Nonlin. Processes Geophys., 18, 589% 2011 4 "K Nonli P
www.nonlin-processes-geophys.net/18/599/2011/ GG onlinear Frocesses

doi:10.5194/npg-18-599-2011 in Geophysics
© Author(s) 2011. CC Attribution 3.0 License. -

Nonlinear optimization set pair analysis model (NOSPAM) for
assessing water resource renewability

X. H. Yang?, X. J. Zhang?, X. X. Hu?, Z. F. Yang?, and J. Q. Li?

1The Key Laboratory of Water and Sediment Sciences, State Key Laboratory of Water Environment Simulation, School of
Environment, Beijing Normal University, Beijing 100875, China
2Water Resources and Hydropower Planning and Design General Institute, MWR, Beijing 100011, China

Received: 27 April 2011 — Revised: 19 July 2011 — Accepted: 21 July 2011 — Published: 19 September 2011

Abstract. There is much uncertain information which is very 2002; Yang et al., 2004). There is also much uncertain infor-
difficult to quantify in the water resource renewability assess-mation in the water resource renewability assessment (Milly
ment (WRRA). The index weights are the key parameterset al., 2005; Zeng et al., 2007). Many hydrological scien-
in the assessment model. To assess the water resource itists studied the water resource renewability with different
newability rationally, a novel nonlinear optimization set pair methods, such as statistics methods (Shiklomanov, 1997),
analysis model (NOSPAM) is proposed, in which a nonlin- water-balance method (Oki et al., 2001; Vorosmarty et al.,
ear optimization model based on gray-encoded hybrid accel2000; Alcamo et al., 2003), water scarcity index method (OKki
erating genetic algorithm is given to determine the weightsand Kanae, 2006) and soft computing techniques (Muttil et
by optimizing subjective and objective information, as well al., 2006; Cheng et al., 2002; Wang et al., 2009; Chau et
as an improved set pair analysis model based on the coral., 2006). There are several main assessment approaches to
nection degree is established to deal with certain-uncertaimonlinear systems: the statistical approach, fuzzy assessment
information. In addition, a new calculating formula is estab- approach, analytic hierarchy process and the gray associate
lished for determining certain-uncertain information quantity analysis approach (Zadeh, 1965; Saaty, 1972; Solow, 1994;
in NOSPAM. NOSPAM is used to assess the water resourcéaschie, 2005; Kuo, 2007; Saaty, 2007; Yang et al., 2009;
renewability of the nine administrative divisions in the Yel- Su and Yang, 2009; Xu and Zhang, 2009). These approaches
low River Basin. Results show that NOSPAM can deal with are difficult to assess uncertain systems, which causes new
the uncertain information, subjective and objective informa- challenges to quantify the uncertain information.

tion. Compared with other nonlinear assessment methods But very complicated real systems can be solved with
(such as the gray associate analysis method and fuzzy asimple mathematical models (May, 1976). The emergence
sessment method), the advantage of NOSPAM is that it camf set pair analysis (SPA) theory provides a new way in
not only rationally determine the index weights, but also studying this kind of highly complex nonlinear system, and
measure the uncertain information quantity in the WRRA. makes it possible to extract certain and uncertain informa-
This NOSPAM model is an extension to nonlinear assesstion from the assessment systems with optimally interacting
ment models. minds (Bahrami et al., 2010). SPA, which is an important
part of nonlinear science, was first proposed by Kegin Zhao
in 1989 (Hu et al., 2008; Su and Yang, 2009; Wang et al.,
2009), and some scientists have done research on its theories
and applications (Hu et al., 2008; Su and Yang, 2009; Wang

There are many uncertainties in human decision-making®t @l 2009). It can be effectively used to analyse such un-
(Hsu et al., 2005; Oppenheim and Wehner, 2010). The watefertain information as imprecise information, disagreement
resource system is a highly complex nonlinear system influinformation, and find hidden rules (Hu et al., 2008; Su and

enced by the natural factors and human activities (CrutzenYang, 2009; Wang et al., 2009; Huang et al., 2009; Xu et al.,
2010). But up to now, there is no feasible calculating formula

of determining the uncertain information quantity in the SPA
Correspondence toX. H. Yang model. General nonlinear assessment methods, such as fuzzy
BY (xiaohuayang@bnu.edu.cn) set theory, gray system theory, analytic hierarchy process,
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and soon (Chu et al., 1979; Saaty, 2007), have some difficul-
ties in assessing water resource renewability. The main rea-
sons are given as follows: (1) Itis very difficult to decide the
index weights in the process of multiple objective decision-
making because the indexes include much uncertain infor-
mation, subjective and objective information from nature and
human activities. (2) Although there were some discussions
on uncertain information, it is difficult to take a quantitative
analysis method with the above assessment models in real
assessment systems.

In order to assess the water resource renewability ratio-
nally, a novel nonlinear optimization set pair analysis model
(NOSPAM) is proposed in this study. The steps of NOSPAM
are: First, a nonlinear optimization model based on gray-
encoded hybrid accelerating genetic algorithm is introduced
to determine the weights by synthesizing subjective and ob-
jective information. Second, an improved set pair analysis

tain and uncertain information quantity. Finally, NOSPAM
is used for evaluating the degree of water resource renewa-
bility of the nine administrative divisions in the Yellow River
Basin.

2 The basic steps of the NOSPAM for water resource
renewability assessment

In this paper, the NOSPAM model includes two parts: the
nonlinear optimization model and improved set pair analysis
model. The basic flow chart of this NOSPAM is shown in

Water resource renewability assessment
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Model 1: Nonlinear optimization model

Construction of objective vector function

v

Construction of objective vector of monitoring points

'

Construction of ideal interval vector
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Fig. 1.

2.1 Model 1: Nonlinear optimization model

The basic steps of the nonlinear optimization model for de-
termining weights are as follows.
Step 1 Construction of objective vector function.
Supposing there ar® indexes of water resource renewa-

The evaluation degree of the goal layer of water resource

renewability

bility assessment such ag(x),f2(x),....f;(x),..., and Fig. 1. The basic flow chart of NOSPAM for water resource re-
fu (x), objective vector functiofi(x) can be expressed as ~ newability assessment.
F@)=[A00), f2), s £ (), frr (1T @)
Step 2 Construction of objective vector of monitoring th?ren s the dnur'nbe:c of gradle.&j,,-ha.mg b r? r'ec';he Iovlver

oints and upper endpoint of interval in whic theth index value

P Ob'éctive vector of monitoring points is given b located, respectively.
] gp g y To calculate scientifically, the value ¢f; x, a;; andb; ;

Fie =11k [2skreeos it eoos frail” 2 should be consistent with the value of grade, i.e., if the value

of the grade is small, the value ¢ i, a;,; andb;; should
also be small.

Step 4 Nonlinear optimization model based on gray-
encoded hybrid accelerating genetic algorithm for determin-
ing index weights is constructed.

Supposing that the weight vector is= (A1, 12, ..., An),

(3) andip-th grade of thekp-th monitoring point is recognized
by considering experts’ knowledgé(i, ko, 1) is the distance
betweenFy,(x) and F/*(x), where Fy,(x) is an objective

k=1,2,...,1, wherel is the number of monitoring points,
fi.kis j-thiindex value of thé-th monitoring point.

Step 3 Construction of ideal interval vector.

Ideal interval vector is constructed with the range of the
standard index value in each grade.

* * * * * T
Fi :[fl,,',fz,,',u-,fj,,',--wa,,'] >

f;i :[aj_,i,bj,i],i:1,2,...,n, (4)
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vector of theko-th monitoring point,F*(x) is an ideal in- Step 2 Determine ther-member connection degres, of
terval vector of the-th grade. Nonlinear optimization model index layerl,,.

for determining weights is given by IS given by
minf () (5) Mm =Tm1+Tm2i1+rmsi2+ - +rmm-1in—2+TmnJ, (12)
where where r,;; € [0, 1] is the certain-uncertain component of

I, relative to C; ~ Cj41 levels which can deal with
(6) certain-uncertain information between assessment grades,
[=12,..n. u, is determined according to the formula

FOy= 1, mind(, ko, A) =d(io. ko, 1), i =1,2,...,n
| 10°, min d (i, ko, 1) #d(io, ko, 1), i =1,2,....n

in Table 1. In Table 1, the measured value Bf is
. X ud Co tn. And the evaluation grades are classified imt¢1
d(i ko, 1) = | Frg(x) — F; <x>||—ZlAJ-A(“"’J) (D \evels C1.Cp.-.Cpy1 which are divided by the points
= am.1,dm 2,....am n. The connection degree of index layer,
M criterion layer and goal layer can be obtained, and then when
5.t Zlkj =14;=0j=12..M (8)  the value of i” is determined, the evaluation degree of water
j=

resource renewability can be obtained.

The costindex refers to the smaller measured valued as the
better evaluation grade, such as the index of water resource
quantity of a unit area (Ax m—2x a~1); but the benefit in-

hereA(i, kg, j) is given by
If i=1,

o (fjk0=a;0/(bj1~a;1) ik €laji.bjil 9 dex is opposite, it refers to the smaller measured valued as

Atlon= l+(f""k"_a"‘é)/(b"'z_a'f‘z) fj’l}?.i [L;j’i’_?‘ﬂ ) the lower evaluation grade, such as the index of drought ex-

Hrem ponent (ratio).

If i=2,3,4, Take the index of water resource quantity of unit area
oo b —ars o (m¥xm~?xa1) for example, in Qinghai province, the con-
fiko—aji)/(bji—aji) fiko €laji,bjil . X ) K

Alisko,j) = | 1+ Uido =biim0)/@um1=bji-2)  frao€lajimabii—) (10) nection degree can be writtenasif © = 1, it means that the

U | M ik i)/ Biivi=ajiv) fike € @ita,bjisal degree of water resource quantity of unit area is strongest; if
3 fiko <@ji-1.fjko>bjit1 . !
u=—1, it means that the degree of water resource quantity

If i=5, of the unit area is weakest;jif = a+bi +cj (b # 0), it means

that the degree of water resource quantity of the unit area is
Uiko=aj9)/(bj5=ajs) fiko €14;5.D;s] between st?on est and weakest | ’
Al ko, /) =1 1+ (fiko—bja)/(@ja=bja) fir€lajabjal (11) ges : _
3 Fike <ja Step 3 Determine the:-member connection degreeof

the goal layer.

The above weight nonlinear optimization model can be 1 is given by

solved with gray-encoded hybrid accelerating genetic algo-

rithm (Yang et al., 2005). In general, there are several soluy, = r1 +roi1 +r3iz+ - +F@u-1)in—2+7njs (13)
tions for the model. We can choose one of these solutions

according to experts’ ideas. The optimal weight vector can M

be marked by * = (A%, 45, ..., 1%,). n=Y warm(1<I<n) (14)

m=1

The above-mentioned four steps form the nonlinear opti-

mization model for determining weights, which is one part wherer, is the component of,, related toC; ~ C;. 1 degree.

of the NOSPAM for water resource renewability assessmentwm is the weight off,, which can be determined by model

1 (Nonlinear optimization model)u represents-member
connection degree of goal layet,r>---r, represent correl-
In this paper, set pair analysis model is improved by con-ative coefficient of each index layei, ip---i,—2 represent
structing the formulas of determining certain-uncertain in- identical-discrepancy-contrary;represents contrary coeffi-
formation quantity. The basic steps of the improved set paircient. The meaning of is the similarity with the index layer.
analysis model for water resource renewability assessment Step 4 Calculate the certain information quantiy; and
are as follows. uncertain information quantit@ ;.

Step 1 Construct a set pair. Qi andQ; are expressed as

For water resource renewability assessment, the indexes of
water resource renewability assessment are considered as set

2.2 Model 2: Improved set pair analysis model

n—1
> Tk

A, and the evaluation grades of water resource renewability , _ 1_ k=2 (15)
assessment are considered as set B, then the two sets consti- i
tute a set pair H=(A, B). ="

www.nonlin-processes-geophys.net/18/599/2011/ Nonlin. Processes Geophys., $8,7/52011



602

X. H. Yang et al.: Nonlinear optimization set pair analysis model (NOSPAM)

Table 1. The formula ofr-member connection degrég of index layer.

n—member connection degres,

Cost index Benefit index

14-0iy +---+0i,_p+0j

Im =am,1 Im Z am1

|tm_am.2|

|tm _am,ll

|am,l_am,2|

i1+0ip---+0j

|am,1_am,2‘

A1 =Itm =apy 2 Ay, 12> tm = Ay 2

Im— ¢ .
O+---+ || m am,(3+l)| lsfl"_

|lm —dm,s |
|am,s _am.(s+1)|

is+-+0j

am,x_am,(s+l)|

Am,s <lm,q =0 g(s+1) m,s = Im = Ay (s+1)

Ot 4003+ 1~

Itm —Am,(n—1) | .
|am,(n—l) —dm,n |

|lm*am,n| i 2
(n—l)_am,n| n—

Am,(n—1) =tm = am,n Am,(n—1) = tm = am,n

0+0i1+---4+0i,_2+1j

Im > am.,n tm <am,n

Table 2. The meaning of each grade for water resource renewability
i

assessment.
Grade The meaning of each grade
Strongest Water resource can be supplied and fully uti-
lized repetitively by human beings through
natural action or artificial management.
Stronger Water resource can be utilized repetitively by

human beings through natural action or arti-
ficial management.

Middle strong

Water resource can be mostly utilized repet-
itively by human beings through natural ac-
tion or artificial management.

Weaker Water resource can not be supplied and uti-
lized repetitively by human beings through
natural action or artificial management to
some extent, it should arouse attention of hu-
mans

Weakest Through natural action or artificial manage-
ment, water resource cannot basically meet
the requirement of supplement by human be-
ings, some measures must be taken to im-
prove the present situation.

n—1
DTk

Qui="22 (16)
> Tk

=~

=1

Step 5 Calculate the:-member connection number of each

layer.

Step 6 Determine the degree of water resource renewabil-

Equally dividing interval[—1,1], every interval corre-
sponds to the degree 6%,C>,---,C,,C,+1. By comparing
the value of evaluation degree and connection number, we
can obtain the degree of water resource renewability.

2.3 General model of NOSPAM

Now we can see that nonlinear optimization model can sci-
entifically calculate the weight of each index in the water re-

source renewability system, and then the improved set pair
analysis model can solve the problem of all kinds of un-

certainties, complexity and hierarchy. Based on model 1-
Nonlinear optimization model and model 2-Improved Set

pair analysis model, we can obtain the general model of
NOSPAM for water resource renewability assessment as
Fig. 1.

3 Assessment of water resource renewability in the
Yellow River Basin

3.1 Assessment indexes and standard

Aiming at Yellow River Basin, the degree of water resource
renewability can be divided into 5 grades (Yang et al., 2004):
strongest (1), stronger (2), middle strong (3), weaker (4),
and weakest (5). The meaning of each grade of water re-
source renewability is shown as Table 2. Table 3 shows
the assessment indexes of each layer for water resource re-
newability, No. 1 index indicates water resource quantity of
unit area (Mx m—2x a1); No. 2 index indicates surface
water resource quantity of the unit area3gm—2x a™1);

The n-member connection number of each layer in wa- No. 3 index indicates ground water resource quantity of
ter resource renewability is given as follows. Supposingthe unit area (fhxm~—2xa1); No. 4 index indicates wa-
w=r1+rai+raiz+...+rp-1)in—2+r,j asn-member con-
nection degreey € [—1, 1], equally divide[—1,1] interval

as the value of,_2,i,-1,-

-,i2,11, the value ofn-member

connection number can be calculated for each layer.

Nonlin. Processes Geophys., 18, 589% 2011

ter resource quantity of the unit area in the highest flow
years (Mfx m2xa1); No. 5 index indicates water re-

source quantity of the unit area in the lowest flow years
(m*x m—2x a~1); No. 6 index indicates drought exponent

www.nonlin-processes-geophys.net/18/599/2011/



X. H. Yang et al.: Nonlinear optimization set pair analysis model (NOSPAM) 603

Table 3. The index meaning of each layer.

Goal layer Criterion layer Index layer

Water resource The effects of No. 1 Water resource quantity of unit area

renewability assessment  natural evolution  No. 2 Surface water resource quantity of unit area
No. 3 Ground water resource quantity of unit area
No. 4 Water resource quantity of unit area in the highest flow years
No. 5 Water resource quantity of unit area in the lowest flow years
No. 6 Drought exponent
No. 7 Precipitation deep

The effects of No. 8 Annual growth rate of GDP

human activities ~ No. 9 Annual growth rate of overall agriculture production value
No. 10 Agriculture consumed water quantity per ten thousand Yuan production value
No. 11 Water use ration for single livestock

Table 4. Assessment standard based on the data of the whole China.

Index No. Assessment grade
Strongest (1)  Stronger(2) Middle strong(3) Weaker(4) Weakest(5)

No. 1 >0.85 0.45-0.85 0.17-0.45 0.05-0.17 <0.05
No. 2 >0.85 0.45-0.85 0.15-0.45 0.05-0.15 <0.05
No. 3 >0.20 0.13-0.20 0.08-0.13  0.04-0.08 <0.04
No. 4 >15 1.0-15 0.4-1.0 0.15-0.4 <0.15
No. 5 >0.5 0.3-0.5 0.1-0.3 0.03-0.1 <0.03
No. 6 <05 0.5-3.0 3.0-15.0 15.0-20.0 > 20.0
No. 7 >1500 1000-1500 500-1000 100-500 <100
No. 8 >8.25 7.75-8.25 7.25-7.75 6.75-7.25 <6.75
No. 9 >10 8-10 6-8 4-6 <4
No. 10 <500 500-1000 1000-1500 1500-2000 > 2000
No. 11 <35 3.5-5.5 5.5-7.5 7.5-9.5 >95

(ratio); No. 7 index indicates precipitation deep (mm); No. 8 3.2 Assessment result
index indicates annual growth rate of GDP (%); No. 9 in-

dex indicates annual growth rate of the overall agriculture
. i . - . From Table 4, we can see that the assessment standard was
production value (%); No. 10 index indicates agriculture . ) :
divided into several parts, take No. 1 index as an exam-

consumed water quantity per ten thousand Yuan production, . . .
value (104x m3x Yuarrl): No. 11 index indicates water ple: if the measured value is above 0.85, the connection de

use ration for single livestock (e capita ) gree can be written ag = a; if the _measured value is be_-
Here eleven indexes are called index layer, the factors OFween 0.45 and 0.85, the connection degree can be written

o . Su =a+b1i1; if the measured value is between 0.17 and
human activities and the factors of nature evolution are calle . . . ..
L - [0.45, the connection degree can be writtep asb1i1+b2iz;
criterion layer and water resource renewability assessment |§ ;
! - it the measured value is between 0.05 and 0.17, the connec-
called goal layer, i.e., water resource renewability assessment . . .
R . . - tion degree can be written as= b»i> + cj; if the measured
system is divided into water resource social renewability as- ; ; .
=~ " value is under 0.05, the connection degree can be written as
sessment system and water resource natural renewability as- . .
. =c¢j. So we can draw a conclusion that the four-member
sessment system shown in Table 3. Table 4 shows the assess-

ment standard based on data of the whole China (Yang et alponnectlon degree can be obtained |n.th|s study. The mea-
2004) Sured values of indexes of the Yellow River Basin were given

in the relative reference (Yang et al., 2004).

Considering the experts’ ideas, we take Neimenggu
with the fifth grade water resource renewability as a
basic point to solve the weight problem of subjective

www.nonlin-processes-geophys.net/18/599/2011/ Nonlin. Processes Geophys., $8,752011
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Table 5. The four-member connection degreelgfof Qinghai province.

Indexes The weight of  The four-member connection
each index degree a@f,
Water resource quantity of unit area 0.124 n1=0.72505 4 0.2750j
Surface water resource quantity of unit area 0.124 uo=0.87002+0.13005
Ground water resource quantity of unit area 0.124 n3=0.5250,+0.4750;
Water resource quantity of unit area in the highest flow years 0.124 s =0.0320, 4 0.9680)
Water resource quantity of unit area in the lowest flow years 0.124 us=0.08501 4 0.9150>
Drought exponent 0.079 ne=0.2800+0.72001
Precipitation deep 0.142 u7=0.8583,+0.1417j
Annual growth rate of GDP 0.027 ug=1.0000
Annual growth rate of overall agriculture production value 0.039 nwg=—1.0000
Agriculture consumed water quantity per ten thousand Yuan production value  0.044  u10=0.1880>+0.8120;
Water use ration for single livestock 0.047 n11=0.300071+0.70002

Table 6. The connection degree, connection number, certain-information quantity and uncertain-information quantity of water resource
renewability in the Yellow River Basin.

Divisions Connection degree Certain-information  Uncertain-information  Total connection
guantity guantity number
Qinghai w1 =0.06324-0.10031 +0.5105, 4+ 0.3240; 0.3872 0.6108 —0.3961
Sichuan o =0.09424-0.40231+0.3843,+0.1172j 0.2114 0.7866 —0.0171
Gansu 13 =0.0833+0.12831+0.3310, + 0.4553j 0.5386 0.4593 —0.4389
Ningxia 4 =0.02034-0.134%1 +0.1132%, 4 0.7303j 0.7506 0.2473 —0.7031
Neimenggu w5 =0.053140.08561 +0.0927 2+ 0.7667j 0.8198 0.1783 —0.7159
Shanxi e =0.0398+0.13301 +0.3349, + 0.4903) 0.5301 0.4679 —0.5172
Shaanxi pn7=0.0348+0.13111 +0.4315,+ 0.4006/ 0.4354 0.5626 —0.4650
Henan g =0.0316+0.18041 +0.6431ip +0.1429j 0.1745 0.8235 —0.2640
Shandong 19 =0.12094-0.21431+0.5012, + 0.1616j 0.2825 0.7155 —0.1353
Yellow River Basin  u19=0.0284+0.11231 +0.43125+0.4261/ 0.4545 0.5435 —0.5029

Table 7. The evaluation results of water resource renewability of the nine administrative divisions in the Yellow River Basin with different
methods.

Divisions Evaluation degree of  Evaluation degree
natural aspect of human activities General assessment
with NOSPAM with NOSPAM grade with different methods
Gray associate Fuzzy NOSPAM
analysis method assessment method
Qinghai 4 3 4 4 4
Sichuan 3 3 3 3 3
Gansu 4 3 4 4 4
Ningxia 5 3 5 4 5
Neimenggu 5 3 5 4 5
Shanxi 4 3 4 4 4
Shaanxi 4 3 3 4 4
Henan 4 3 3 3 4
Shandong 4 3 3 3 3
The Yellow River Basin 4 3 4 4 4

*1, 2, 3, 4, 5 stand for the evaluation degree of I, I, lII, IV, V.

Nonlin. Processes Geophys., 18, 589% 2011 www.nonlin-processes-geophys.net/18/599/2011/
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and objective information. From formula (5), one op- uation degree of water resource renewability in subsystems
timal weight vector A* is obtained by gray-encoded is givenin Table 7.
hybrid-accelerated genetic algorithm (Yang et al., 2005), Table 7 shows the results of the human aspect of water re-
2*=(0.124,0.124,0.124,0.124,0.124,0.079,0.142,0.027, source renewability are nearly the same, and they are middle
0.039,0.044,0.049) The detail steps of applying NOSPAMstrong. But the natural aspects of water resource renewa-
are as follows. bility are discrepant: Ningxia and Neimemggu are weakest;
Firstly, the four-member connection degree of each indexSichuan is middle strong; other regions are weaker. So it can
can be obtained according to Table 1. Take Qinghai provincebe seen that society environment of nine administrative divi-
as an example, the weight of each index and the four-membesions in the Yellow River Basin are nearly the same, which
connection degree dof, are given as Table 5. Then, based indicates human beings are intervening in the hydrological
on above weight vectok*, we calculate the four-member process in all administrative divisions of the Yellow River
connection number of each province when summarizing theéBasin. And the natural environment of these regions is not so
connection degree of these eleven indexes. For example, theptimistic. So if we want to improve water resource renewa-
four-member connection degree of Qinghai can be written adility in the Yellow River Basin, we can focus on not only

u=0.0632+0.1003; +0.5105,+ 0.3240;. the natural aspect of water resource renewability but also so-
Letiy =1/3,i=—-1/3,j = —1, we can get the connec- ciety environment, for example, we can draft fitting water-
tion number of first grade indexes as Table 6. saving planning, groundwater-protecting planning or other

Take Qinghai province, as an example, according to Taforogramming to improve water resource renewability in Yel-
ble 1 and formula 12), the four-member connection de- low River Basin. So NOSPAM can not only be applied to the
gree can be written g8 = 0.063240.10031 + 0.5105, + water resource renewability comprehensive assessment, but
0.3240;. it can also be applied to the subsystem of water resource re-

And then, inducing, = 1/3,i» = —1/3,j = —1 into cal- newability comprehensive assessment. And certain and un-
culating formula, the four-member connection number cancertain information quantity of water resource renewability
be obtained, and the value-i€.3961. Certain and uncertain inthe Yellow River Basin can be measured clearly as Table 6.
information quantity of water resource renewability in the ~We also calculated water resource renewability of the
Yellow River Basin is given in Table 6. And the connection nine administrative divisions in the Yellow River Basin by
degree, connection number, certain-information quantity andhe gray associate analysis method, fuzzy method with our
uncertain-information quantity of water resource renewabil-weights, which is shown in Table 7. Although NOSPAM
ity in the Yellow River Basin are given in Table 6. gives the similar results as other methods, the advantage of

[—1, 1] interval is divided into 5 parts: (0.6, 1], (0.2, 0.6], NOSPAM is that it can not only rationally determine the
(=0.2, 0.2], €0.6,—0.2], [-1, —0.6]. These intervals cor- Weight, but also calculate the certain and uncertain informa-
responds to the strongest, stronger, middle strong, weakeHon quantity of water resource renewability in the Yellow
weakest evaluation grade of water resource renewability, reRiver Basin. NOSPAM is a new way to assess water resource
spectively. Also taking Qinghai, as an example, the four-renewability.
member connection number+g0.3961, which corresponds
to the interval 0.6, —0.2], so the evaluation grade of water
resource renewability of Qinghai is weaker.

From the diagram above, it can be concluded that: as t6r; agsess the water resource renewability rationally,
water resource renewability, Sichuan and Shandong are miqyospam model is established, which takes genetic algo-
dle strong; Qinghai, Gansu, Shanxi, Shaanxi Henan and th@ihm and set pair analysis as a theory basis. The NOSPAM
Yellow River Basin are weaker, Ningxia and Neimenggu arejg ysed to assess the water resource renewability for nine ad-
the weakest. The assessment result is shown in Fig. 2. ministrative divisions in the Yellow River Basin, the main

conclusions are as follows.

4 Conclusions and prospect

3.3 Discussion
. . . 1. Set pair analysis model is improved by constructing the
In this paper, the influencing factors of water resource re- formulas (L2)~(16) for determining certain-uncertain

newability can be divided into two parts: natural factors and  information quantity. Certain and uncertain information
human factors. This model can calculate the degree of water  quantity of water resource renewability in the Yellow

resource renewability from these two parts, which makes the River Basin is calculated by these formulas. And
research have realistic significance. For example, if we only  the expression ofi:-member connection degrees in
compare the natural aspects of water resource renewability, =~ NOSPAM is given. The NOSPAM can fully take

we can add the connection degree of index~1(7) which advantage of certain and uncertain information.
represents the nature aspects together, and other steps are the

same. Simultaneously, we can get the evaluation degree of
the human aspects of water resource renewability. The eval-

www.nonlin-processes-geophys.net/18/599/2011/ Nonlin. Processes Geophys., $8,752011
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Fig. 2. The result of water resource renewability assessment in the Yellow River Basin.

2. Nonlinear optimization model is given to determine the
weight by use of global convergent gray-encoded hybrid
accelerating genetic algorithm in NOSPAM. NOSPAM
can fully take advantage of subjective and objective

pacts on the studies of the nonlinear assessment meth-
ods. The new nonlinear optimization set pair analysis
model (NOSPAM) can be used in assessing other non-
linear systems in the future and its theory will be further

information, which makes the weights more reasonable. studied.
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