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In this study, an interval-stochastic fractile optimization (ISFO)model is advanced for developing optimal water-resourcesmanage-
ment strategies under multiple uncertainties. The ISFO model can not only handle uncertainties presented in terms of probability
distributions and intervals with possibility distribution boundary, but also quantify subjective information (i.e., expected system
benefit preference and risk-averse attitude) from different decision makers. The ISFO model is then applied to a real case of
water-resources systems planning in Kaidu-kongque watershed, China, and a number of scenarios with different ecological water-
allocation policies under varied p-necessity fractiles are analyzed. Results indicate that different policies for ecological water
allocation can lead to varied water supplies, economic penalties, and system benefits. The solutions obtained can help decision
makers identify optimized water-allocation alternatives, alleviate the water supply-demand conflict, and achieve socioeconomic
and ecological sustainability, particularly when limited water resources are available for multiple competing users.

1. Introduction

The combined pressures from increasing water demands and
limited water supplies have forced planners to contemplate
comprehensive and efficient schemes for water resources
management, especially in arid and semiarid regions [1, 2].
Nowadays, continuing economic growth and rapid popu-
lation increase are likely to aggravate water-shortage prob-
lems that may lead to controversial and conflict-laden water-
allocation issues among multiple competing interests (e.g.,
municipal, industrial, stockbreeding, forestry, ecological, and
agricultural). Moreover, more and more arid inland water-
sheds suffer from ecological degradation and vegetation
losses as a result of limited water resources, severe weather
conditions, poor management practices, and failed policy
instructions [3–5]. Consequently, the conflicts between envi-
ronmental protection and economic development in arid and
semiarid regions have been pressing challenges for decision
makers. Efficient and equitable water-resources management

is required for regional socioeconomic and environmental
sustainability.

Previously, a large number ofmodeling approaches based
on stochastic mathematical programming (SMP) were
advanced for allocating and managing water resources in
more effective and sustainable ways [6–14]. For example,
Watkins Jr et al. [15] proposed a scenario-based multistage
stochastic programming model for planning water supplies
from highland lakes. By explicitly considering a number of
inflow scenarios, the stochasticmodel could help determine a
contract for water delivery in the coming year. Harrison [16]
advanced a chance-constrained linear programming model
to allocate available land and water resources optimally on
seasonal basis so as to maximize the net annual return from
the study area, where net irrigation water requirements
of crops were considered as stochastic variable. Li et al.
[17] proposed a multistage fuzzy-stochastic programming
model for supporting water resources management under
uncertainty, which could tackle uncertainties expressed as
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fuzzy sets and probability distributions. Xu et al. [18] put
forward an interval-parameter stochastic chance-constrained
programming model for supporting multilayer urban water-
supply system management under multiple uncertainties.
Housh et al. [19] developed a limited multistage stochastic
programming model for managing water-supply systems,
where the number of decision variables at each stage remains
constant, and thus the total number of decision variables
increased only linearly as the number of scenarios and
stages grew. Generally, SMP (i.e., multistage stochastic pro-
gramming (MSP)) approach allows recourse actions to be
undertaken in each stage based on updated information
for realized system targets that take away the uncertainties,
which could effectively reflect dynamic variations of multiple
system components or conditions [20, 21]. Nevertheless, the
main limitation of conventional SMP approach is that the
probability distributions of uncertain parameters may not
be available due to the inadequate information; even if these
distributions were known, reflection of them in large-scale
stochastic models could be extremely challenging [22].

Consequently, an attractive technique named fractile
optimization (FO) approach can solve the above limitations,
which is an effective solution algorithm of fuzzy possibilistic
programming (FPP) and could enable the flexible estimation
of results with high satisfaction degree [23–26]. FO approach
represents the possible or necessity degree of event occur-
rence for imprecise data described by fuzzy possibility dis-
tributions which can be obtained rather easily from decision
makers’ perception owing to the ordinality of possibility [27].
Inuiguchi and Ramı́k [23] proposed the concept of fractile
which ranges between 0 and 1 and expresses the decision
makers’ preferences (i.e., risk-averse attitudes) and necessity
or possibility degree towards the objective function. Katagiri
et al. [28] advanced an interactive fuzzy satisficingmethod for
solving a fuzzy random multiobjective linear programming
problem, while the developed method is based on fractile
optimization model with possibility and necessity measures,
and the uncertain objective function could be transformed
into a deterministic one with high satisfaction degree. Zhang
et al. [29] developed a robust fractile optimization model
for water-quality management, where the fractile optimiza-
tion approach could be beneficial for acquiring maximized
agricultural income and decreasing the system violation risk.
Although the FO approach could be effective for handling
the ambiguous parameters in the objective function, it has
difficulties in dealing with uncertainties presented as interval
numbers and/or probability distributions in a nonfuzzy
decision space [23].

Actually, in real-world water-resources management
problems, uncertainties could influence desired decision
makings and they may exist in the system components, their
interactions and their economic implications, such as water
availability, economic parameters, water allocations, sub-
jective judgments, sustainability requirements, and policy
regulations. Some uncertainties can be quantified as single
uncertainties (i.e., discrete intervals, probabilities) while the
others may be expressed as dual uncertainties (i.e., inter-
vals with possibility distribution boundary). For instance,
fluctuating stream inflows may be presented as random

variables with known probabilities; also, the water-allocation
targets are difficult to be promised as deterministic values
when available water resources are uncertain, and they may
be obtained as interval numbers. Meanwhile, water would
be allocated to multiple users over a multiperiod planning
horizon, while the uncertainties can result in dynamic water-
allocation schemes and varied water shortages. Moreover,
owing to the intrinsic fluctuations of cash flow, economic
parameters are often estimated by experts with interval
values, and, at the same time, their lower and upper bounds of
these intervalsmay be provided as subjective judgments from
a number of decision makers (i.e., expressed as possibility
distributions). The conventional FO approach may become
infeasible in handling such dual uncertainties presented in
terms of intervals with possibility distribution boundary.
One potential approach is to integrate interval-parameter
programming (IPP), MSP, and FO approach to effectively
address such single and dual uncertainties. IPP approach is
conducive to tackling the uncertainties expressed as crisp
interval values in objective function and constraints without
probability distributions and membership functions [30, 31].

Therefore, the objective of this study aims to develop
an interval-stochastic fractile optimization (ISFO) model
for optimal water-resources management strategies under
multiple uncertainties. The ISFO model can not only handle
uncertainties presented in terms of probability distributions
and intervals with possibility distribution boundary, but also
quantify subjective information (i.e., expected system benefit
preference and risk-averse attitude) from different decision
makers. The ISFO model will be applied to a real case
of water-resources systems planning in the Kaidu-kongque
watershed, a region threatened by seriouswater shortages and
extremely vulnerable ecological system, while the continued
vegetation degradation and human-induced soil erosion lead
to increasingly intensified conflict between ecological preser-
vation and economic development in water resources utiliza-
tion. The obtained results with various p-necessity fractiles
will be beneficial for identifying optimized water-allocation
alternatives, alleviating the water supply-demand conflict,
and achieving socioeconomic and ecological sustainability,
particularly when limited water resources are available for
multiple competing users.

Thepaperwill be organized as follows: Section 2 describes
the development process of ISFO model, where multiple
uncertainties are considered; Section 3 presents the appli-
cation in Kaidu-kongque watershed through the developed
model; Section 4 provides result analysis and discussion,
where a number of solutions associated with robust reflection
of multiple uncertainties in relation to water-resources allo-
cation, water-management policy, benefit analysis and risk-
averse level are analyzed; Section 5 draws some conclusions.

2. Model Development

The study problem under consideration is how to allocate
water from upstream of river to multiple users to maximize
expected system net benefit and achieve environmental
sustainability over a multiperiod planning horizon. In case
of insufficient water availability, competition for water exists
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among different users. When the promised water is not
delivered and the available water cannot meet the demands,
the users will have to face a dilemma of either obtaining water
from higher-priced schemes or curb the development plans,
leading to incremental expenses or diminished benefits [32].
For instance, industries may have to decrease production lev-
els, and farmlands may not be irrigated as planned. It is thus
essential for allocating available water in more sustainable
ways to reduce the related punishments. Being presented as
random variables, the stream flows of the river may vary in
various flow levels during different periods, which result in
the dynamic water-allocation schemes. The associated deci-
sions must be made at discrete points in discrete probability
levels. In addition, owing to the intrinsic fluctuations of influ-
ence factors (e.g., cash flow and production price) and incom-
plete and imprecise datum, many coefficients and variables
(i.e., water-allocation target, water availability, and economic
parameter) are difficult for obtaining deterministic values
and are thus expressed by interval numbers. Therefore, an
interval-stochastic programming model can be formulated
for study problem associated with multiple uncertainties:
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where𝑓± is the net system benefit over the planning horizon
($); 𝑖 is the water user, 𝑖 = 1, 2, . . . , 𝐼; 𝑡 is the planning time
period, 𝑡 = 1, 2, . . . , 𝑇; ℎ is the available flow level (ℎ = 1, 2,
. . . , 𝐻), with ℎ = 1 for the lowest flow and ℎ = 𝐻 for the
highest flow; 𝐾

𝑡
is the number of scenarios in period 𝑡 and

should be related to𝐻
𝑡
, and the total number of scenarios is
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allocated during period 𝑡 ($/103m3); 𝐸𝑃±
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is the reduction of
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𝑖𝑡
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𝐾=1
𝑝
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when water is delivered in period 𝑡 − 1 under scenario
𝑘 (106m3); 𝐹𝑇

𝑖𝑡max is the maximum allowable allocation
amount for user 𝑖 in period 𝑡 (106m3); 𝑀𝑊𝑅

𝑖𝑡
is the mini-

mum amount that should be allocated to user 𝑖 in period
𝑡 (106m3); 𝐹𝑇±

𝑖𝑡
is the fixed water allocation target that is,

promised to user 𝑖 during period 𝑡 (106m3); 𝑊𝐷±
𝑖𝑡𝑘

is the
amount by which the water-allocation targets are not met
when the seasonal flows are 𝑞

𝑡ℎ
(106m3).

Obviously, model ((1a), (1b), (1c), (1d), (1e), (1f)) can be
effective for handling uncertainties presented as crisp interval
values in objective function and constraints and random
variables in the right-hand sides with known probability
distributions. However, modeling parameters may be pro-
vided as subjective judgments from a number of stakeholders
and decision makers (i.e., expressed as possibility distribu-
tions), which makes interval-stochastic programming model
become infeasible [33]. Therefore, fractile optimization (FO)
approach, based on the fuzzy possibilistic programming
(FPP), can effectively solve uncertainties presented as pos-
sibility distributions, while its necessity is described as the
treatment of an objective function [23–26, 34]. When uncer-
tainties are expressed as possibility distributions in the
ambiguous coefficients of objective function, a general FPP
model can be formulated as follows [35–37]:

Max𝑓
̃

= 𝐶
̃
𝑋 (2a)

subject to

𝐴𝑋 ≤ 𝐵, (2b)

𝑋 ≥ 0, (2c)

where coefficient𝐶
̃
represents the fuzzy possibilistic variables

restricted by fuzzy triangular numbers with possibility dis-
tribution. Generally, possibility distribution can be regarded
as fuzzy membership function, and possibility degree can be
considered as the membership value [38]. In virtue of the
computational efficiency and simplicity in data acquisition, a
symmetric triangular fuzzy number 𝐶

̃
is considered, which

can be determined by a center 𝑐𝑐 and a spread 𝑤, and can
be described as 𝐶

̃
= (𝑐𝑐, 𝑤) [34, 39]. Accordingly, the linear

objective function of themodel ((2a), (2b), (2c))with ambigu-
ous parameters (i.e., Equation (2a)) can be transformed as
follows:

Max𝑓
̃

= (𝑐𝑐𝑋,𝑤 |𝑋|) . (3)

In the possibility theory, necessity measure is defined as fol-
lows [23, 34, 35]:

𝑁
𝐶
(𝐵) = inf

𝑟
max (1 − 𝜇

𝐶
(𝑟) , 𝜇
𝐵
(𝑟)) , (4)

where 𝜇
𝐵
is the membership function of the fuzzy set 𝐵;

𝑁
𝐶
(𝐵) denotes the certainty (or necessity) degree of the event
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that fuzzy possibilistic variable 𝐶
̃
restricted by the possibility

distribution 𝜇
𝐶
is in the fuzzy set 𝐵. Let 𝐵 = (−∞, 𝑢] or

[𝑢, +∞), which is indicated as a crisp set of real numbers
which is not greater (or not smaller) than 𝑢. Then, we obtain
the following indices by necessity measure defined by (5) and
(6) [23, 34]:

Nes (𝐶
̃
≤ 𝑢) = 𝑁

𝐶
((−∞, 𝑢]) = 1 − sup {𝜇

𝐶
(𝑟) | 𝑟 > 𝑢} ,

(5)

Nes (𝐶
̃
≥ 𝑢) = 𝑁

𝐶
([𝑢, +∞)) = 1 − sup {𝜇

𝐶
(𝑟) | 𝑟 < 𝑢} .

(6)

Based on the definition of necessity measure mentioned
above, the 𝑝-necessity fractile is defined as follows [33]:

Nes(𝑓
̃

≥ 𝑢) ≥ 𝑝nes, (7)

where 𝑢 denotes the 𝑝-fractile value; 𝑓
̃

means the fuzzy
possibilistic variable (i.e., model (2a)) restricted by fuzzy
numbers; the value of necessity measure (i.e., Nes (⋅)) belongs
to the interval [0, 1]. Given the appropriate level 𝑝nes [0, 1],
the problem is transformed to maximize the 𝑝-fractile value
under the condition that a necessity measure of the event
that the objective function value is not lesser than 𝑝-fractile
value 𝑢 is greater than or equal to 𝑝nes. The diverse 𝑝nes levels
express the decisionmakers’ preferences toward the objective
function value, which implies the certainty (necessity) degree
of the objective function (also named 𝑝-necessity level). In
real-world applications, the decision makers prefer that the
objective function should be satisfied under a high certainty
degree (high 𝑝-necessity level). Given the 𝑝-necessity level,
the problem (i.e., model (2a), (2b), (2c)) can be transformed
into the following linear necessity fractile optimizationmodel
with deterministic objective:

Max 𝑢 (8a)

subject to

Nes {(𝑐𝑐𝑋,𝑤 |𝑋|) ≥ 𝑢} ≥ 𝑝nes. (8b)

Based on the fractile optimization model (as illustrated in
Figure 1), the problem is to maximize the 𝑝-necessity fractile
of a possibilistic variable 𝑓

̃
, and model (5) corresponds to

Max (𝑐𝑐𝑋 − 𝑝nes𝑤 |𝑋|) . (9)

In practical water resources systems planning, interval pa-
rameters (i.e., economic data) may fluctuate with their
bounds being available as subjective preferences (i.e., expect-
ed system benefit standpoint and risk-averse attitude), which
may be provided by possibility distributions. The concept of
intervals with possibility distribution boundary is proposed
in this study to represent the dual uncertainties in the system
components. Consequently, FO approach is introduced into
the above interval-stochastic programming framework to
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Figure 1: Fractile optimization model.

handle such dual uncertainties in the objective function.This
leads to an interval-stochastic fractile optimization (ISFO)
model as follows:
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𝑡
. (10f)

For model (10a), (10b), (10c), (10d), (10e), (10f), in order
to identify an optimized set of target values (i.e., 𝐹𝑇±

𝑡
), 𝑧
𝑡
are

introduced to be decision variables into models (10a), (10b),
(10c), (10d), (10e), and (10f). Let 𝐹𝑇±

𝑡
= 𝐹𝑇−
𝑡
+Δ𝐹𝑇

𝑡
⋅𝑧
𝑡
, where

Δ𝐹𝑇
𝑡
= 𝐹𝑇+

𝑡
− 𝐹𝑇−
𝑡

and 𝑧
𝑡
∈ [0, 1]. Thus, when 𝐹𝑇±

𝑡

reach their upper bounds (i.e., when 𝑧
𝑡
= 1), a relatively

high objective function value will be gained in the case of
satisfactory water demand; an associated high penalty may
have to be paid when the promised water is not delivered. On
the contrary, when 𝐹𝑇±

𝑡
approach their lower bounds (i.e.,

when 𝑧
𝑡
= 0), a lower objective function value and related

lower risk will be obtained. Accordingly, through introducing
decision variables 𝑧

𝑡
, the ISFOmodel can be transformed into

two deterministic submodels.
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Submodels (11a), (11b), (11c), (11d), (11e), and (11f):
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∀ℎ, 𝑘 = 1, 2, . . . , 𝐾
𝑡
, 𝑡 = 1, 2, . . . , 𝑇,

(11b)

𝐸𝑊+
(𝑡−1)𝑘

= 𝑊𝐴+
(𝑡−1)ℎ

−
𝐼

∑
𝑖=1

[(𝐹𝑇−
𝑖𝑡
+ Δ𝐹𝑇

𝑖𝑡
⋅ 𝑧
𝑡
) − 𝑊𝐷−

𝑖𝑡𝑘
]

+ 𝐸𝑊+
(𝑡−2)𝑘

, ∀ℎ, 𝑘 = 1, 2, . . . , 𝐾
𝑡−1
,

(11c)

𝐹𝑇
𝑖𝑡max≥𝐹𝑇

−

𝑖𝑡
+Δ𝐹𝑇

𝑖𝑡
⋅𝑧
𝑡
≥ 𝑊𝐷−

𝑖𝑡𝑘
, ∀𝑖, 𝑡, 𝑘=1, 2, . . . , 𝐾

𝑡
,

(11d)

(𝐹𝑇−
𝑖𝑡
+ Δ𝐹𝑇

𝑖𝑡
⋅ 𝑧
𝑡
) − 𝑊𝐷−

𝑖𝑡𝑘
≥ 𝑀𝑊𝑅

𝑖𝑡
,

∀𝑡, 𝑘 = 1, 2, . . . , 𝐾
𝑡
,

(11e)

𝐹𝑇−
𝑖𝑡
+Δ𝐹𝑇

𝑖𝑡
⋅𝑧
𝑡
≥ 0, 𝑊𝐷−

𝑖𝑡𝑘
≥ 0, ∀𝑖, 𝑡, 𝑘=1, 2, . . . , 𝐾

𝑡
.

(11f)

Submodels (12a), (12b), (12c), (12d), (12e), and (12f):

Max𝑓− =
𝐼

∑
𝑖=1

𝑇

∑
𝑡=1

𝑆𝑌𝑐−
𝑖𝑡
(𝐹𝑇−
𝑖𝑡
+ Δ𝐹𝑇

𝑖𝑡
⋅ 𝑧
𝑡 opt)

−
𝐼

∑
𝑖=1

𝑇

∑
𝑡=1

𝑝nes𝑤𝑆𝑌
(𝐹𝑇
−

𝑖𝑡
+ Δ𝐹𝑇

𝑖𝑡
⋅ 𝑧
𝑡 opt)



−
𝐼

∑
𝑖=1

𝑇

∑
𝑡=1

𝐾
𝑡

∑
𝑘=1

𝑝
𝑡𝑘
𝐸𝑃𝑐+
𝑖𝑡
𝑊𝐷+
𝑖𝑡𝑘

+
𝐼

∑
𝑖=1

𝑇

∑
𝑡=1

𝐾
𝑡

∑
𝑘=1

𝑝
𝑡𝑘
𝑝nes𝑤𝐸𝑃

𝑊𝐷
+

𝑖𝑡𝑘



(12a)

subject to
𝐼

∑
𝑖=1

[(𝐹𝑇−
𝑖𝑡
+ Δ𝐹𝑇

𝑖𝑡
⋅ 𝑧
𝑡 opt) −𝑊𝐷

+

𝑖𝑡𝑘
] ≤ 𝑊𝐴−

𝑡ℎ
+ 𝐸𝑊−

(𝑡−1)𝑘
,

∀ℎ, 𝑘 = 1, 2, . . . , 𝐾
𝑡
, 𝑡 = 1, 2, . . . , 𝑇,

(12b)

𝐸𝑊−
(𝑡−1)𝑘

= 𝑊𝐴−
(𝑡−1)ℎ

−
𝐼

∑
𝑖=1

[(𝐹𝑇−
𝑖𝑡
+ Δ𝐹𝑇

𝑖𝑡
⋅ 𝑧
𝑡 opt) −𝑊𝐷

+

𝑖𝑡𝑘
]

+ 𝐸𝑊−
(𝑡−2)𝑘

, ∀ℎ, 𝑘 = 1, 2, . . . , 𝐾
𝑡−1
,

(12c)

𝐹𝑇
𝑖𝑡max ≥ 𝐹𝑇

−

𝑖𝑡
+ Δ𝐹𝑇

𝑖𝑡
⋅ 𝑧
𝑡 opt ≥ 𝑊𝐷

+

𝑖𝑡𝑘
,

∀𝑖, 𝑡, 𝑘 = 1, 2, . . . , 𝐾
𝑡
,

(12d)

(𝐹𝑇−
𝑖𝑡
+ Δ𝐹𝑇

𝑖𝑡
⋅ 𝑧
𝑡 opt) −𝑊𝐷

+

𝑖𝑡𝑘
≥ 𝑀𝑊𝑅

𝑖𝑡
,

∀𝑡, 𝑘 = 1, 2, . . . , 𝐾
𝑡
,

(12e)

𝐹𝑇−
𝑖𝑡
+ Δ𝐹𝑇

𝑖𝑡
⋅ 𝑧
𝑡 opt ≥ 0,

𝑊𝐷+
𝑖𝑡𝑘
≥ 0, ∀𝑖, 𝑡, 𝑘 = 1, 2, . . . , 𝐾

𝑡
.

(12f)

By solving above two submodels, the final solutions for
ISFO model 𝑓±opt = [𝑓

−

opt, 𝑓
+

opt], 𝐹𝑇
±

𝑖𝑡 opt = 𝐹𝑇
−

𝑖𝑡
+ Δ𝐹𝑇

𝑖𝑡
⋅ 𝑧
𝑡 opt

and 𝑊𝐷±
𝑖𝑡𝑘 opt = [𝑊𝐷−

𝑖𝑡𝑘 opt ,𝑊𝐷
+

𝑖𝑡𝑘 opt] can be acquired. The
actual water allocation would be the difference between the
promised target values (i.e., 𝐹𝑇±

𝑖𝑡 opt) and the shortage values
(i.e.,𝑊𝐷±

𝑖𝑡𝑘 opt).

3. Case Study

Kaidu-Kongque watershed (within E85∘20–87∘30, N41∘10–
42∘30), one of mainstreams of the Tarim River, is situated
in the Bayangol Mongol autonomous prefecture in Xin-
jiang Uygur autonomous region of northwest China. As
the upper reach of the watershed, Kaidu River originates
from Saaer mountain of the middle Tianshan Mountains,
passes through Yourdusi basin, enters Yanqi basin, flows
into Bosten Lake, then is pumped into Kongque River at
southwest of the lake, crosses Kezile mountain of the south
Tianshan Mountains, and finally reaches Tarim basin. The
watershed contains one city (i.e., Ku’erle city), five coun-
tries (i.e., Yanqi, Hejing, Heshuo, Bohu, and Weili), and
ten production and construction corps, covering an area
of approximately 31.40 × 103 km2. A temperate continen-
tal arid climate characterizes the watershed. The annual
average precipitation ranges from 47.3mm to 75.0mm and
mainly concentrates in May and October, indicating uneven
distribution of precipitation through the year. The annual
average pan evaporation ranges from 1887mm to 2777mm.
The watershed is mainly recharged by rainfall and alpine
glacier-snow melt water, while the gross amount of water
resources of the watershed is approximately 4.41 × 109m3.
Thewater fromupstreamof Kaidu-kongque River is allocated
to six users, including municipal, industrial, stockbreeding,
forestry, agricultural, and ecological sectors (as shown in
Figure 2). At the end of 2008, the total population of the
watershed was 1.03 million, and the gross industrial output
value reached RMB ¥ 8.37 billion. Besides, the largest alpine
meadow of China, named Bayanbulak Grassland, is located
in the watershed, with a total area of 23.00 × 103 km2, which
is beneficial for stockbreeding. Moreover, owing to suitable
environmental conditions in the lower beach of Kaidu River,
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Figure 2: Diagram of planning water-resources system.

the Kaidu-kongque watershed has been a significant region
for agricultural production, processing and exporting in
Xinjiang province. At the same time, the ecosystems in this
region are extremely vulnerable to disturbances and habitat
degradation owing to severe water resource shortage [40].
Being in the middle reach of the Tarim River basin, the
watershed is the supplement for ecosystem recovering of the
lower reach of the Tarim River.

In recent years, with incremental population growth,
rapid economic development and accelerating industrializa-
tion and urbanization processes, water demand of the water-
shed has been experienced a continuous and significant
increment. Nevertheless, past practice experience and sus-
tainable development strategies in water resources manage-
ment have raised increasing concerns in irrational utilization
and over exploitation of water resources. Kaidu-kongque
watershed confronts with serious water shortages, while
agricultural sector contributes to the largest water consumer.
Owing to the severe weather conditions with characteristics
of scarce rainfall, high temperature and high evaporation

in the region, over 95 percent of the arable land in the
watershed needs irrigation [41]. The statistics suggest that
agricultural irrigation area of thewatershed ran up to 391.62×
103m2 in 2009, while agricultural water consumption came
up to 2.40 × 109m3, accounting for the 96.31% of the total
water consumption. Furthermore, the seasonal variation of
stream flow leads to the water scarcity in spring and water
surplus in summer which gives rise to water utilization
conflicts in local agricultural production. Consequently,
under the circumstance of excessive agricultural water con-
sumption and unreasonable irrigation mode, the pressure
on local water resources intensifies, resulting in tensions,
conflicts among water users, and excessive pressure on
ecological environment. Specifically, natural variability and
intensive human activities (i.e., excessive water withdrawal
and consumption in upper and middle reaches of the river)
have led to a large decrease in streamflow, dried-up riverbed,
and withered natural vegetations (i.e., populus euphratica
and meadow) in the lower beaches of river, which further
aggravate the ecological degradation. Such irrational water
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utilization and over-exploitation problems intensify thewater
supply-demand conflict, accelerate the ecological environ-
ment destruction, threaten the sustainable development, and
even have far-reaching impacts on watershed environment
and human beings’ lives. Unfortunately, in this region, there
is a lack of effective plan for facilitating efficient, equitable and
sustainable water resources management. Previous water-
resources management in the watershed is mostly based on
statistical analyses of historical data. Therefore, in order to
recovery the ecological system in the lower reaches of the
watershed, it is essential to develop an effective modeling
technique for supporting water resourcesmanagement under
such conflicts.

As shown in Figure 2, the water resources system of the
study area could be considered as an interrelated network
connected by various system components. It is indicated
that all kinds of complexities may exist in the study system,
including imprecise economic data, random stream flows,
dynamic system variables, uncertain economic benefits, var-
ious recourse actions, and varied water allocations. These
components and their interactions must be systematically
estimated in planning an integrated water resources manage-
ment model within multiperiod. Specifically, due to spatial
and temporal variations of precipitation, evapotranspiration
and snow melting in the study system, the stream flow
of Kaidu-kongque River presents a remarkable pattern of
seasonal variation. Summer stream flow contributes to the
greatest proportion, amounting to 45.0%, followed by spring
stream flow (23.2%), fall stream flow (21.1%), and winter
stream flow (10.7%). Accordingly, the fluctuating stream
flows are expressed as with known probabilities, which may
lead to varied water-allocation plans and various recourse
actions. Moreover, several economic implications associated
with economic fluctuations and subjective judgments could
bring about uncertain system benefits and affect water-
allocation decision makings. Imprecise economic data are
highly uncertain and represented as intervals with possibility
distribution boundary; this results in dual uncertainties in the
objective function. In order to generate a desired compromise
between the required environmental objective and maxi-
mized system benefit, how to effectively handle such single
and dual uncertainties is regarded as a primary concern.
Comprehensive optimization models are effective methods
for allocating andmanaging water resources in more efficient
and environmentally benign ways.

In real-world water-resources management problems,
uncertainties are often associated with various in terms of
information quality [42].The randomcharacteristic of stream
flow and ambiguity in benefits and penalties parameters
are all possible sources of uncertainties. The stream flow is
expressed as a random variable; its probability distribution
is obtained by statistical analysis when the collection data
are enough. However, due to inadequate information or sub-
jective judgment of decision makers, possibilistic distribu-
tions of economic parameters could be estimated through
a number of questionnaires. Generally, random parameters
are expressed as probability density functions (PDFs), while
possibility distribution can be regarded as fuzzy membership
function [43].

In this study, the time horizon under consideration is 3
years, which is divided into three planning periods.Modeling
parameters are estimated based on the statistical yearbook
of Bayangol Mongol Autonomous Prefecture and Xinjiang
Uygur Autonomous Region or derived from published
reports and papers [41, 44]. For example, water availability
is presented as random variable, which is obtained through
the 46-year statistical analyses with simulation results of
annual stream flow of the Kaidu-kongque River; based on
the previous simulation results, after determining the proba-
bility distribution (i.e., gamma distribution) of the simulated
streamflow, its discretization values with different probability
levels can be acquired [41]. Table 1 presents discrete intervals
of stream flows and associated probability levels during
three planning periods. Table 2 provides the promised water-
allocation targets as well as maximum allowable allocations
from municipal, industrial, stockbreeding, forestry, agricul-
tural, and ecological sectors, which is on the basis of previous
studies [41]. Shortages in water supply will occur if available
water is less than water demands, such that the promised
targets cannot be delivered (i.e., water shortage = promised
target − available water). Under such circumstances, the
actual water allocation will be the difference between the
promised target and the probabilistic water shortage (i.e.,
actual water allocation = promised target − water shortage).
Table 3 shows the relevant system benefits and penalties data,
which are expressed by intervals with possibility distribution
boundary. Specifically, the interval values of net benefit for
each unit of water can be calculated by historical data through
dividing the gross annual value of each water user by its
annual water consumption, while the possibility distributions
are estimated by the subjective judgments of 100 decision
makers and stakeholders through 120 questionnaires. The
economic penalties correspond to the acquisition of water
from higher-priced alternatives and/or the negative conse-
quences generated from the curbing of regional development
plans when the promised water is not delivered [45]. Besides,
a water-resources management policy based on minimum
water requirement for ecological sector is considered through
ISFO model, which complies with the policy on recovering
the ecological system in the lower beaches of the river. Case
1 is based on the current water-resource allocation policies
with𝑝-necessity level of 0.90, while 100× 106m3 ofminimum
water requirement for ecological sector is required to be
satisfied (means the basic case); in Case 2, minimum water
requirement for ecological sector is not considered in the
ISFO model when 𝑝-necessity level =0.90.

4. Results and Discussion

4.1. Results under Basic Case. In this study, three stream flow
levels (i.e., low, medium, and high) were considered in each
period. Accordingly, a three-period (four-stage) scenario tree
can be generated for each of water users, which resulted in 3
nodes (scenarios) in period 1 (stage 2), 9 nodes (scenarios) in
period 2 (stage 3), and 27 nodes (scenarios) in period 3 (stage
4). The solutions obtained under basic case (e.g., Case 1) are
presented in Figures 3–5. The results (i.e., objective function
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Table 1: Stream flows and associated probabilities.

Flow level 𝑡 = 1 𝑡 = 2 𝑡 = 3
Probability Stream flow (106 m3) Probability Stream flow (106 m3) Probability Stream flow (106 m3)

Low (L) 0.304 [2459, 2989] 0.370 [2399, 3003] 0.174 [2602, 2901]
Medium (M) 0.455 [3002, 3721] 0.502 [3062, 3847] 0.490 [2917, 3626]
High (H) 0.241 [3752, 5708] 0.128 [4068, 5676] 0.336 [3700, 5500]

Table 2: Water resource allocations for each sector (unit: 106 m3).

Time period
𝑡 = 1 𝑡 = 2 𝑡 = 3

Water-resource allocation target
Municipality [69, 191] [80, 200] [90, 220]

Industry [469, 803] [550, 900] [420, 800]

Stockbreeding [41, 155] [45, 170] [50, 175]

Forestry [407, 527] [460, 588] [480, 600]

Agriculture [2335, 3113] [2420, 3200] [2480, 3350]

Ecology [445, 1051] [500, 1100] [500, 1100]

Maximum allowable water allocation
Municipality 200 200 200
Industry 900 900 900
Stockbreeding 200 200 200
Forestry 600 600 600
Agriculture 3500 3500 3500
Ecology 1200 1200 1200

value and decision variables) included the interval, proba-
bilistic, and fuzzy possibilistic information, in whichmultiple
uncertainties (i.e., probability distributions and intervals with
possibility distribution boundary) can be facilitated to obtain
multiple decision alternatives.

Figure 3 presents the optimized water-allocation targets
for various users over the planning horizon under the basic
case. The results indicate that the optimized water-allocation
target for municipal sector would be 191 × 106, 200 × 106 and
200 × 106m3, which amount to their upper-bound targets
in periods 1-2 and approaches the upper-bound target in
period 3. Similarly, the optimized water-allocation targets
for industrial, stockbreeding, and ecological sectors would
also reach their upper-bounds. In comparison, the optimized
water-allocation target for forestry sector would be in the
range of its lower- andupper-bound targets forwater resource
allocations, amounting to 527 × 106, 586 × 106, and 480 ×
106m3 during three periods; the optimized water-allocation
target for agricultural sector would approach its lower-bound
water-allocation target, reaching 2682 × 106, 2420 × 106, and
2480 × 106m3 over the planning horizon. This demonstrates
that the planning allocation target for ecological sector would
meet its water demand, while the planning allocation target
for agricultural sector would not meet its essential demand,
if a minimum amount of ecological water requirement was
considered by the modeling formulation.

Shortages in water supply would occur if available stream
flows could not satisfy the water-allocation targets, where
the actual water-allocation plans of each user would be the
difference between the optimized water-allocation target and
the probabilistic water shortage. In case of insufficient water
supply, the municipal sector should be the highest priority
since it brings the highest benefits when water demand is sat-
isfied, then to stockbreeding, industrial, agricultural, ecolog-
ical, and forestry sectors. The solutions through ISFO model
demonstrate that municipal, industrial and stockbreeding
sectors would not be subject to any water deficit under all
stream flows, while the water deficits would be occur for
forestry, agricultural, and ecological sectors.This is attributed
to the fact that the municipal, industrial and stockbreeding
sectors bring relative high benefits when promised waters are
delivered; meanwhile, they are subject to the high penalties
the promised targets are not satisfied.

Figure 4 represents the water-allocation plans for agri-
cultural sector over the planning horizon under the basic
condition. By a three-period (four-stage) scenario tree, the
solutions of water deficit could reflect the dynamic system
variations. The maximum value of the deficit is associated
with lower system benefit; contrarily, the minimum value of
the deficit corresponds to higher system benefit. As shown
in Figure 4, when stream flows are low in all of the three
periods (i.e., under scenario LLL with a joint probability of
1.96%), the probabilistic water deficits for agricultural sector
would be [947, 1477] × 106m3 in period 1 (probability =
30.4%), [801, 1405] × 106m3 in period 2 (probability = 11.2%),
and [868, 1167] × 106m3 in period 3 (probability = 1.96%),
respectively. Accordingly, the optimized water allocated to
agricultural sector would be [1205, 1735] × 106m3 in period
1, [1015, 1619] × 106m3 in period 2, and [1313, 1612] × 106m3
in period 3, respectively; the total water-allocation amount to
this user would be [3532, 4965] × 106m3 under this scenario.
The solutions for water deficits and water-allocation plans
under other scenarios could be similarly analyzed based on
the solutions represented in Figure 4.

Besides, the solutions imply that varied seasonal flows
result in different water allocations to various users. For
instance, when stream flows are high in all of the three peri-
ods, the optimized water allocation to forestry sector would,
respectively, be [0, 527] × 106m3 in period 1 (probability =
24.1%), [0, 586] × 106m3 in period 2 (probability = 3.08%),
and [0, 445] × 106m3 in period 3 (probability = 1.04%), while
the optimized water allocation to ecological sector would
be [105, 1051] × 106m3 in period 1, [378, 1100] × 106m3
in period 2, and [114, 1090] × 106m3 in period 3. When a



Mathematical Problems in Engineering 9

Table 3: Net benefits and penalties (unit: $/103 m3).

Time period
𝑡 = 1 𝑡 = 2 𝑡 = 3

Net benefit when water demand is satisfied

Municipality [(6443, 7857, 9271), (8200, 10000,
11800)]

[(5664, 6907, 8150), (8120, 9903,
11686)]

[(5920, 7220, 8520), (8202, 10003,
11804)]

Industry [(1693, 1820, 1947), (5965, 6414,
6863)] [(1767, 1900, 2033), (5859, 6300, 6741)] [(1830, 1968, 2106), (6511, 7001, 7491)]

Stockbreeding [(3510, 3900, 4290), (5837, 6485,
7134)]

[(3510, 3900, 4290), (5651, 6279,
6907)]

[(3447, 3830, 4213), (5400, 6000,
6600)]

Forestry [(254, 257, 260), (366, 371, 376)] [(284, 288, 292), (402, 407, 412)] [(267, 269, 272), (387, 392, 397)]
Agriculture [(336, 341, 346), (448, 455, 462)] [(362, 367, 373), (473, 480, 487)] [(384, 390, 396), (547, 555, 563)]
Ecology [(155, 157, 159), (424, 429, 434)] [(168, 170, 172), (514, 520, 526)] [(189, 191, 193), (523, 529, 535)]

Penalty when promised water is not delivered

Municipality [(12142, 14285, 16428), (15785, 18571,
21357)]

[(11121, 13084, 15047), (16148, 18998,
21848)]

[(12266, 14430, 16595), (16405, 19300,
22195)]

Industry [(3456, 3600, 3744), (10984, 11442,
11900)]

[(3360, 3500, 3640), (11520, 12000,
12480)]

[(3539, 3687, 3834), (12672, 13200,
13728)]

Stockbreeding [(7307, 7857, 8407), (11957, 12857,
13757)]

[(6975, 7500, 8025), (10560, 11355,
12150)]

[(7068, 7600, 8132), (11102, 11938,
12774)]

Forestry [(511, 515, 519), (736, 742, 748)] [(526, 530, 534), (794, 800, 806)] [(516, 520, 524), (774, 780, 786)]
Agriculture [(636, 642, 648), (990, 1000, 1010)] [(713, 720, 727), (1089, 1100, 1111)] [(772, 780, 788), (1089, 1100, 1111)]
Ecology [(283, 285, 287), (639, 643, 647)] [(303, 305, 307), (995, 1002, 1009)] [(323, 325, 327), (950, 956, 962)]

minimum water supply for ecological sector is satisfied, the
total water-allocation amount to ecological user would be
[597, 3251] × 106m3 over the planning horizon. Such mini-
mum water requirement for ecological sector could alleviate
the conflict between ecological conservation and economic
development, and develop regional ecological sustainability.
In summary, among these water users, agricultural irrigation
and ecological requirement would account for a substantial
proportion of the total water resources. Several measures
regarding water saving and increased water recycling rates
would be promoted in the local agricultural production,
especially in arid region (i.e., Kaidu-kongque watershed).The
obtained solutions suggest that useful information regarding
various activities and investments could be provided through
the foreseen information that is needed to make decisions.

Figure 5 shows that the system benefits under different
𝑝-necessity levels through ISFO model under the basic
case. The results demonstrate that different p-necessity levels
result in varied system benefits, which could reflect expected
system benefit preference and risk-averse attitude of decision
makers. For example, the systembenefit would be diminished
from $ [7.51, 27.64] × 109 to $ [7.45, 27.51] × 109, $ [7.38,
27.38] × 109, $ [7.32, 27.25] × 109, $ [7.25, 27.12] × 109, $
[7.18, 27.02] × 109, $ [7.15, 26.93] × 109, $ [7.13, 26.89] × 109
and $ [7.12, 26.87] × 109, with incremental p-necessity levels
from 0.70 to 0.75, 0.80, 0.85, 0.90, 0.95, 0.975, 0.99 and
1, respectively. If the decision makers prefer to obtain the
maximized expected system benefit with high certainty (i.e.,
necessity), a higher 𝑝-necessity level would be determined,
indicating conservative attitude towards the expected system
benefit and decreased uncertainty for the imprecise objective.

On the contrary, the lower 𝑝-necessity level and increased
uncertainty for the imprecise objective would correspond
to optimistic attitude on the expected system benefit. At
the same time, the uncertain system benefits are presented
in term of interval values. The lower bounds of solutions
indicate an optimistic estimation of decision makers, while
upper bounds show a conservative attitude. In summary, the
decision variables with 𝑝-necessity levels and interval values
are beneficial for justifying the decision schemes for asso-
ciated activities and investments through incorporation of
their implicit knowledge, evading the risk of water shortage,
environment degradation, and system failure and thereby
obtaining maximized system benefits.

4.2. Policy Analysis for EcologicalWater Allocation. The study
area is threatened by serious water shortages and extremely
vulnerable ecological system, while ecological environment
plays a significant role in the regional sustainable devel-
opment. Policy analysis associated with different water
resources management based on minimum water require-
ment for ecological sector is essential to make in-depth
analysis. Table 4 presents the solutions of optimized water
allocations for ecological sector under various policies and
scenarios. The results demonstrate that diverse policies for
allocating water resources would yield different water short-
ages and water-allocation patterns for the ecological sector.
For instance, when a minimum amount for ecological water
supply is not considered, ecological water supply would first
be reduced. The amount of ecological water supply would be
zero under Case 2, when stream flows are low and medium
in all of the three periods. When the stream flows are high
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Figure 3: Optimized water-allocation targets for different users.
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Table 4: Results of ecological water allocation under different poli-
cies.

Flow level Probability
(%) Period

Optimized water allocation
(106 m3)

Case 1 Case 2
L 30.4 1 105 0

M 45.5 1 [105, 113] 0

H 24.1 1 [105, 1051] [0, 1051]

LL 11.24 2 114 0

LM 15.26 2 114 0

LH 3.89 2 [378, 1100] [252, 1100]

ML 16.83 2 114 0

MM 22.84 2 [114, 135] 0

MH 5.82 2 [378, 1100] [252, 1100]

HL 8.91 2 [114, 120] 0

HM 12.10 2 [114, 205] 0

HH 3.08 2 [378, 1100] [252, 1100]

LLL 1.96 3 114 0

LLM 5.51 3 114 0

LLH 3.80 3 [114, 1065] [45, 1065]

LML 2.66 3 114 0

LMM 7.48 3 114 0

LMH 5.13 3 [114, 1065] [45, 1065]

LHL 0.68 3 114.4 0

LHM 1.91 3 114.4 0

LHH 1.31 3 [114, 1065] [45, 1065]

MLL 2.93 3 114 0

MLM 8.25 3 114 0

MLH 5.66 3 [114, 1065] [45, 1065]

MML 3.97 3 [114, 115] 0

MMM 11.19 3 [114, 197] 0

MMH 7.67 3 [114, 1065] [45, 1065]

MHL 1.01 3 114 0

MHM 2.85 3 [114, 208] 0

MHH 1.96 3 [114, 1082] [45, 1065]

HLL 1.56 3 114 0

HLM 4.37 3 114 0

HLH 3.00 3 [114, 1065] [45, 1065]

HML 2.11 3 [114, 119] 0

HMM 5.93 3 [114, 217] 0

HMH 4.06 3 [114, 1085] [45, 1065]

HHL 0.54 3 [114, 124] 0

HHM 1.51 3 [114, 220] 0

HHH 1.04 3 [114, 1090] [45, 1065]

The symbols of L, M, and H indicate that the stream flows are low, medium,
and high (i.e., LMHdenotes that the stream flow are low in period 1, medium
in period 2, and high in period 3).

in all of the three periods, the total water-allocation amount
to ecological sector under Case 1 and Case 2 would be in
the range of [580, 3241] × 106 and [297, 3216] × 106m3
over the planning horizon, respectively. In general, under
Case 2, the water allocation to ecological sector would first
be reduced in case of insufficient water (due to its lowest
economic benefit); then, the water shortage would be passed
to the agricultural sector. Under Case 1, some water would

still be allocated to the ecological sector even under very
disadvantageous conditions (i.e., very low inflow). There-
fore, water-management policies associated with a minimum
ecological water requirement is beneficial for minimizing
unfair competition among multiple users and recovering the
ecological system in the lower beaches of the river.

At the same time, the solutions of ecological water-
allocation policies indicate that owing to benefit and penalty
effects on the water-allocation patterns, interactions exist
among water supplies for multiple competing users when
water deficits occur. The results imply that when a water-
management policy associated with a minimum ecological
water requirement was undertaken, the amount of agricul-
tural water allocation would be decreased, particularly under
low and medium stream flow levels. Figure 6 shows the
agricultural water allocations under Case 1 and Case 2. For
example, when stream flows are medium in all of the three
periods, the water allocation to agricultural sector would be
[5053, 7110] × 106m3 under Case 1 and [5386, 7555] × 106m3
under Case 2, respectively. Besides, the agricultural water-
allocation target would be in the range of [7235, 9663] ×
106m3 over the planning horizon. This indicates that there
would be a marked water shortage for agricultural sector
when the minimum ecological water requirement was reg-
ulated. Moreover, the water-management policy associated
with a minimum ecological water requirement would be
helpful for altering traditional agricultural irrigation mode,
increasing the water efficiency in the agricultural production
and achieving optimal allocation of water resources uti-
lization in arid and semiarid regions. For the municipal,
industrial and stockbreeding sectors, the allotment would not
be reduced.This is attributed to the fact that these users could
bring higher benefits when water demands are satisfied and
higher penalties when promised targets are not delivered.The
municipal and industrial water play significant roles in living
standard and economic development.

In addition, various water-management policies would
result in different system benefits (when water was allocated
to users). The system benefit under Case 2 would be $ [7.29,
27.24] × 109, which is far larger than the Case 1 ($ [7.25,
27.12] × 109). This indicates that ecological sector brings the
lowest benefit to the region economic development. Decision
makers would usually prefer to allocate the water resources to
the users which could bring high benefits. However, the study
area is facing increasingly serious water shortages, leading to
continued vegetation degradation and human-induced soil
erosion. The limited water resources should be allocated in
more efficient and sustainable ways.Therefore, willingness to
accept a low system benefit (and a low violation risk) could
guarantee meeting the ecological water requirement, while a
strong desire to obtain a high system benefit could lead to
a high risk of ecological water shortage, vegetation loss, and
environment degradation.

5. Conclusions

In this study, an interval-stochastic fractile optimization
(ISFO) model has been proposed for developing opti-
mal water-resources management strategies under multiple
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Figure 6: Agricultural water allocation under different policies.

uncertainties. The ISFO model can not only handle uncer-
tainties presented in terms of probability distributions and
intervals with possibility distribution boundary but also
quantify subjective information (i.e., expected system benefit
preference and risk-averse attitude) from different decision
makers. It can be utilized for analyzing various policy scenar-
ios associated with different levels of economic consequences
when the promised targets are violated. The ISFO model is
applied to a real case of water-resources systems planning in
Kaidu-kongque watershed, China, and a number of scenar-
ios with different ecological water-allocation policies under
varied p-necessity fractiles are analyzed. Results indicate that
different policies for ecological water allocation can lead
to varied water supplies, economic penalties, and system
benefits. The solutions obtained can help decision makers
identify optimized water-allocation alternatives, alleviate the
water supply-demand conflict, and achieve socioeconomic
and ecological sustainability, particularly when limited water
resources are available for multiple competing users.

The study is the first attempt to propose an ISFO model
and apply it to water-resources systems planning in Kaidu-
kongque watershed. Nevertheless, there are still several fac-
tors that need to be further considered in future research.

Firstly, economic parameters are presented by fuzzy triangu-
lar numbers with possibility distribution. More sophisticated
solution methods should be proposed to tackle imprecise
parameters with nonlinear possibility distribution. Secondly,
the dynamic system variations (i.e., nonsequential interac-
tions) are reflected under a multistage context. Advanced
methods would be desired to permit revised decisions in each
stage based on sequentially realizations for uncertain events.
Thirdly, the ISFOmodel is a single objective model subjected
to a set of constraint. Multiobjective programming method
should be considered formulticriterion decision analysiswith
multiple objectives. Therefore, future research needs to be
conducted into incorporating powerful optimization tech-
niques within the modeling framework to further enhance
the capabilities of the ISFO model.
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