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Table 1  Results of algorithm ranking

W% WOA SSA GWO BOA TSO ITSO
F1 3 5 4 6 1 2
F2 6 5 3 4 2 1
F4 5 4 1 6 3 2
F6 4 6 1 5 3 2

F10 5 6 3 4 1 2
F13 5 6 3 4 2 1
F15 4 5 2 6 3 1
F19 4 6 2 5 3 1
F21 5 6 3 4 2 1
F24 4 5 3 6 1 2
F26 4 6 1 5 3 2
F29 4 5 3 6 1 2
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Fig.1 Convergence rate of different algorithm in test function

ARSI PR X 7 B AR X 22 2 R DAy T I R

Bl 1 (o MRAMRRE Stk vTLLEH,
ITSO HyknT LLA RS sl 4 R i flifds W54
MR R %L F27, 1TSO SLiEAN TSO SIS SIS 2 Al
SUEEMEAR (B 1 (D) ) . 4L, ITSO Bk
SRAR 4 NIRRT, F SRS BE A SOE B AR T
AHECE () 540 5 R
22 (hETESERS

FHF TSO HyEA ITSO Bk JREEAHE, B LLIZEHL
FRTFRIFIE R SR, A0 (LD B RATHRL AR = 5

Ay=

X n AFEAEHH

N 2 fizs.

n
=1

Yy 4
Ym Ym

—(i:la 25 ."’n)’

Y;

=

~

m
’

E2 LEBFTLXDEKGEF BBBEREL ZBHXBLER
Table 2 Experimental results on evapotranspiration of water production function and yield of winter wheat in Xiaohe, Shanxi province
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§ ARERG S Yy N § A
FEARFT P8 Y N5 | MFEARSEBR ™ & Y
NEEE AL R & MED RS &

i BB O K R 56 3 1989—1990 4 Al
1992—1995 F&/NZIK o3 A i BR E s v, B

o AbE R —&/mm A —IRFmm RFE—RTmm R mm iR mm R —mm B/ (kg hm™?)
AR R 41.7 245 93.2 105.6 116.0 129.8 4725.0
ER—iRE 31.2 6.6 91.2 106.2 120.3 155.3 45585

1989 RE AT 47.1 222 77.0 105.5 118.7 131.0 44625
PR —Fh 41.0 30.9 96.0 68.6 127.2 112.1 3889.5
AR 48.2 19.1 87.5 99.3 53.9 140.7 3531.0
WESK—IR 49.5 27.9 99.8 104.6 1155 98.7 45405
SRR 48.3 11.9 121.7 149.3 66.0 136.2 4725.0
ER—RE 34.2 4.4 129.8 123.9 81.0 152.0 44475

1990 RE—RTT 59.7 13.8 74.0 106.4 476 147.2 3870.0
T — b 435 11.9 94.2 65.3 99.0 123.2 3030.0
I —E 47.0 17.4 116.4 106.8 137.6 141.9 5115.0
R —IR 34.2 14.0 99.0 111.6 53.3 85.2 3120.0
AHIARZ R 16.5 15.0 72.0 151.1 178.4 253.4 5476.5
R —RE 16.1 10.6 83.6 136.8 198.3 209.8 4430.9

1992 IR —R 16.2 14.9 25.4 75.6 157.7 131.3 27135
T — b 10.0 222 417 75.8 196.1 193.8 4306.5
il —E g 135 222 70.2 825 95.9 198.0 3348.0
SR —R 15.0 11.9 71.7 88.1 126.8 66.6 32295
SRR 88.4 22.8 77.0 75.3 155.0 272.7 5830.5
R —R A 19.7 21.9 63.2 91.1 157.4 284.6 5769.0
A —IRTE 68.9 33 71.0 82.4 133.4 230.6 52785

1993 REHE KT 63.2 21.3 56.3 84.9 114.0 202.1 42075
AT 765 17.4 89.7 78.6 138.3 233.6 5775.0
il —E g 86.9 25.8 68.0 85.5 96.2 271.4 5652.0
TER—PGR 61.5 332 75.5 98.6 1715 158.9 5769.0
IR R 68.7 35.7 735 177.5 164.9 121.4 32445
Rhh—4 49.2 24.3 70.7 176.1 197.4 88.8 3297.0
WA —IRE 55.4 22.2 58.8 118.1 163.4 118.2 29175

1994 RFHF—IKAT 54.0 26.9 48.9 123.0 156.0 91.8 2625.0
AT 62.1 41.7 82.4 66.6 115.1 92.1 2 056.5
I 525 255 91.7 191.0 36.0 152.0 28035
TER—PGR 87.5 50.7 453 171.8 175.2 53.9 3036.0
SRR 58.1 65.7 113.6 152.9 154.4 138.3 4858.5
ER—RE 34.1 495 85.5 140.7 144.0 132.0 4663.5

1995 IR 47.7 46,5 68.1 92.1 145.2 84.8 34425
R 46.2 56.9 89.6 58.2 108.6 98.1 25155
RS 46.2 39.0 119.6 115.7 94.8 97.4 43125
WS —Iok 49.2 55.4 885 140.7 152.6 62.7 4786.5
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Table 3 Results of senstitive index for winter wheat

WIRES i —x A —IR T B HAT— R AR—HER HESR—UR
SPSS 0.026 0 0.0240 0.146 0 0.4250 0.2050 0.1430
TSO 0.044 6 0.030 6 0.150 0 0.404 1 0.1499 0.1848
ITSO 0.0449 0.030 6 0.1455 0.4020 0.149 3 0.1859

FH& 3 A %0, TSO HyEMITSO Hik M4
MZEARK, HHES SPSS A HaELet: [ 5 #r i1-5
R BAHLL A Bk =R . B SPSS #fF. TSO Fl

k4 3A AT ekt 2 B R IRARA E AR £ &
Table 4 Error comparison between calculated relative yield and

actual relative yield under three methods

ITSO 22y5: 3R H f 7K 43 BBURRFE B L % A I A B f e o ik BN IRZE%  BORKARXT IR 2% T IIARNTIR 2%
BAAR (D, RIS B 78 3 fhkpr SR 0% 200 e
. . - . NN TSO Fivk 0 23.28 7.79
T BRI AR XS RS S BR AR P B A R 2
L, ITSO 5y 0 23.39 7.79
ITAEG, BRI 4.
11 11 ¢ 11
L L 10 }
10 ° 10 ° ’ ’
1 09 r [ ) “ i 09 il 09
£ L ®e L o8 } Loos f
g 00 S % 2 E o
4@; 0.7 o0 gﬂ; 0.7 | > ﬁ'ﬂf 0.7 > o0
08 - g ®® y=07911x+01721 06 g% yormaroz0r7 T 08 | @ y=07405¢+02115
05 F R2=0.746 3 05 | R2=0.7249 05 k R :_0.725 1
MSE=0.062 2 MSE=0.006 7 MSE=0.006 7
04 : : : : 04 1 1 1 1 0.4 1 1 1 1

0.4 05 06 07 08 09 10 1.1 1.2
SEBRAE X

(a) SPSS Z A TF AR = A A 2R

04 05 06 07 08 0.9 1.0 1.1 1.2
bR

(b) TSO ST AN = A& 2k R

04 050607080910 1112
SRR 7

(c) ITSO S it AR B G RR

B 2 At P E e HoR
Fig.2 Calculate the fitting effect of relative yield

2 AT RAE Y, A TSO BykA ITSO Hikit i
73 AR P2 i 5 S PRAR N T B LA R [R] SPSS Bk
HRAEZRAE [F1 0 A A3 H LA SOR LU ZE AR, (B
M2 4 AT%0, TSO A ITSO SHkit5H 45 H A X
7 i S SRR A G P R IR 22 35/ T F SPSS B iR AR
AR M E TR AR, I H TSO HiEM 1TSO
SURAE R AR A AN 75 B4 N TR0 5 I EdE, 1 SPSS
B A A 2 (51 U 43 BT 75 B B AT SR B Bz
5, WEAREARARLMK. &L, TSO HikMl

ITSO BIEfE— R EARTH SPSS 3 rhaR &tk
UV 50 M 7k sk . R 5 ml%n, EMEM
MATLAB9.2 B 5, fER—iHHEHL Figf7ik
FEFF , I 2 T RE FEI 264, TSO R 77 2 6.68 s,
MM ITSO FAAN T2 6.10 s. Hi& 3 A%, TSO Hik
23t 50 GG BIBALME, T ITSO BRI 35
VOERJG R BB ARAE, 7T 1TSO BiEmFILEE
o HILULE, 1TSO HIE7ERAM Jensen BEAL/EYIK
I BURFRECEAL T TSO Bk g

(5 g AR ELE RS 5%

Table 5 Statistics and comparison of calculation results in application examples

AT RAhE TR I T E R B -4 55 [ E R B T s
TSO (0.0446, 0.0306, 0.1500, 0.4041, 0.1499, 0.1848) 2.492 2.493 6.68
ITSO (0.0449, 0.0306, 0.1455, 0.4020, 0.1493, 0.1859) 2.492 2.492 6.10
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Table 6 Experimental data evapotranspiration and yield of winter wheat forecast irrigation at

central irrigation experimental station of Shanxi province

A st R —A/mm MA—RE/mm R EF—RAmm R mm R mm R mm A R (kg hmP)

A Z R 58.4 28.6 107.2 96.7 76.1 79.4 6 096

36.5 242 94.1 89.4 717 62.8 57525

2018 - 33.6 27.2 73.6 84.5 49.8 42.3 51525

= 43.8 27.2 63 43.6 27.3 21.7 4435.5
A Z R 45.6 27.6 66.6 88.3 86.9 89.9 8 754

s 46.5 229 74.2 91.8 96.8 95.4 8566.5
2019 - 42.7 30.5 70.1 51.6 104.9 75.0 7734
= 40.6 30.2 69.0 37.0 40.4 17.8 4344
ARz 2 62.7 275 34.9 1145 85.0 106.9 7434

— 48.7 27.2 35.2 120.3 934 81.6 76215

2020 - 61.3 40.3 45.4 65.5 82.3 106.1 71985
= 51.1 28.6 189 32.2 47.3 57.6 6 366

Wi (D 2FRE 3attEIAHEX =&, o
A 3 a THEAR G S SR P AT
THEARWNE 7 frox. MR 7 ATLLEH, 2018, 2019
AEFI 2020 4R 1) R 4B 43 114 0.989 0.0.940 9.0.993 8,
HH 1TSO %3k Hh 17K - BURHEECRT DL BRIRI A H
HWERFIR LT .

%7 2018—2020 +H 4%
Table 7 Calculation results during 2018—2020

R R? MSE H/NERT IR /%

2018 0.9890 0.028 4 6.88

2019 0.9409 0.004 2 5.99

2020 0.9938 0.063 4 5.03
341 8

Jensen 1A i sk Z B RI7K 70 BUBHE R, v] LU Bk
B BOK S a7 B s AR L AR R
BB B A& /N2 K G U R B I 9 IR — il A
(14=0.402 0) >¥EHK—IEk (16=0.1859) >Hhfli—i

H (25=0.149 3) >IRE KT (13=0.1455) >FFFi—
B4 (1,=0.044 9) >HA—IRT (1,=0.030 6) . %
SRR A W BUBH R SR BN A B I e 3, 5
AR E/NET R R KFA AP, B G T
B BRI 23 A [F) B F A PR 25 3 BUK 2> BUR B S e A
5] AR B B B I EE A A

BT oA Era s T ATSO) & H
T Jensen B SR i HL VLRI B L SRARAE FE s o Y
SCHR[A]H 3 H iR & 5 H0R 50 37 R B 5 . R
ITSO HykRAF Jensen T4, oK /B HE Bk
R TSRS REAY S, —F REURIE
AH 226 B #E 0.010~0.045 2 [a], AH X% 2 yu [ 7E
3.6%~12.3% 8], {H K7 BURAEEE Wi #— 2,
ITSO Hikit515 H BT 7= & 5 Se b B 3R
72 SPSS B4 THEAS 45 5/ 0.6%. 2 P
KRR, b ITSO JE TR et b5k, SPSS
gt o, i H R b 2R,
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Calculating the Coefficients in the Jensen Model Using the
Tuna Swarm Optimization Algorithm

XUE Ping", LIU Ling"", WANG Yangren?, SUN Shuhong®
(1. College of Computer and Information Engineering, Tianjin Agricultural University, Tianjin 300384, China;

2. College of Hydraulic Engineering, Tianjin Agricultural University, Tianjin 300384, China)

Abstract: [Objective] The Jensen formula is a nonlinear model for calculating the response of crop yield to water
and nutrient applications. It contains a number of parameters which need calibration against experimental data. The
aim of this paper is to present a method to inversely estimate these parameters using experimental data. [ Method]
The method is based on the tuna swarm optimization algorithm (TSO). A distribution estimation (ITSO) was used to
form the tuna swarm optimization algorithm (TSO), and the performance of the proposed tuna swarm optimization
algorithm was verified against other algorithms based on the CEC2017 test. The accuracy and efficiency of the
method were compared with other methods based on experimental data obtained from the Xiaohe Irrigation
Experimental Station in Shanxi province. [Result] Comparing the performance of ITSO, TSO, GWO, WOA, SSA
and BOA methods shows that the proposed algorithm is the best. Comparing ITSO with the nonlinear regression
analysis in the SPSS software and TSO shows that the relative error of the proposed method is 7.79%, 8.13% and
7.79%, respectively. The TSO algorithm converged in 50 iterations, while the ITSO algorithm found the optimal
solution in just 35 iterations. [ Conclusion] The tuna swarm optimization algorithm combined with the distribution
estimation (ITSO) is efficient for estimating the parameters in the Jensen model. It is highly accurate and converges
fast.

Key words: crop water production function; Jensen model; model parameter solution; distribution estimation; Tuna
swarm optimization algorithm
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