derived F&E allocations as one
of the options from each player side.

2 Case study: Cauvery River Basin

Cauvery River Basin is one of the major river basins
of South Peninsular India. Figure 1 depicts the study
area of the Cauvery River Basin. The river drains a
total area of 81,155 sq. km, and the catchment area
up to Musiri, just before it enters the deltaic plains,
is 66,243 sq. km. The co-basin states of Tamil Nadu
(incl. Pondicherry), Karnataka and Kerala contribute
44,016 sq. km, 34,273 sq. km, and 2866 sq. km to the
total basin area, respectively. Reference may be made
to [13–16] for further details regarding climate, water
resources development and other related aspects.

The river drains a total area of 81,155 sq. km,
and the catchment area up to Musiri, just before it
enters the deltaic plains, is 66,243 sq. km. The co-basin
states of Tamil Nadu (incl. Pondicherry), Karnataka
and Kerala contribute 44,016 sq. km, 34,273 sq. km,
and 2,866 sq. km to the total basin area, respectively.

2.1 Cauvery waters dispute

Interstate differences over sharing of Cauvery waters
arose in 1807 as a conflict of interest between the down-
stream British province of Madras (now Tamil Nadu)
and the upstream headwater princely state of Mysore
(present-day Karnataka). Madras was the first riparian
to plan and develop extensive irrigation related infras-
tructure in the deltaic plains of Cauvery. On the other
hand, the Mysore state, being the upper riparian, could
exercise greater control over Cauvery flows. When the
latter sought to develop infrastructure to promote irri-
gated agriculture within its jurisdiction, Madras viewed
these developments with concern and sought protection
from potential injury to its interests. Arbitration even-
tually culminated in the two pacts of 1892 and 1924,
with the latter agreement being of a limited tenure of
50 years.

Further difficulties arose in 1956 when India embar-
ked on the reorganization of state boundaries based
on linguistic considerations. Kerala, a headwater state
with relatively modest water resources developments
and Pondicherry, the lowermost riparian, became the
other two co-basin states of Cauvery. As newly carved
co-basin states, Kerala and Pondicherry also laid claim
to a ‘Fair and Equitable’ share of water resources of
Cauvery. Kerala’s appeal for ’ equity in apportionment
’ is understandable with little or no claim arising out of
any prior use or historical rights.

Following separate petitions from Tamil Nadu and
Karnataka, Cauvery Waters Disputes Tribunal [18] was
constituted by Govt. of India on June 2, 1990. On June
25, 1991, the Tribunal passed an interim award of 5805
million m3 (Mm3) of water annually to Tamil Nadu. In
turn, Tamil Nadu was to release 169.9 Mm3 of water to
Pondicherry. [15,19–21] discuss the salient features of
the agreements of 1892, 1924 and the Tribunal award.

2.2 Flow availability and categories of flows

Sharing of water resources is a complex issue. Its avail-
ability contributes to inter-seasonal and inter-annual
variability and shows a high spatial variability within
a river basin. Additionally, climate change also result-
ing in dynamic uncertainty in rainfall distribution [22].
At the core of the problem is recognising that any pre-
scribed sharing mechanism has to reflect the inherent
variability in the availability of the resource in question
and therefore has to be dynamic.

An associated concern is that the options available
to any contending state, based on which an allocation
may be sought, are likely to change or their relative lev-
els of desirability. Hence, the relative ranking may also
alter depending upon the availability of the resource. A
family of solutions is likely to determine feasible solu-
tions to water resources disputes, with each member of
this family reflecting a given level of water availability.
For a resolution of disputes of this nature, the solutions
must be proposed based on realism.
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Fig. 1 Cauvery River Basin (after [17]) in South Peninsular India

It, therefore, becomes imperative that the selection
of options for a given contender should be based on a
broad spectrum of flow conditions and solutions derived
corresponding to each. The paper considers a family of
five flow conditions based on the magnitude of unim-
paired derived flows and obtained from [14]. Metagame
Analysis is performed individually for each such cate-
gory of flows, and equilibrium outcomes are obtained.

The study, as reported, has been done for the fol-
lowing range of basin yield or uninterrupted flows: (i)
Maximum Flow (MAX), (ii) Upper Quartile Flow or
25% dependability (UQ), (iii) Median Flow or 50%
dependability (MED), (iv) Lower Quartile Flow or 75%
dependability (LQ), and (v) Minimum Flow (MIN).

2.3 Virgin runoff potential estimation

The author [14] used a composite macro water balance
as a modelling framework with distinct nested runoff
models, each for irrigated and non-irrigated areas. An
underlying assumption was that a heterogeneous basin
comprised of two distinct but internally homogeneous
parts, namely (i) a non-irrigated area receiving rainfall
input; and (ii) irrigated areas receiving (rainfall + irri-
gation) applications as input. To avoid problems related
to unknown return flow amounts, the water balance was
written for the output end of the input–output hydro-
logic system and is given as in the below equation. For
more details of estimation of virgin runoff potential,
readers can refer to [14].

Total flow generated at the basin outfall, F =∑
FNON−IRRIGATEDAREA +

∑
FIRRIGATEDAREAS +

∑

Waste flows from M&I uses ∓ ∑
Impounding effect

of reservoirs—
∑

Evaporation from all reservoirs—
∑

Diversions (including exports)

3 Fair and equitable allocations

Equity and fairness are essential issues in any water
allocation problem [23,24]. Equitable allocation does
not mean equal allocation. Equity here describes
deservedness based on contribution. Rasinski [25] has
described two components of Fairness and Equity
(F&E): Proportionality and Egalitarianism. The former
talks about deservedness and the second talks about
that equals should be treated equally, and unequal
should be treated accordingly. This has also been high-
lighted at the UN Convention on Non-Navigational uses
of International Watercourses [26]. More discussion of
‘Fairness and Equity’ can be found in [16,17]. Raviku-
mar [17], in their attempt to address the issue of ‘equity
and fairness’ in the apportionment of Cauvery waters,
have derived quantified shares in respect of Kerala,
Tamil Nadu and Karnataka, of the total available unim-
paired yield of Cauvery basin up to Musiri (a gauging
site just before Cauvery enters the deltaic plains) for
the two planting seasons of Kharif and Rabi. Follow-
ing the methodology, similarly, authors have quantified
allocations for annual flows as discussed below.
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Table 1 Two static factors Drainage Area (DA) and
Cultivable Area (CA) and corresponding numerical values
(Source: pp6, Additional Report of CFFC (1972))

State F1, DA km2 F2, CA km2

Karnataka 34273 (42.24%) 24240 (43.89%)
Kerala 2866 (3.53%) 1537 (2.78%)
Tamil Nadu 44016 (54.23%) 29452 (53.32%)

3.1 Factors for apportionment

During negotiations, each state would, without any
prejudice, propose their respective preferred factors as
the basis for sequentially estimating entitlements in the
order that maximizes water allocation to that state.
Final entitlements will then be based on these factors
taken individually or if the situation demands a com-
promise.

According to [26], allocating a shared resource amo-
ngst its competing users may be based on features that
include geography, hydrology and climate. Additionally,
the National Water Policy 2002 document prepared by
the Ministry of Water Resources, Govt. of India [27],
accords the highest water allocation priority to irri-
gation, second only to drinking water. Based on these
guidelines, a selection of three factors has been used to
compute proportional entitlements regarding each con-
tending state in this study. These include the two static
factors of (i) Drainage Area (DA) falling within the ter-
ritory of each basin state (henceforth referred to as F1);
and (ii) Cultivable Area (CA) of each state within the
river basin (F2). The third is a dynamic factor and cor-
responds to unregulated runoff (F3) contribution from
each state.

At first glance, such a choice of factors may seem
arbitrary. However, there are more substantive reasons
for such a selection, which becomes clear from the data
presented in Tables 1 and 2. For example, Kerala con-
tributes only 3.53% of the total geographic area of the
Cauvery basin and 2.78% of its total cultivable area.
On the other hand, this state contributes a substan-
tial fraction of the total unregulated runoff of the Cau-
very Basin. In any actual negotiation, it is reasonable
to expect that the dynamic factor, F3, would logically
be Kerala’s preferred choice on which to seek propor-
tional entitlement. For similar reasons, static factor, F1,
would be Tamil Nadu’s first choice factor and naturally
would seek proportional entitlements based on this fac-
tor. The logic behind Karnataka’s choice follows a sim-
ilar reasoning.

It may be seen from Table 2 that the dynamic fac-
tor, F3, would also, in general, be Karnataka’s preferred
option. To that extent, Kerala’s choice also favors Kar-
nataka. Also, in recognition of the priority that Govt.
of India’s National Water Policy [26] accords to irriga-
tion and because the genesis of the dispute over alloca-
tion and use of Cauvery waters is linked to irrigation
use, it is logical to include the static factor, F2, in this

selection. However, the ranking that each state accords
to factor F2 depends solely on the size of the pro-
portional entitlement that this factor allocates to that
state. Hence, from Table 1, a compromise is required if
static factor F2 would be Karnataka’s voluntary second
choice. It needs to be emphasized that these proposed
factors do not constitute an exhaustive set and are used
only for illustrative purposes. Like many factors, or as
few deemed relevant by the contending parties, can be
incorporated into the approach.

To incorporate the effect of inter-annual variability in
monsoon rainfall over the study basin and its impact on
sustainable irrigation, virgin runoff potential of five lev-
els of dependability was obtained from [14] (who recon-
structed the historical, as well as unimpaired virgin,
flows at sixteen (16) flow observation sites for the period
of 1916–1917 to 1989–1990), to quantify the dynamic
factor F3 in respect of each co-basin state. The flow cat-
egories considered are: (i) Maximum Flow (MAX), (ii)
Upper Quartile Flow (UQ), (iii) Median Flow (MED),
(iv) Lower Quartile Flow (LQ), and (v) Minimum Flow
(MIN).

Negotiations were modelled separately for each such
category of virgin runoff (factor F3). State-wise values
for each of the two static factors, F1 & F2, and the
dynamic factor, F3, are given in Tables 1 and 2, respec-
tively.

3.2 Modeling of negotiations

Equity in apportionments has been sought via the
principle of proportionality and the issue of fairness
addressed by recognizing that all contending states have
the right to seek preferential apportionment in propor-
tion to their respective factors that are ranked based
on implied, but state-specific, shares of total apportion-
ments.

Based on each state’s preferred ranking of these fac-
tors, proportional allocations expressed as a percentage
of total water available are sequentially derived for the
three contending states of Karnataka, Tamil Nadu and
Kerala. These are then put together to yield a pref-
erence table for each state. This is illustrated by the
following example case scenario CS-MAX. Appropria-
tion of Annual flows to Kerala, Karnataka and Tamil
Nadu for the season when flows are expected to be in
the maximum flows (MAX) category in all states.

3.3 Preference table for CS-MAX

Based on F1, F2, and F3 individual values in Tables 1
and 2, proportional entitlements were estimated for
each state. These entitlements were ranked to yield a
preference table (Table 3) regarding each state. Addi-
tionally, for these ranking factors, Table 3 also presents
state-wise percentage apportionment of water. Based
on an uncompromised stand, Tamil Nadu would prefer
apportionment based on factor F1 for a share equal
to 54.23% of total available water resources in that
given season. On the other hand, Karnataka and Kerala
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Table 2 Dynamic factor (F3) of virgin runoff potential (in MCM) for each state

Flow type Karnataka Kerala Tamil Nadu

MAX 15468.48 (45.05%) 12052.87 (35.10%) 6812.46 (19.84%)
UQ 9767.6 (48.01%) 7033.16 (34.57%) 3541.6 (17.41%)
MED 8167.12 (51.09%) 5949.13 (37.21%) 1868.96 (11.69%)
LQ 7157.72 (54.13%) 4926.39 (37.26%) 1137.41 (8.6%)
MIN 4261.43 (61.81%) 2390.54 (34.67%) 242.36 (3.51%)

would prefer apportionment to be fixed based on factor
F3, resulting in equal allocations equal to 45.05% and
35.10%, respectively.

3.4 Procedure for negotiated (cooperative) solution

Perc [28,29] have discussed the importance of coopera-
tion in a social context and its great role to arrive at an
equilibrium solution. [17] have quantified the fair and
equitable allocations to the co-basin states of the Cau-
very river while considering the cooperation and com-
promise among them. Following the procedure outlined
in [17], if all the states insisted on allocations in pro-
portion to the respective highest-ranked factor, a total
water requirement equal to 134.38% (45.05 + 35.10 +
54.23) is implied. This, of course, is untenable, and the
need for a compromise is recognized as such by each of
the contending states.

As the first level of compromise, the contending states
understand the need to agree to dilute their respec-
tive position and begin to seek apportionment based on
their individual choice of two ‘best’ factors, namely fac-
tors having ranks one and two. Thus, Karnataka would
seek apportionment based on F3 and F2, Tamil Nadu
would opt for factors F1 and F2. At the same time, Ker-
ala would dilute her stand to propose factors F3 and F1
as factors of choice (each factor, when taken in combi-
nation with other factors, would carry equal weights).
With the first stage of compromise, Karnataka, Tamil
Nadu, and Kerala would seek allocations that add up
to 117.56% (44.47 + 53.775 + 19.315) of the total avail-
able water resources.

This solution is not feasible, and negotiations would
naturally gravitate to the next stage of compromise
where the states agree to include their respective third-
ranked factors. With this next level of compromise,
negotiations would now enter stage 3 of the process.
Here the process seeking fair share allocation under sce-
nario CS-MAX, in respect of Karnataka, Tamil Nadu
and Kerala, converges to the point of agreement with
allocations of 43.717%, 42.463%, and 13.82% of total
seasonal availability, respectively. With the third stage
of compromise, Karnataka, Tamil Nadu and Kerala
would be seeking allocations that add up to 100%
(43.717 + 42.463 + 13.82) of the total available water
resources. Table 4 presents the results with allocations
in Mm3.

To summarize, and as outlined in the foregoing dis-
cussion, equity in apportionments has been sought via
the principle of proportionality that underscores the

value of ‘deservedness’. This deservedness is computed,
as has been illustrated, based on factors related to water
use potential, geography and hydrology of the study
basin and is in line with the recommendations presented
in [26].

Additionally, fairness is addressed by providing coer-
cion free, equal opportunity platform to each contend-
ing state and recognizing each state’s right to propose
its list of ranked, state-specific factors F1, F2 and F3
to compute respective proportional entitlements for a
preferential apportionment.

4 Metagame analysis

Terminologies used in MA are as follows [30,31]:

1. Unilateral Improvement (UI): These are more pre-
ferred outcomes for a given player than the currently
held position.

2. Rational (R): The outcome is Rational when there
are no UIs available to a player, implying that the
current strategy is the best.

3. Unstable (U): Player has at least one UI from which
the other players can take no credible action, ulti-
mately resulting in a less preferred outcome for the
given player.

4. Sequential Stability (S): The outcome has sequen-
tial stability (S) if credible UIs was taken by a
player ultimately results in a less preferred outcome
than the one from which the given player is seeking
improvement.

Other important terms used in the analysis presented
include:

1. Players: These are participants in the game or con-
flict.

2. Options: Are possible actions of a player.
3. Strategy: Are a set of options for a player.
4. Outcome: Is a situation where each player selects a

strategy.

4.1 General algorithm

The general algorithm for analyzing conflicts comprises
mainly of the following stages:
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Table 3 Ranked preferences (CS-MAX) for the three contending states

State Rank 1 Rank 2 Rank 3
Factor/percent Factor/percent Factor/percent

Karnataka F3/45.05 F2/43.89 F1/42.24
Kerala F3/35.10 F1/3.53 F2/2.78
Tamil Nadu F1/54.23 F2/53.32 F3/19.84

Table 4 Fair & equitable allocations to each state in Mm3. (Percentage allocation in Parenthesis)

Flow variable Kerala Tamil Nadu Karnataka

MAX 4740.29 (13.81%) 14581.1 (42.47%) 15012.43 (43.72%)
UQ 2772.56 (13.63%) 8474.22 (41.66%) 9095.59 (44.71%)
MED 2319.50 (14.51%) 6354.33 (39.75%) 7311.27 (45.74%)
LQ 1920.42 (14.52%) 5119.67 (38.72%) 6181.43 (46.75%)
MIN 941.96 (13.66%) 2552.73 (37.03%) 3399.64 (49.31%)

Stage 1 Develop a model of the conflict. In this stage,
identifying the players and their respective
options (actions) is accomplished.

Stage 2 Organize the conflict-related information by
constructing a conflict tableau. In this stage,
the conflict information is organized by order-
ing the outcomes according to ranked pref-
erences of each player and listing Unilateral
Improvements (UI) under each outcome.

Stage 3 Stability analysis where outcomes are eval-
uated as being any of (i) Rational (R), (ii)
Unstable (U), (iii) Sequentially Stable (S).

Stage 4 Identification of one or more Equilibrium
Outcomes.

These equilibrium outcomes represent game solutions
that would be deemed as being acceptable to the con-
tenders.

4.2 Metagame analysis of Cauvery River dispute

To develop a proper understanding of the Cauvery dis-
pute, it becomes imperative to study the dispute con-
cerning some identified benchmark periods in time. The
consequence of ‘period’ specific study would contribute
to how the conflict has revolved itself at these various
stages in its development. The water resources of the
Cauvery basin has triggered one of the most enduring
and protracted disputes that India has witnessed. The
dispute has gone through many critical stages of dis-
cussions, negotiations, arbitrations, and interim agree-
ments. Some of the more profound and far-reaching
developments were witnessed in the years 1924, 1974
and 1990. Accordingly, the paper presents a snapshot
of the Metagame Analysis of the dispute corresponding
to the benchmark year of 1990. It coincides with the
Cauvery Waters Disputes Tribunal constitution by the
Government of India and the subsequent announcement
of the Interim Award by this Tribunal.

4.3 Framing of options for the contending states

Options for Kerala: Based on the above discussion,
the following four options in respect of Kerala are devel-
oped:

1. Allocation of 1271.32 Mm3 of water annually to irri-
gate 77416 ha within the three sub-basins of Cau-
very in Kerala.

2. Right to an out of annual basin transfer of 991.2
Mm3 from Kabini and Bhavani sub-basins to gen-
erate 465 MW of power. Further, with the use of
tailrace water release, Kerala has proposed to irri-
gate 40,275 ha of arable land in the recipient sub-
basin. Additionally, some portion of this transferred
water can meet environmental flow requirements in
the fragile and already stressed aquatic ecosystem
in this part of Kerala.

3. Allocation of 368.12 Mm3 of water for domestic and
industrial purposes within the three sub-basins. In
addition to this, Kerala would also seek a right
to develop a suitable site on River Pambar for
hydropower generation. This purely regulatory facil-
ity is expected to need a non-consumptive annual
turbine discharge of 161.4 Mm3.

4. The Fair & Equitable Allocations presented in
Table 4 according to five flow categories.

Options for Karnataka: Based on the above discus-
sion following options are developed in respect of Kar-
nataka:

1. Annual allocation of 8732.9 Mm3 of water to provide
irrigation for an area of 831,629 ha.

2. As in the case of Kerala, ‘Fair and Equitable’ appor-
tionment derived in five flow categories for Kar-
nataka and as given in Table 4 is proposed as the
second option for this state.

3. Claim based on prior appropriations doctrine (PAD)
to support utilizations submitted by Karnataka
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Table 5 Admissible options of players for various categories of flows (Ticks (�) means option selected, cross (×) means
option not selected and numbering indicates the order of selected options for that category of flow w.r.t riparian state)

Player Options Flow category and admissible options

MAX UQ, MED, LQ MIN

Kerala Annual requirement of 2630.64 Mm3 � (1) × ×
Annual irrigation requirement of 1271.43 Mm3 × � (1) ×
Out of basin transfer of 991.2 Mm3 × � (2) ×
Municipal and industrial requirement of 368.12 Mm3 × � (3) � (1)
Equitable allocation � (2) � (4) � (2)

Tamil Nadu Annual irrigation requirement of 12,601.0 Mm3 � (1) � (1) ×
Equitable allocation � (2) � (2) � (1)
Prior appropriation doctrine (PAD) × � (3) � (2)

Karnataka Annual irrigation requirement of 8732.9 Mm3 � (1) � (1) ×
Equitable allocation � (2) � (2) � (1)
Prior appropriation doctrine (PAD) × � (3) � (2)

Table 6 List of feasible outcomes for stability analysis based on [UQ, MED, LQ] flows

Sl. no. Feasible outcomes Decimal value Remarks

1 (1 0 0 0, 0 1 0,0 1 0) 289
2 (0 1 0 0,0 1 0,0 1 0) 290
3 (0 0 1 0,0 1 0,0 1 0) 292
4 (1 0 1 0,0 1 0,0 1 0) 293
5 (0 1 1 0,0 1 0,0 1 0) 294 Excluded when stability analysis based on LQ flows
6 (0 0 0 1,0 1 0,0 1 0) 296
7 (1 0 0 0,1 0 1,0 1 0) 337
8 (0 1 0 0,1 0 1,0 1 0) 338
9 (0 0 1 0,1 0 1,0 1 0) 340
10 (1 0 1 0,1 0 1,0 1 0) 341
11 (0 1 1 0,1 0 1,0 1 0) 342 Excluded when stability analysis based on LQ flows
12 (1 0 0 0,0 1 0,1 0 1) 673
13 (0 1 0 0,0 1 0,1 0 1) 674
14 (0 0 1 0,0 1 0,1 0 1) 676
15 (1 0 1 0,0 1 0,1 0 1) 677
16 (0 1 1 0,0 1 0,1 0 1) 678 Excluded when stability analysis based on LQ flows
17 (1 0 0 0,1 0 1,1 0 1) 721
18 (0 1 0 0,1 0 1,1 0 1) 722
19 (0 0 1 0,1 0 1,1 0 1) 724
20 (1 0 1 0,1 0 1,1 0 1) 725
21 (0 1 1 0,1 0 1,1 0 1) 726 Excluded when stability analysis based on LQ flows

before the Cauvery Tribunal amounting to a maxi-
mum allocation of 5809.2 Mm3 of water [32].

The doctrine of prior appropriation possesses concep-
tual origins extending to much earlier periods of history
but has undergone its primary evolution in the Ameri-
can West. Originally applied to the water-use practices
of early miners, this doctrine has been a central factor
in the development of irrigated agriculture. It contin-
ues to serve as a predominant form of water law in
the western states. It is also known as the “Colorado
Doctrine” of water law. Though this doctrine is neutral
between upper and lower riparians, it seeks to protect
existing uses according to the ‘first in time— first in the
right’ principle. Hence, each state along a watercourse
may establish prior rights to use a certain amount of

water depending on the date on which that water use
began. The first person to use water (called a “senior
appropriator”) acquires the right (called a “priority”)
to its future use as against later users (called “junior
appropriators”) [16].

Virgin runoff in the actual runoff available (with-
out any human use) with inter-annual variability in
all co-riparian states for allocation. In contrast, Pri-
ority Appropriation Doctrine (PAD) support the user
putting the water in use for more than 20 years in vari-
ous activities. Allocation of river water considering vir-
gin runoff of the river and support from PAD makes
the allocation process transparent. It gives importance
to the long-term user to get a fair share from the vir-
gin runoff. Virgin runoff provides the actual quantity
of water available to begin the allocation process. PAD
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supports the long-term user to get the appropriate share
during the allocation process.

Options for Tamil Nadu: Based on the preceding
discussion, the following options are developed in
respect of Tamil Nadu:

1. Claim based on an annual crop water requirement
of 12,601.0 Mm3 and estimated for a gross area of
1.051 Mha including the area under Pullambadi and
New Kattalai schemes.

2. As in the case for Kerala and Karnataka, ‘Fair and
Equitable’ apportionment in five flow categories for
Tamil Nadu also presented here in Table 4 is being
proposed as a reasonable option for the state.

3. Support of usage based on prior appropriation
doctrine gives the state a maximum allocation of
11,344.58 Mm 3 of water in years when this usage
level can be supported [33].

The options that any given player adopts must reflect
the hydrologic reality of flow availability. The study, as
reported, has been done for categories of unimpaired
flows given as (1) MAX; (2) [UQ, MED, and LQ]; and
(3) MIN. These categories are represented in the paper
as case examples (1), (2), and (3). Accordingly, separate
sets of options have been proposed for each player corre-
sponding to each of the above-mentioned three flow cat-
egories of MAX, [UQ, MED, LQ] and MIN. The sets of
options regarding the three states are given separately
for these flow categories in Table 5.

4.4 Outcomes and Outcome Removal

From Table 5, it is clear that for case example (2), a
total of 10 options are proposed for the three states.
These include (i) four options for Kerala, (ii) three
options for Tamil Nadu, and (iii) three options for
Karnataka. Following [7,8]; and others, an outcome—
selected strategies of all players considered together—
may be expressed in terms of binary codes wherein a ‘1’
denotes an option taken as against a ‘0’ for an option
not taken. For example, in the outcome written as {1
0 0 0, 1 0 0, 0 0 1} , the first four positions may be
assigned to represent the strategy adopted by Kerala
in terms of binary values for her options in the order
as given in foregoing discussion, followed by the string
of binary numbers {1,0,0}corresponding to the three
ordered options in respect of Tamil Nadu and consti-
tuting her adopted strategy. Finally, the third-string
{0,0,1}represents the position taken by Karnataka con-
cerning her three stated options. Further, for Tamil
Nadu, the string {1,0,0}indicates that the latter chooses
the strategy that seeks an award of 12,601 Mm3 while
at the same time rejecting the options of award deriving
from ‘Fair and Equitable’ allocations as well as taking
support of ‘Prior Appropriation Doctrine’.

It may be noted that with ‘n’ options, the game rep-
resents a total of 2n distinct outcomes. Therefore, in the
context of the present study, the given options imply a
total of 210 or 1024 possible outcomes for years when

the flow is expected to be in any of the three flow cate-
gories denoted as UQ, MED, and LQ. For the flow cat-
egory denoted as MAX, the game has to deal with only
6 options and, therefore, result in 26 or 64 possible out-
comes. For the years when the flow is in category MIN,
there are again a total of 6 options yielding 64 possi-
ble outcomes again. The task of evaluating all the out-
comes for merit is indeed quite onerous. However, there
may not be such a need as some of these outcomes are
infeasible and can be identified and removed following
standard procedures developed by [30]. These methods
follow the following reasoning for outcome removal:

1. Method 1 removes outcomes having mutually exclu-
sive options for a player.

2. Method 2 removes the outcomes that are preferen-
tially infeasible for a player.

3. Method 3 removes the outcomes that are logically
infeasible between players.

4.5 Context-specific outcome removal

There is also a need for context-specific outcome
removal. In the context of the present study, there may
be some outcomes that are feasible in a given game
case scenario—as in case examples (1) or (2) or (3)—
but are rendered technically infeasible based on solu-
tion outcomes that are taken up when the analysis is
performed for other case scenarios.

For example, the solution outcomes when the game is
analyzed for flow category MAX—case example (1). It
is possible to have a situation where Kerala is allowed
2630.64 Mm3 of water as represented by option (1) of
Table 5. It may be recalled that this allocation also
includes an annual allocation of 991.2 Mm3 as an out of
basin transfer across the hill range of the Western Ghats
for hydropower generation. Beneficial use of this trans-
fer requires extensive infrastructural development both
on the windward as well as a leeward side of Western
Ghats. Routinely, these may include (i) a tunnel bored
through the hill range to transport water; (ii) support
infrastructure for the generating facility; and (iii) the
generating facility itself.

Further, consider the Metagame for flow category
MIN—case example (3), and category UQ, MED, and
LQ—case example (2). It is reasonable to expect that,
for these two case scenarios, the game would identify
some feasible outcomes for Kerala that exclude inter-
basin transfer for hydropower generation to make it
compatible between allocations to contenders and flow
availability in given flow category. Therefore, if Ker-
ala were to accept option (1)—as framed for category
MAX—for years when flow condition is expected to be
in category MAX and not be allowed this transfer—
option (2) of Table 6—in other years, the disconcerting
implication for Kerala would be that a facility is being
proposed that is expected to remain idle for most of
the time! This combination of individually feasible out-
comes, therefore, does not represent a feasible choice
for Kerala.
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For example, Table 6 presents the list of 21 feasible
outcomes obtained for case example (2)—flow category
[UQ, MED and LQ]. However, out of these 21 feasible
outcomes, there are 4 outcomes, as indicated in Table 6,
which is not feasible for the years when the flow is in
the range defined as LQ.

4.6 Preference ordering of outcomes

The feasible outcomes that remain after removing infea-
sible outcomes must now be evaluated for stability for
all players. By definition, an outcome is deemed sta-
ble for a given play if it does not benefit the player
to move unilaterally to any other outcome by adopting
a different strategy. An outcome that is stable for all
players will be an equilibrium position and constitutes
a possible basis for resolving the conflict.

As a first step, the feasible outcomes need to be
expressed in a more straightforward and unique address
system for identification. This is done conveniently
using the decimal equivalent of the binary string repre-
senting the outcome [8]. Table 6 also gives the computed
decimal equivalents corresponding to each retained out-
come.

In addition to the decimal representation of out-
comes, Stability Analysis of identified feasible outcomes
requires knowledge of how each player ranks these out-
comes from the most desirable to least desirable. To
accomplish this task, the concerned player would have
to compare these outcomes based on what these out-
comes entail regarding the options allowed by that
outcome. This, therefore, requires knowledge of each
player’s unambiguous ranking of its options in order of
preference. Appropriately, therefore, these preferences
were derived for each contending state and the three
flow categories MAX, [UQ, MED, LQ], and MIN—case
examples (1), (2), and (3), respectively—as explained
in the supplementary section of this article.

5 Results and discussion

Feasible outcomes derived in respect of each player
are converted into their equivalent decimal form and
arranged in Table 7 as a preference vector, from most
preferred to least preferred. Next, each of these ordered
feasible outcomes must be evaluated regarding their
stability for each of the three players. An outcome sta-
ble for all players in the constructed game model will
be an equilibrium outcome and represents a possible
resolution to the modelled conflict.

Table 7 presents the stability analysis of each out-
come for flow category UQ regarding the three states
of Kerala, Tamil Nadu and Karnataka. From the table,
it is seen that some of these outcomes, expressed
in terms of their decimal equivalents in the prefer-
ence vector, have an accompanying Unilateral Improve-
ment (UI). As the label suggests, a UI is a more
preferred outcome to which a particular player can
move by a unilateral change of strategy. In contrast,

other players’ strategies remain the same. Such a
unilateral movement can occur at each stage of the
game for a given player if that improvement is possi-
ble.

For example, consider the stability of the particular
outcome (0 1 1 0, 0 1 0, 0 1 0)—decimal tag value of
294—and listed in column 6 along the row of preference
vectors Kerala’s point of view. The outcome indicates
that Kerala will take the options of (i) an out of basin
transfer of 991.2 Mm3; (ii) an additional utilization
of 368.12 Mm3 to meet domestic and industrial sup-
plies; and (iii) approval to develop a hydropower facil-
ity on River Pambar that will have a non-consumptive
water requirement of 161.4 Mm3 of water annually.
The outcome also indicates that both Tamil Nadu
and Karnataka will choose ‘Fair and Equitable’ allo-
cations.

Examining the list of feasible outcomes for this cate-
gory of UQ flows reveals that Kerala can improve its
position by unilaterally shifting to 293 or 296 with-
out provoking a corresponding change of strategy from
Tamil Nadu and Karnataka. As indicated in column
4 of Table 7, Kerala has a Unilateral Improvement
on outcome 294. The situation that develops, as a
consequence of Kerala’s unilateral shift, may be ana-
lyzed in terms of the following two scenarios that may
develop:

1. Kerala takes UI from 294 and moves to outcome 293
In response to the unilateral improvement taken by
Kerala, both Tamil Nadu and Karnataka can seek
improvement from 293 to their respective UIs if they
indeed have one. From Table 7, it can be seen that
Tamil Nadu has UI from 293 to 341 (as given in
column 15 of Table 7), while Karnataka too has a
UI from 293 to 677 (also indicated in column 15
of Table 7). If Tamil Nadu seeks improvement and
moves to 341, Karnataka will opt for its UI from
341 to 725 (column 21 of Table 7). As a first step in
the next cycle of the cascading game, Kerala notes
that the outcome 725 in its preference vector is less
preferred than the starting outcome of 294 and will
naturally seek a new UI from outcome 725. However,
as seen from column 10 of Table 7, Kerala does not
have a UI from this outcome. It naturally follows
that the assumed initial move from 294 to 293 is
disadvantageous to Kerala. Kerala will be deterred
from seeking the first UI. It may be seen that the
same results are obtained if Karnataka, instead of
Tamil Nadu, responds to Kerala’s initial shift in
strategy from 294 to 293.

2. Kerala takes UI from 294 and moves to outcome 296
The move to outcome 296 is the other UI available to
Kerala (column 4 of Table 7). Following this shift in
strategy, Tamil Nadu will look for its improvements
from outcome 296. From column 17 of Table 7, there
is no UI available for Tamil Nadu, and, therefore,
this outcome has rational stability for the state. To
complete the first cycle, it is now Karnataka’s turn
to seek a possible UI from outcome 296. Again, from
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Table 7 Stability analysis for the flow category UQ

Column number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Player Overall stability E X X X X X X X E X X X X X X X X X X X X
Kerala Stability R U U U U U R R R U U U U U U U U U U U U

Preference vector 296 293 294 289 290 292 341 677 725 342 678 726 337 673 721 338 674 722 340 676 724
UIs 296 296 296 296 296 341 677 725 341 677 725 341 677 725 341 677 725

293 293 293 293 342 678 726 342 678 726 342 678 726
294 294 294 337 673 721 337 673 721

289 289 338 674 722
290

Tamil Nadu Stability R R R R R R R R R R U U U U U R U U U U U
Preference Vector 340 337 338 341 342 724 721 722 725 726 292 289 290 293 294 296 676 673 674 677 678
UIs 340 337 338 341 342 724 721 722 725 726

Karnataka Stability R R R R R R R R R R U U U U U R U U U U U
Preference Vector 676 673 674 677 678 724 721 722 725 726 292 289 290 293 294 296 340 337 338 341 342
UIs 676 673 674 677 678 724 721 722 725 726

A bar symbol ( ) above the set of outcomes indicate that the outcomes are equally preferred by the given player

Table 8 Equilibrium outcomes and allocations in Mm3

Category Decimal Value Outcome Allocations to

Kerala Tamil Nadu Karnataka

MAX 42 (0 1, 0 1, 0 1) 4740.29 14581.1 15012.43
UQ 296 (0 0 0 1,0 1 0,0 1 0) 2772.56 8474.22 9095.59

725 (1 0 1 0,1 0 1,1 0 1) 1639.55 > 8474.22 > 9095.59
MED 296 (0 0 0 1,0 1 0,0 1 0) 2319.50 6354.33 7311.27

725 (1 0 1 0,1 0 1,1 0 1) 1639.55 > 6354.33 > 7311.27
LQ 296 (0 0 0 1,0 1 0,0 1 0) 1920.42 5119.67 6181.43

725 (1 0 1 0,1 0 1,1 0 1) 1639.55 > 5119.67 > 6181.43
MIN 21 (1 0, 1 0, 1 0) 368.12 > 2552.73 > 3399.64

42 (0 1, 0 1, 0 1) 941.96 2552.73 3399.64

Table 7 (column 17), it is observed that Karnataka
has no UI available from outcome 296 and is, there-
fore a rationally stable outcome for the latter state.

From the preceding discussion, Kerala is not expected
to stay with outcome 294 because a more promis-
ing strategy, represented by outcome 296, is available
and would indeed be adopted. Outcome 294 is unsta-
ble for Kerala. This is appropriately indicated as ‘U’
in column 4 of Table 7 in the stability row for this
state.

Following similar reasoning, all preferentially ordered
possible outcomes are examined for stability for each
player and all outcomes having stability concerning
all players are identified as ‘Equilibrium Outcomes’.
For category UQ—as in case example (2)—the anal-
ysis identified 296 and 725 as Equilibrium Outcomes
and are denoted as ‘E’ and all the remaining outcomes
as ‘X’ in the ‘overall stability’ row of Table 7. These
outcomes represent possible solutions to the metagame
and hence a possible basis for resolving the modelled
conflict. A similar procedure was repeated for other
flow categories—MAX, MED, LQ, and MIN—to iden-

tify respective Equilibrium Outcomes, and the results
are presented in Table 8.

6 Conclusions

Fair and Equitable allocations were derived based on
three factors: Drainage area (F1), Cultivable area (F2),
and annual virgin runoff (F3) from each co-basin state.
Virgin runoff potential is divided into five categories
of flows: MAX, UQ, MED, LQ and MIN, to meet
the reality of water available according to inter-annual
variability of runoff in the basin for sharing co-basin
states. The considered factors are the most prominent
factors according to the history of the Cauvery dis-
pute is concerned, and they are considered accord-
ing to UNCIW (1997). Further, derived F&E allo-
cations were taken up on behalf of players in the
Metagame Analysis of the Cauvery River Dispute. The
procedure of the Metagame Analysis provided valuable
insights into complex political disputes related to shar-
ing water resources of a river basin amongst its polit-
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ically autonomous co-basin states. The results showed
that the outlined approach could organize information
and facilitate a proper understanding of the conflict in
deriving Fair and Equilibrium outcomes as possible can-
didate solutions to water conflicts. The MA technique
has been successfully employed to seek possible bases
that could provide a credible framework for resolving
Cauvery Waters Disputes between the Indian states of
Kerala, Tamil Nadu and Karnataka.
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