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] 3 FHED ALK &, V5 1 B B TR 4= 4 49 3 56 i
K HFRME Wy BRI A K BT ER (% 5
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KA N EEE KR (R 1), By AR B K A e/
VR FH /K et R T RN LU A9 5 A T AU 3fe, 3 B
IEH AR B R TTKE Winin FHRD T KT Winaxs HIE
K KT K B Wiy RN B KB OQuin 27 3N
740x10°m* A1 120x10°m?* $h K /K 5t A AT {4k 7K B A /)
EKES 54 1100x10°m® F1 324x10° m* e A A K Y L
VEM 2 M SEE K BE S ¢ BIATH/K B I R, 3
PR T 20 e HE X H SR St Bk o

x1 EXEMHERRRACEFERRAKESR

Table 1 Irrigation crops area and water per unit area in irrigation district
W T LT K = PR T /NP UK PR A B KT K
Crops Crops area//llmz Irrigation water consumption Minimum irrigation water Maximum irrigation water
P P per unit area/(m’*-hm) consumption per unit area/(m*-hm?)  consumption per unit area/(m’-hm?)
7K 7 Rice 153 547 [5 893, 6561] [4 559, 4 689] [6 600, 7 000]
Tk Maize 77332 [842, 1 305] [900, 1 100] [1 500, 2 000]
K Soybean 58 770 [870, 1 443] [900, 1 200] [1 600, 2 600]

Wik (A3 S5 g BERl) (2006 ) £33 3 Fp
VEV SR IHIAR ™ B, 275 SCHR[24] SRR 2IEDIBOE e
#, 2006 AFEKFG FK KT H TR EME K 543 )
H 6332, 1185, 1292 m¥hm?, id= (21) kKgeafr
KERGW o, % aR k) PR K IR IL A K Il as, H
SEBR TR KRR K A A AR TR, S BOR TR K
W ARG E AR, W) 2 POk AL RGO A
WRAEC (22> (230 KT, Horp b AR KA H
FASY R 0.4 J6/m? A 1.1 J6/m®s T8I Gt BoRHE 21
VIR AT, i T R RIS 2 DR K 980 K s B BUR SR

U R (k2D .
BT KW R A= CRRALTHAR P~ B A% ) / (i
P ARERE K 2 (2006 ) B ALLED o (21D
Hh e K B 7K R R G i =R A K A A

(1.1-0.4)x20%. (22)
Hh R 7K AR 7K B FR SR i = PR K A A AR~
(1.1-0.4)x80%. (23)

A KBRS R (PR AR+ 312K 1 (BT
FRFERLH KR (2006 55) <PEMEHARELED . (24)
H R TK B K S A ) R B A K B ST R 40+0.4.

FLIRD 50%~T70% , AU IR ™ A, W LD 70%, (25)
WX (24> HRNRAKERE T RE, R BT & MR K B KR T AR B = A K RS R AL
AARFMRER (25) (260 BE] 2 FlokiEAr iR (26)
*2 EXEHMEFSHLEE
Table 2 Summary of crops economic parameters in irrigated district
A i B K B R AR s =R A K B R AL

Cﬁ;% Yield $f\/~ffmr:/5§ hm?) P L&U/V]ﬁ[\tﬁl Benefits per units C %‘Ptﬁﬁ%ﬁk 2 Loss of benefits/ Penalty coefficient per unit

rops ield per unit area/(kg-hm™) Price/(JG'kg™) water/(7|j~m'3) osts/(JG-hm™) (7|j~hm‘2) water/(7bm'3)

JKAG Rice 8 480 [1.6,2] [2.14,2.68] 9526 [9 497.60, 11 872] [3.00, 3.38]
2K Maize 8997 [0.9, 1.1] [68.33, 83.52] 5010 [5668.11, 6 927.69] [90.11, 100.74]
K& Soybean 2827 [2.2,2.4] [48.14, 52.51] 4980 [4 353.58, 4 749.36] [72.24,75.30]

R L AR R HEIX ZAE KRR KK & (1987 —
2006 ) MIFTHEdE, A% 1992, 1999, 2003, 2005 4F
(I FARF KA 400~500 mm, 1987, 1990. 1991. 1994
T RR KK EAE 600 mm LA [, JHABAE kK B A
500~600 mm Z[f], "PEEFEACTIENKEZ, SitE
FUEM BT, P, B maEs, K. Py =3
i 2 (PR IKIKSE IR 2 py 730124 024 0.6+ 0.2,
I AELD X B ) CREBGVHESY « CEFEUKRIERD
KGEVT BT RS 2R R K ACE R, HiZZ KRt K Ay
FK S [FIE h S 7K St R ] (i AT, T ] A g

BOKEH Z AR R
2.3 HER55H
2.3.1 TRABEKB ARBMENE KEHE

AV [ VEDI ALK TS L /K H bR R AVE 4 dse /N R e K
Bl/K B 3 fion. i 3 al4n, /KREFSCHCK Hbx &
/K B i T EOKR ARG, I HoAh R K R S K
ey EE T H K.
2.3.2 RANKBEENAMAL

= 4 PR A RIKIR A FEIRCK, B KR
Wi NBy FIAT L TSEHCK B bR T R 5L Cyo
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Table 3 Target value of crop water distribution in advance, maximum and minimum water distribution and
water conveyance capacity of channel

TRAEHCK H AR IRIERKRE FEiti KA
ey Target value of crop water distribution in advance/(10° m®)  Water conveyance capacity of channel/(10° m®) Water demands of crop/(10° m®)
] K S SR
Crops Sk Rk WK G ZIR WTFRSEYZIR b Bk
Between surface water Between ground water .. .
Surface water Ground water Minimum Maximum
and crops and crops
7K #5 Rice [180.97,201.48] [723.88, 805.94] [155.00, 160.00] [850.00, 870.00] [700.02,719.98] [1013.41,1074.83]
Tk Maize [1.30,2.02] [5.21,8.07] [2.30,2.50] [7.50, 8.70] [6.96, 8.51] [11.60, 15.47]
K. Soybean [1.02, 1.70] [4.09, 6.78] [1.10, 1.70] [4.80, 5.20] [5.29,7.05] [9.40, 15.28]
x4 BLOAKERFWHMARET R
Table4 System net benefit and penalty rates per unit transferred water
Jtm”
- JK K Rice K Maize 7 Soybean
R K K Maiz K Soy
Water sources 25 EN s A W2 P
Net benefit Penalty coefficient Net benefit Penalty coefficient Net benefit Penalty coefficient
5K IK Surface water [2.28,2.82] [3.40, 3.78] [68.47, 83.66] [90.51, 101.14] [48.28, 52.66] [72.64, 75.70]
Hi 7K Ground water [1.58,2.12] [4.10, 4.48] [67.77, 82.96] [91.21, 101.84] [47.58, 51.95] [73.34, 76.40]

2.3.3 RE) RAKF 45T H A HE
R 5 NIRRT BUREZ py 4 0.24 0.6
0.2 I, A F/KI A K.

RS FEREKETHAREKE

Table 5 Total available water in different flow levels

A K
ik v/ Wi Available water/(10° m®)
Flow levels Probability 27K i K
Surface water Ground water
it Low (L) 0.2 [240, 245, 250] [804, 814, 824]
' Middle (M) 0.6 [350, 353, 356] [834, 846, 853]
5 High (HD 0.2 [470, 477, 484] [934, 949, 964]

2.3.4 BRMARMEAKTF

TERR KA, BRI RS (6) ImIE BEKF
2 HUN[0.5,0.8], kAR (13) ~ (18) BEIBIMLLIE,
7=0.5 I, fRRLAREA: (4) MAEE>0.5, HIXFNIKiE
LRI R <50%, FJHIZKE, REHLRACRIH T K 2 A,
KB, A RVEDHK BB Dy, IR R 48
Weai ERRAE. Y 4=0.8 B, ARLARKM (4 MafE
JE>0.8, HEILARAFR<20%, 1 HKEE DN, RNEEY
BoK =M EBR Dyts WIS R R IR 5%
IR 0.5 I8, FRGEM af Fe K, AR AR 11 XURS: [R) R 5
AE BEAKSE R 0.8 B, RGEMER AR /N, R A T XU
FEXPARC /N o RS AT AR B AR LA B mT 45 EKCF
XF A UE, LA B0 22 G s AAE $i RO (1) AN [F) I 26

AR (13) ~ (18) 19 ZIHE X R K FHh R 7K )
AN FHEPIRCIK PRz F Do » ARJEHEA (19D
VAR 3 MEDEALBCK AR Wyep $EK (200 £33
IREHCE K Ajopr o FE PRI AR 20 A Do TRAIC13)
A (15) BB RSB AWEE £ WK 60 24 z=1 I,

BALELK H b b BSE K Hbs EIR, R KGN,
RSB A A A K AR IS, PRI /K 2K Gk 2 s e /K B
b, S AR, SBFRETT RS [FIEEY 2,=0
i, BALEK H bR D BUERK H bR FIR, REH KW
BN, RET RS A BN . R, BeRERK H bR S RS
AL ai B F T AU A B

* 6 Fon, SRR, HEERK 2, K 0, BEIFALHCK
H AR A FSCECK H bR T BRAE 180.97x10° m*. M3 3 Hifs
Bl M 2 K 5 KRG 2 ) B2 T8 K BE 1 R [155.00%10°,
160.00x10°) m®, BIMEEX IR PR, Bk H bR AR GER 2,
DRT b kg B AR A UG, D 5 B2 T8 i Wi i, B PR TIUSE FiT
KEFR T BRAENBALRCK HbR; Wil FK 2o FIFEA 0,
BALEK HEbRN 723.88x10°m?, M 5 w1554 FHi4E
kK R S I, H R KT FH 2K A [934%10°, 949x10°,
964x10°1m’ , H 75 SR N K ADNEFKE AN
324x10° m?, Wik~ /K 5EBR AT FH K4 [610x10°, 625%10°,
640x10°) m?, AT F /K BTS2 A2 TSE T /K H bs T BRAE,
S BRAR K RS, R TIACIC K B AR BRAE R e K
Hbre XTEXK, zp Mz &80 1, HTFHOKERE,
WA YK RE A ] KBS, R 7 /K i &
GRS, R TS C /K B Aw b BRAE D S it K B
bR o X T RKE, WK 23 M 1, SeAREK HFR A 1.7%10° m?,
T BEE MK BE 7 M [1.10%10°, 1.70x10°]Tm?, 4 428 %K fg
JIBUR BRI, W= 2R K, AR EARRLK H AR & ERR
B, UOPHARLGAE TR, BB B E Al e, R K
PR NIE T AR s R K FIRERF i . z 2 2R
ZIREZW, WKETHKE . (EDFKE. TEYWHEK
IS . Al 7K AE M KD UM 7K A K 2 18 T
MIFEMI IR IK ) 2 257878, MR K 2 28K KR b
I, 0z RN s A AE Y REA I AN [R], 0 45k
WK RN 7L, SR EEKA L z (A K.
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Table 6 Crop water distribution scheme
= - [= AN Lt L
ey K HAAT e IRRKITE Bk S oA
Crops Water sources Flow levels Probability ptimal water 5lstr31 ution Water shortage/(10° m®) vopt ptimal a o%atl(s)n 0
target/(10° m") water/(10° m’)
I i Low 0.2 180.97 [54.69,64.09] [116.88,126.28]
SR i Mid 0.6 180.97 [20.97,25.97] 0 [155.00,160.00]
Surface water
IKFEG it High 0.2 180.97 [20.97,25.97] [155.00,160.00]
Rice fikift & Low 0.2 723.88 [237.15,256.18] [467.70,486.73]
Tk T Mid 0.6 723.88 [203.15,226.18] 0 [497.70,520.73]
Ground water
i High 0.2 723.88 [112.15,119.18] [597.70,626.73]
fiGJiE Low 0.2 2.02 0 2.02
SR s Mid 0.6 2.02 0 1 2.02
Surface water
v High 0.2 2.02 0 2.02
K Maize
ikt Low 0.2 8.07 [0,0.57] [7.50,8.07]
T K L g
Ground water P Mid 0.6 8.07 [0,0.57] 1 [7.50,8.07]
it High 0.2 8.07 [0,0.57] [7.50,8.07]
& Low 0.2 1.70 [0,0.60] [1.10,1.70]
MR K 325 L s
Surface water it Mid 0.6 1.70 [0,0.60] 1 [1.10,1.70]
) i High 0.2 1.70 [0,0.60] [1.10,1.70]
K& Soybean —
L Low 0.2 5.35 [0.15,0.55] [4.80,5.20]
MR 7K Ground water i Mid 0.6 5.35 [0.15,0.55] 0.5 [4.80,5.20]
i High 0.2 5.35 [0.15,0.55] [4.80,5.20]

TE s HEDX MR KA R 7K [ KRB C K R SREAR 200 il 200 2050005 0 A1 0, 1) TR PLAK K RS R 200 A1 20 5350000 1A 1, K ERLAK () PRSI 203 1 203 53 500N
1A10.5; 4al{EREKT-1[0.5,0.8]0F, R AT [1355.144x10°, 2371.792x10°]7C.

Note: Decision variable of distribution of surface water and groundwater is 0 and 0 to rice, 1 and 1 to maize, and 1 and 0.5 to soybean, respectively; When level of
credibility is [0.5, 0.8], system maximum benefit is [1355.144x10°, 2371.792x10°] Yuan.

X F R K KRR K (R 6D, 4T 4 g ok
KGR (RN 20%) « s CF
KEMEE N 60%) i E (CFEREME N 20%) 11,
AT B ARl K H bR 723.88x10° m?, Bk /K 2 43 51l hy
[237.15x10°, 256.18x10°] . [203.15x10°, 226.18x10°] Il
[112.15%10°, 119.18x10°] m® o £ $t UL HRAF AL AN [ R 5 e
K, BEFE AT KRB 2 KRG NFEH, Xl TR
HORoKIEIN, AT, SRR b X
FOKIPKFERLAK, IR K A R
i), AR HRALEC K H AR 180.97x10%m?®, Bk & 23514
[54.69x10°, 64.09x10°] . [20.97x10°25.97x10°] . [20.97x10°,
25.97x10°) m?, {EHF R I BOK BATAE, B8l T2
B IERK R BRI, R SR K ERZ,
BICTER L KR, NI BK B, K 3 FlokKE
BN TR e K A S S DR S SEAR [R], 52 21 IR K BE ) B
o X T HUF AR R 1) T K E K, 3 PRk S R #BA
FELEGRAK . BTHE 3 P SRR IR 28 58 4 2% LR
F BT o e AT VA, ST O R T K IR R G
AN i B AE AR PN 52

TEFMAEA R RK & T, KESOKERK, X
F= B T ARKRE IR T A K, KR R R A e DA A
PElC/K H AR, KEGK, K E T B0 R R 7K LA 2 i
B, SO0 HL R KRB R BN . FHER 6 AN, KM
FEKAIHL R /K EC B 23590 [1.10x10°, 1.70x10°] [4.80%10°,
5.20x10°] m®, #B LA FRIERKRE D LIRME, BARTTH
IKEFRAL, KSR GIIK, R IRIE K RE ) RIS A

YIBOK I E LR N —, R RERKRE e m, A
PE K IR KT

X7 Hhz BN Oz 1 RGN, BIRCKH
FRIBCATUERCK B AR R SR BRI 1 RSk
Wezs, Z3AL1 178.776x10%,2001.256x10°]. [1 355.144x10°,
2371.792x10°J1[ 1 045.192x10°%, 2 166.830x10°]7C. Mc/K H A%
AR, T g R WL 2 L R DX T EE 9 FELBROR, 3K 33 v i
an FEREAE ST RS, R IRIR . B GE ST LA o
S e 5 A AR, O R DX A B P b 5 S Y K
%o WA, RGEAWGEE X AR, T REEA HAD
PRTTAR DS s 1) B S At () ittt IX Tl ek K, o A8
BUSKRAR G, BRI E R X AR K 2) BT /KGR K
RN, SRS TE, SEEE XK,

#7 FREBEKBFRTRGERAKSE
Table 7 Maximum system benefits under different water

distribution targets
ARGt NI RGO R

[WNER R YeifAR Lower limit of Upper limit of
Water target ~ Decision variable ~maximum system maximum system
benefit/(10° 7C)  benefit/(10° JT)
s
l‘lf'd‘ﬁ . 0 1178.776 2001.256
Lower limit
%ﬂjﬂﬁ 1355.144 2371.792
Optimal value
g
LIE@ . 1 1045.192 2 166.830
Upper limit

3 Hit5itit

AR S ST DX 8] P B BOBOR BE LRI, DAL 2L
P BEHE DX SRR N KA T AL B L, B R Sl
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B A B K0T, HIE/K[1.10%10°, 1.70x10%] m®, 3t
R 7K[4.80%10°, 5.20x10°] m?, AN [H) /K Y5 #R CLik B UiE K
REJIM BPRAE, # JIE /K AE 03 s M e L e K H Ax &
AR E K BRI, RN FE DX LA
MW A e, RIEKERE, SEUEMHOK, &
TEHKEE I3 E, R OK B Sk BRI B K
RGN AR AKAKCT S AE ) A7 AE K
FERC KRB AL R, fFRKEE R, ey AR
WK R, AT R KA, KRGS T E K,
TE T RS AR N 2R, A T ARk R i, Hhgk
IK KRR, Bk B A [54.69%10°, 64.09x10°] m?, [AlEk
KIERARGIENAER K, RS KRR >, K,
PR N3G Y AR IR R 2544 o

FERFFCRE K IR AL B o, Ay SRAG LAl B 5k
P57, R UAT T e B, L, R 3
FVEDIRE AR I AR A, KIS R I T AE DK o sk |,
VEYI PR IS T A [R] AT B8 2% 3 8075 K I AR AE 22 5, /KA
T KIS TR B KRR S, KR S i, R
K C 2 [EAEAR R T, (H R4 o AR 8 R = A S g
T /KFERIIANL H, KPS AT R A 7E, b KR
0] 3 FEMIRC/K I, KU K25 8b, A sk AR,
SERR ) R Gt KI EE LTS 4 K. IR, 20 Pk
WS AOKE R T FE, HETAHT AL J7
EREARPIRSE], HATR AR, 0 5 Am AR A,
[ S filt AR DSk ) B4 . i T RER AR T 1)
i, AESIREEIE AR T E BN, A R R,
HRPRREX A5 88 a0 5 IR B R aa AT AU, A 7K 08 IR
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Multi-water conjunctive optimal allocation based on interval-parameter
two-stage Fuzzy-stochastic programming

Li Chenyang, Zhang Zhixin
(College of Water Conservancy and Architectural, Northeast Agricultural University, Harbin 150030, China)

Abstract: Rapid population growth and economy development has led to increasing reliance on water resources. It is even
aggravated for agricultural irrigation systems where more water is necessary to support the increasing population. In this study,
an interval-parameter two-stage Fuzzy-stochastic optimization model was developed for dispatching the underground and
surface water systems for different crops in Hong Xinglong irrigation of China under the conditions of uncertainty and
complexity. In the model, the maximal system benefit was regarded as the objective function and 3 methods of probability
density function, discrete intervals and fuzzy sets were introduced into the two-stage linear programming framework to resolve
uncertain issues. The model allocated a predefined water to crops in the first stage, according to benefit and punishment for
water shortage condition to adjust the water supply in the second stage, making the system reach the balance of systems benefit
and the risk of punishment, the process of water allocation for multiple corps was simulated, meanwhile, the allocation of
water from various sources was optimized. Because inflows water was of obvious probability characteristics in irrigation area,
the model took into account of the random of inflow, and assumed that the probability of occurrence for high, middle and low
levels were 0.2, 0.6 and 0.2. Since the quantity of stream flows, water requirement of crop and available water supply were
uncertain, and uncertainties might also exist in system benefits and costs, the uncertain parameters of above-mentioned were
described by interval variables. The available water in the irrigation area was represented by fuzzy sets based on credibility
theory. The different probabilities, discrete interval number and fuzzy sets together were used to build the irrigation
multi-water resource, multi-crop water distribution model. The model was solved by the method of linear programming, the
optimal distribution scheme of water was achieved and the maximum benefit was 1 355.144x10%2 371.792x10° RMB. It
could reflect not only uncertainties in water resources system, but also provide an effective linkage between conflicting
economic benefits and the associated penalties attributed to the violation of the predefined water distribution target. Meanwhile,
the results were presented in the forms of interval number, proving a more broad decision space for decision makers. Moreover,
the results indicated that farmer planted a large number of high-yield and high water consumption of crops such as rice and
corn in irrigation area and single planting structure would lead to the risk of the decrease of crop production in dry year, the
model was valuable for supporting the adjustment or justification of the existing irrigation patterns and identify a desired water
allocation plan for agricultural irrigation under uncertainty. Compared with the other traditional two-stage model, this model
had advantages: 1) it considered uncertain factors as much as possible, made the model more close to actual condition; 2) The
model effectively relieved groundwater pressure of water supply by utilizing surface water and groundwater; 3) The model
results would suggest managers reducing planting area of high water consumption crops; 4) Water resources management by
system benefit would stimulate employee enthusiasm; and 5) The model data was relatively easy to access.

Keywords: irrigation; water resources; uncertainty analysis; interval-parameter two-stage Fuzzy-stochastic programming;
multi-water resource; optimal allocation
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