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Abstract: Water resource allocation is a process of assessing anuhileitay a mechanism
on how water should be distributed among different regi®es;tors and users. Over
the recent decades, optimal solution for water resourceatibn has been explored both
in centralised and decentralised mechanisms. Conventapmbaches are under central
planner suggesting a solution which maximises total weltarthe users. Moving towards
the decentralised modelling, the techniques considewithails as if they act selfishly
in their own favour. While central planner provides an effitigolution, it may not be
acceptable for some selfish agents. The contrary is true khsnwaecentralised solution,
where the solution lacks efficiency leading to an inefficiasage of provided resources.
This paper develops a parallel evolutionary search algorito introduce a mechanism in
re-distributing the central planner revenue value amoegtmpeting agents based on their
contribution to the central solution. The result maintaims efficiency and is used as an
incentive for calculating a fair revenue for each agent. Traenework is demonstrated
and discussed to allocate water resources along the Nie basin, where there exist
eleven competing users represented as agents in varidossse@th upstream-downstream
relationship and different water demands and availability

Keywords: Agent based problems; water resource allocation; Nileryiexolutionary
algorithm
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1. Introduction and background Water scarcity, population growth and lack of proper reseur

allocation mechanism tend to cause regional instabifify A typical example concerns the northern
African countries within Nile basin located in the most arghion of the world, where an unfair
distribution of water resources is present for a long timatroducing a fair mechanism for water
allocation can help the region’s economy and political itgbStandard water management approaches
model the whole water basin as a centralised system andbdistrwater by a central planner (CP)
to maximise the summation of all users’ utilitiea 3]. The water in this mechanism is allocated to
achieve the equal marginal return to water for all the us&rss leads to an ambiguous interpretation
of the aggregated problem; whether it proposes a plannnagegly or simulates the market process
[4]. Further, the CP ignores the selfishness of competing waterstand assumes the best solution
to the system would be accepted completely by all the ppeids. This leads to unsatisfactory
results for some users with better accessibility to theursses asking for a higher revenue distribution.
To address the idealisation and oversimplification invdlwe the water basin management issues,
decentralised planning (DC) is introduced5] [mplement a priority based sequential algorithm for
upstream-downstream water reallocation. Once the upstusar solves its own problem, the solution
is included to the next downstream user’s problem and thisimees until all the individual problems
are solved in sequence. The applicability of multi-agesteyns have also been investigated in the field
of environmental and natural resource management as eepoytfo] and [7]. In this type of approach,
each user is autonomous by itself and exchange informatitmother neighbour users within a system.
An example of using a multi-agent system is developed8bydnd is further extended in allocation of
water in yellow river basing] and is used to compare administrative and market based alédeation
[10]. This approach considers all users as individual agentsngalecisions by interacting with each
other and a coordinator who resolves the users’ conflict ter Istages. The method implements the
modified penalty-based nonlinear program with a two-steplem. The first step finds a solution to all
individual agents with possibility of constraint infeaisity and the second step is an optimisation model
which reduces the constraint violation at the system lewrlapplication, constraint infeasibility is
explained as either the deficit or as an agent behaviounasedgnt indicator for reducing the constraint
violation [8]. From a game theoretical perspective, non-cooperatipeogghes have been examined in
the systems in which users involve in a game to increasephg#off, knowing that their decisions affect
those of the other users. The approach provides insightsniderstanding water conflicts and is often
implemented for the games with qualitative information@itbe users’ payoffsl[l]. Another approach

to the above problems is developed @Y. [They use the multiple complementarity problems to expres
spatial externalities resulting from asymmetric accesgier use for water right pricing. The individual
optimisation problem is formulated for each user with thitoim quantity given as exogenous value to
each problem as opposed to being a decision variable inadisetl formulation, i.e. aggregated welfare
maximisation. The price of the demanded water is used t@ ttleaoutput market and the uniform wage
rate is used to clear the labour market formulated as congiary constraints to the problem. To this
framework, introducing extra coupling constraints chantee formulation to a more general problem
framework namely, quasi variational inequality problene.(ia complementarity problem with shared
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constraints amongst the usetg]). The convergence of the algorithm is guaranteed upondheeaxity
assumption and continuously differentiable functiongwiitagonally dominant Jacobiankd.

Although the above decentralised tools and techniquesfgatie selfishness of each agent in
maximising its utility function to achieve higher reventieey lead to an inefficient solution from CP
perspective. Therefore, it is desirable to follow the ediitiCP solution but re-distribute the achieved
revenue to the agents in a fair way; considering, of coutsat, the revenue is transferable between
agents. To account for this, we define a notion of fairnessdas each agent’s contribution on achieving
the CP solution. We calculate a unique solution with someuealale properties which guarantees the
cooperation maintenance. To find the agent’s impact on CRi@ojwas will be discussed in the next
sections, we need to know the best response of each agerd antibn of the other group of agents and
vice versa, simultaneously. To realise this, we developvatugonary algorithm solving interrelated
optimisation problems in parallel guiding the search tasa feasible solution in a distributed manner.
This will guarantee that the contribution of each agent ispprly captured for later fair revenue
distribution.

Section2 describes the background information of Nile water basia @entifies the problem to
be addressed. The proposed methodology is outlined indde&ti The Nile basin problem is dealt
with in Section4 and results derived from different mechanisms are discuiss8ection5. Section6
summarises the findings and conclude the paper.

2. Problem identification: Nile River Basin The Nile is the main vital water artery and the home to

more than 160 million people in the North Eastern region aidsf shared by eleven countriesq]. It

is 6853 kilometres in length and total area of its basin ig @veillion kilometres, covering about 10
percent of African continentlp]. There are two main tributaries: the White Nile and the Blué&Ni
which are joined in Sudah

The water contribution to the river varies greatly, fromigfia, which contributes the most water, to
Egypt, which have no contribution to Nile watdrg]. Yet, as the lower reaches of Nile basin are mostly
arid or semiarid regions, some countries like Egypt and Bwdéh a high percentage of total area of
the countries show a strong dependency upon the Nile Riv@(Table 1). The unbalance between the
inferior water availability and huge water extraction cabsrmful consequences to basin stability and
regional development. Hence, an adequate water supplydas obnsidered as a question of national
survival for many Nile riparian stated§].

The allocation of Nile water resource is complicated dud&dombination of riparian’s less rainfall
and political inequality. The dependency to water resaist®wn in Tabld is the degree to which the
supply of a country’s water resources is dependent on sgesdernal to its political boundaries and can
be calculated using the relatiQd RW R — IRW R)/ARW R x 100 [14]. As shown in Tablel, Sudan
and Egypt rely on the external water resources to a greattextenhich over 95; of water stems from
external sources. Overall, the water allocation withinlihsin is still unfair and unacceptable to many
of states along the Nile River, specially to those upstreantribmting the most to the sources.

3. Preliminaries and definitions for fair resource allocation In this study, a fair and an efficient
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Figure 1. Nile river basin, its location and tributaries

Table 1. Utilisation of water diverted from Nile River among ripariaauntries 19,20]

Internal Actual

water water Diverted % of total Diverted

resources resources Dependancy water Resources for Use
Country (IRWR) (ARWR) Ratio from Nile

Burundi 10.06 12.54 19.75 40.9 2.3 1.77
Rwanda 9.5 13.3 28.57 17.1 1.58 1.07
Tanzania 84 96.27 12.75 N/A N/A N/A
Uganda 39 60.1 35.11 11.4 0.46 0.18
Sudan 4.0 37.8 96.13 1074 58 56
S.Sudan 26.0 49,5 65.8 1074 58 56
Egypt 1.8 58.3 96.91 990 94.7 103
Ethiopia 122 122 0 76 4.56 4.27
Eritrea 2.8 7.315 61.72 124.0 N/A N/A
Congo 900 1283 29.85 6.7 N/A N/A

Kenya 20.7 30.7 32.57 74.85 8.91 7.05
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resource allocation approach based on evolutionary ahgor{EA) is proposed. To retain the efficient
centralised solution whilst the achieved revenue is faghgistributed among the agents, the impact each
agent has on the whole system should be identified. In ordendw the best response of each agent
on the coalition of others, a parallel evolutionary aldamitis developed byZ1,22] which enables the
agents to automatically solve their local optimisationijdeon, cooperating with others and the whole
system. To elaborate some key concepts mathematicallpréieninaries are as follows.

3.1. Preliminary and definitionsLet / = {1...n} denotes a set of agents. Assume that each agent

i controls vectorr; € R™. Letx_; be a vector containing the strategies (allocation) of a#rag
excluding that of the agent Each agent by receiving allocatian maximises his revenue via its utility
functionw,. The utility u; of the strategy profilx = (z4,...,2,) € R} orin shortx = (z;,z_;) is
w;(X) = u;(z;, x_;). We define the followings.

Definition: (Central planner welfare maximisation (CP)) A solution is a social welfare
maximisation or a central planner (CP) approach if it is detilay the following optimisation problem,

X* = argmax Z wi(X), (CP)
X icl
where summation is over all the utilities of the agents. Téasls to a solution from an outside observer
as if he/she is responsible for the values of all agents.

Definition: (Contribution to cooperation) DefineU* = ., u;(x*). Further, assume that agent
decides to leave the cooperation and act as a singleton i@olation) and leU*,;=3 ", u;(z* ;) be the
summation of all other agent’s revenue whdaaves them. We define agerg impact on CP solution
as,

u=U"-U",

which measures how much ageérmontributes to CP solution.

Definition: (Fairness) A revenue re-distribution mechanismfair if the revenue for each agent
follows the following equation:

T o__ *
u; = a; X U7,

where,

Uj
>, U
This means that each agent gets an allocation based on fibation to the CP solution. This definition
makes sense and has two indirect propertigsit (s budget balancedthat is, the sum of all:; equals
the whole CP revenue valuié&, which in other words conveys that the mechanism collealsdgsburses
the same amount of money from and to the agents; d)dt (s rational; that is, no agent ever loses
by participation (the revenue to each user is greater tham).zeThe above explains that the more
contribution one agent has, the higher its revenue is. B dhse, agents are encouraged to abide by
the decision derived by CP problexty if they are given a revenue following values.

o; =
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U*, implies that agent, which left the set of all agents, independently competehenrésources
with agents{1,2,...,: — 1,i+ 1,...,n}. If agent: knew the others’ strategies, his strategic problem
would become simple; he would be left with the single-ageoblem of choosing a utility-maximising
problem. However, the two problems formed by ageamd agent$1,2,...,i—1,i+1,...,n} should be
solved, simultaneously. This is because of the fact thattaggebest strategy depends on the interaction
with the group he has left and which should not be ignored wireting U*, values. ThereforelJ*,
depends on the solution of two interrelated maximisatiasbf@ms formed by agerfti}’s utility, w;,
and agents{1,2,...,i—1,i+ 1,...,n} aggregated utiIitiest# u;(z_;) which should be solved at

jel

J
the same time. We will be using a parallel evolutionary tégha defined next to deal with this two
distributed problems.

3.2. Parallel search algorithmHere we formulate a general class of interrelated problemshich

their optimisation problems are simultaneously solved amaplel while interacting with each other.
In a most general case and wher@agents are solving their problems individually, each agehtes
one optimisation problem and seeks its own optimal stragegihile interacting with the others. More
precisely, giverl/ : R* — R" representing ath agents’ utilities, we fink = (z1,...,z,) € R’} by
simultaneously solving the following problems:

Max u;(X)
(P)
subjectto x € X;.
where each ageritcontrols vector:; € R™ to optimise the utility (objective) function; subject to the
constraints sek; containingx € R’}. The interrelation is explained as the objective functiad the
constraints inP; depend on other agents’ decisions.

To solve then agent problems’;, i = 1, ..., n simultaneously, we dedicate each problénto one
agenti. Since there is interconnection between each problem duedorx, we solve each problem
whilst it communicates with the other problems by sharirfgrimation. Lets calP the problem formed
by all P;s. We use parallel genetic algorithi23 and the idea of co-evolutior2f]] to solveP with an
extension that each (sub-)problefh has its own objective function. This concept is usedd§| fto
gain faster convergence to Pareto solution in multiobjeabiptimisation problem. Let_; be a vector
containing the decision variables of all agents involvegiablem P; excluding that of the agent
The search algorithm is described hydifferent search trajectories performing in parallel thigb the
following mappingH:
ot = H(z', 2t P,

where H shows the interconnection between the ageHtsicts as a synchronization map for ageta
optimise problemP; given the decisions of other interacting agents in its naigihhood remain fixed
shown byz' .. H describes that; value is updated by a search on probl&rat generatiori linking
decisionsr; andz_;. Due to problemP;, each agent knows its own problem components and hence by
communicating with other neighbouring agents throuifht has local activity for exploring the search
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Algorithm 1: Parallel search algorithm

1 Randomly initialisen populations of sizen (pop;);
2 Defineneighbours; and setei; = |neighbours;|;
3 SetMaxGen;

4 while Not M axGen do

5 fori=1tondo

6 for k=1tomdo

7 Randomly pickp,; # ps2 # ps3 # pr from pop;;
8 Py < reprOdUCtionﬁsla Ps2s pSS);

9 if f;(pp) < fi(pr) then

10 t Dk <= Do

11 pop; < The best individual imop;;

12 Vi, j=1,...n,i%# j,pop; < pop; N\ j € neighbours;

space. In what follows, we give details of the search algorito solve the agents problems in Algorithm
1.

Each agent has a devoted search trajectory formed by a population efrsifLine 1). pop; is a
m X ne; matrix and is populated randomlye; is the number of interacting agents given by the cardinal
of the setneighbours; (Line 2). In other words:e; equals the number of neighbouring agents affecting
the decision of agentplus one. All individualsp, = (x1, ..., 2,e,) in each populatiori undergoes a
reproduction in each generatiorof parallel searches (Line 8). At the end of each generatidhe
neighbouring agentsi (€ neighbours;) share their best individuals to form the updated poputafiy
next generatiom + 1 (Line 12).

where three populations are involved with; = 3. As explained in the figure, each agent deals with
problem P; optimising forz;. At the end of each generatianpop;, the best individual irpop; based
on its objective value, is obtaine@op; migrates to the population of the neighbours and remain fixed
for the next generation+ 1. This makes each agent at the end of each generation to benadoof
the decisions of the other neighbouring agents involvedsimwn problem. Due ta different search
trajectories, the algorithm allows independent searchafgents by relying only on locally available
information. This procedure leads to the evolution of safgapopulations over successive generations,
and the convergence is assumed when the agents cannot forgiteve their objective function values

i
3.3. Resource allocation conteXs stated earlier, to find the contributian of each agent to the CP

solution, we need to assure that the solution to agenttility maximisation is the best response to the
solution of sum of utilities of the other agents and vice &erfo do so, we split the sétby removing
one agent at a time from to form two problemsP; and P, for each instances. Specifically, problem
P is the utility maximisation for agent(u;) and problem?; is the aggregated utility maximisation for
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Algorithm 2: Steps to redistribute utilities amongst self-interesigeas
1 FindU%;
2 fori=1tondo
3 t Solve problemP; and P, using Algorithm 1;

4 For each agent calculateu;, o;;
5 u < oy X U,
6 Distribute to each agent;

agentsl,2,...,i—1,i+1,....n (Z#i u;j(x_;)). ProblemP;, and P, are then solved in parallel for
JjeI

each agent using Algorithm 1. Algorithm 2 summarises the steps to abéefair resource allocation to
different self-interested agents.

4. Nile river basin water sharing mechanism Considering the major water utilisation of riparian

and their geographic positions Figuteillustrated in Sectior2, the water users located in the Nile
riparian states are modelled as agents within a distributietwork. The objective function for each
agent is the economic outcome of its water abstraction staywnz; — b;z?. The economic function

is a simple quadratic function calculated by integrating limear water demand functions for each
agent R1] (For details the reader is referred 26,27]). All agents follow the upstream-downstream
relationship, interconnecting with neighbours using tressibalance equations. The CP model aims at
the maximisation of total benefit, and is formulated as alsiogtimisation problem with summation
of all benefit functions as in Equation CP. Following Sect#8 for the decentralised model, agens
separated from the rest of the agents and its own economatidnnis maximised concurrently as the
rest try to maximise their group revenue using Algorithm 1.

4.1. Water availabilityThe mean annual flow of Nile River in 2015 is 84 billion cubic nregBCM) per

year [28]. In this case-specific modelling, the minor water inflowsl @vaporative losses are considered
negligible. Specific to the two tributaries, hydrologicalta at Mogren dam is chosen to represent
average annual runoff of the White Nil€){) and Khartoum monitors data of the Blue Nil@4) [19].

In experimental set-up, therefor@; =24.0 BCM and(),=60.0 BCM based on the average hydrological
data regulated at these statio@9][

4.2. Population and demand valu@$e objective function is the benefit function that quandifiee total

benefit generated by water extractors from water use. Irr éodset reasonable value for the parameters
a; andb; in objective function, the water demand curves should benastd primarily according to
the water demand and price, and then total benefit functiomsalculated by integrating the demand
functions. Following 2], the point expansion method is used to estimate the linearathd curve for
various sectorsZ]. The original point of expansion is based on the total watarsumption and the
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water price. For simplicity, the marginal value of wateregarenced as water price. Water consumption
is obtained using:

Water demand = total water usage x % of population within the basin
Table2 exhibits the factors determining the total water demantiéntasin amongst agents.

Table 2. Water consumption within the basifh,19]

Population within % of total Water usage Water demand

Agent Sectors the basin(million) population (BCM) with the basin(BCM) Seurc
A Agriculture 4.88 44.50% 0.22 0.0979 1
B Agriculture 8.17 69.40% 0.1 0.0694 1
C Agriculture 8.24 16.70% 4.632 0.7749 1
D Agriculture 2.8 4.10% 0.11 0.0046 1
E Industry 30.28 76.40% 0.12 0.0917 1
F Agriculture 14.62 33.00% 1.01 0.3329 1
G Energy 10 85.50% 0.21 0.1818 1
H Agriculture 29.56 31.40% 5.204 1.6347 2

I Agriculture 0.21 3.30% 0.29 0.0096 2
J Agriculture 20 29.60% 6.56 1.9445 1+2
K Municipal 51 62.20% 5.3 3.2941 1+2

The population within the basin, water usage for utilisatéod their marginal values are the main
benchmarks when determining the water demand curves, veneindirectly reflected on parameters
setting in objective functionslff]. Based on Tabl@, from agent4 to K, a=[100, 100, 100, 100, 1860,
100, 13000, 100, 100, 100, 1300}, dme [511, 721, 65, 10960, 10139, 150, 35757, 31, 5200, 26, 197].

5. results and discussionin both CP and decentralised solution procedie,cGGen=100 in Algorithm

1, population size for each agent is setras50 and cross over and mutation is set as 0.5 and 0.7,
respectively. Accounting for reliability, all the instaexare run for 30 times and their average value is
reported.

5.1. Centralised solutiorin CP model, the fitness function is the aggregated benefit obahtries and,

therefore, the problem is to search the maximum value oksysevenue . The revenue of the whole
system is reported as 3575.84 The benefits of each ageinn CP solution are shown in Tab8along
with the amount of water abstracted.

5.2. Decentralised solutiorEleven different model instances are solved where in eagjiesinstance,

two problems are optimised in parallel using Algorithm 1bl& reports the results.
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Table 3. Water resource allocation results in centralised manner).(BRBrundi(A),
Rwanda(B), Tanzania(C), Congo(D), Uganda(E), Kenya(F), @&8@), Ethiopia(H),
Eritrea(l), Sudan(J) , Egypt(K)

Agent A B C D E F G H | J K

Water (bcm) 0.1 0.04 054 0 008 0.17 016 124 0 172 285
Benefit (MGBP) 49 28 35 0 84.7 125 11595 76.3 0 951 2105.1

Total benefit U* => uf =3575.94
TANZANIA
5% RWANDA
2%
CONGO
2% BURUNDI
UGANDA 2%
4%
KENYA
2%
EGYPT
SOUTH 29%
SUDAN
27%
ERITREA
1%
ETHIOPIA
SUDAN 3%

4%

Figure 2. Percentages of contribution in cooperation
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Figure 3. Revenue allocation results in CP solution and reallocatidutiso
5.2.1. Re-allocation solution

After finding the decentralised solution, from the perspectf fairness, we reallocate the system
revenue based on the results derived from CP solution (T@ble~igure 2 shows the contributions
of each agent. The difference between the CP value and th@ gedue of the rest in decentralised
model embodies the impact one agent has on the whole systenteHthe contribution is calculated,
which provides the basis for revenue re-distribution. Tieentive of agents in a cooperation game is
determined by their location. The downstream users with mgter dependency usually have higher
incentive to join the cooperation. FiguBecompares the decentralised solution with the CP distributio
For example, agent’ contributes more than its upstream uggsince it has less access to the water
resource yet it requires more water resources. It can betbetmupstream location is beneficial to
agents compared with the CP solution. AgentBurundi, who has the independent water resource
as the upstream of White Nile tributarg)(), could increase its final obtainable benefit greatly from
4.9 to 61.16 in million pounds. This is the same for the other upstreanrsjsehile on contrary,
the two main downstream water abstractors, agerdgnd K, are apportioned with less water after
re-distribution. Through the rearrangement of water aflmn, the upstream-downstream water disputes
has the potential to be reduced. In addition, the distriloutends to be more evenly among agents than
that in CP solution, which could be explained as the refleatidairness to some extent.

6. Conclusion and future work This paper seeks to address river Nile water distributiarblgm

through a revenue re-distribution mechanism to achieveirarésource allocation. The proposed
framework leads to a final allocated revenue for each usechwisi proportional to its contribution to

the basin. In centralised solution, aggregated benefitdl @fader users is used to search the optimal
system revenue and in decentralised solution, a paraldlgenary approach is developed to find the
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Table 4. Water resource allocation results

Parallel Contribution Singleton Group Fairness Final
Agent Country Problems U; P b «; Revenueu
A Burundi {A}{BCDEFGHIJK} 76.94 4.89 3499 0.017 61.16
B Rwanda {B}{ACDEFGHIJK} 75.94 2.802 3500 0.017 60.37
C Tanzania {C}{ABDEFGHIJK} 219.94 35 3356 0.049 174.84
D Congo {D}{ABCEFGHIJK} 86.94 0 3489 0.019 69.11
E Uganda {E}{ABCDFGHIJK} 157.94 85.09 3418 0.035 125.55
F Kenya {F}{ABCDEGHIJK} 81.94 13.01 3494 0.018 65.14
G S.Sudan {G}{ABCDEFHIJK} 1226.94 1168 2349 0.273 975.35
H Ethiopia {H}{ABCDEFGIJK} 139.94 76.37 3436 0.031 111.24
[ Eritrea {[}{ABCDEFGHJK} 45.94 0 3530 0.01 36.52
J Sudan {J}{ABCDEFGHIK} 168.94 96.01 3407 0.038 134.3
K Egypt {K}{ABCDEFGHIJ} 2216.94 1947 1359 0.493 1762.35

contribution of each user to the whole system. The evolatipalgorithm is a parallel search where each
user solve its own problem while in contact with the others.aRecation of revenue in this framework
guarantees a fair and an efficient allocation of water tossrs. Geographical location of users as well as
their sector they are involved in (manifested via diffenerarginal values) are the main factors affecting
the final available revenue for water users which in turn meitee their contributions. Compared with
centralised solution, the results have taken into accdnselfishness of individuals providing a fairer
distribution of water to those with greater accessibilityite water. The revenue distribution mechanism
introduced in this paper is a fair and unique approach but#bility requires further investigation. In
addition, the algorithmic characteristics of the propofadework still needs to be explored. Future
research can analyse the technique for feasibility assarand possibly faster convergence by using
different operators and heuristics. In addition, sindastances of problems are independent from each
other, a parallelisation scheme can be implemented.
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