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Optimization of Soybean Planting Density and Fertilizer Application Rate Based
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Abstract: In order to solve the problem of inaccurate results in the traditional regression model for optimization of soybean
planting density and fertilizer application, a BP-Linear Constrained Optimization ( BP-LCO) method based on BP neural
network was proposed in this study. We used Heihe 43 as experimental material to carry out four-factor and five-level
orthogonal rotation test. The experimental factors were planting density of soybean, application amount of N, P,0y and K, O,
and the evaluation index was yield of soybean, BP-LCO algorithm was used to construct a fitting model for the relationship
between planting density, fertilizer application and yield, and we carried out global optimization and validation experiments.
The results of the model analysis showed that the optimal planting density was 36. 67 x 10* plants+ha™", N application rate was
77.98 kg+ha™', P,0; application rate was 93.79 kg-ha™', K,O application rate was 24.34 kg-ha™', and the corresponding
soybean yield was 3 679.56 kg-ha™'.

under the optimal ratio, and the relative error between the actual yield and the theoretical yield was 0.62% , which proved that

The verification test showed that the actual yield of soybean was 3 702.29 kg-ha™'

the method had accurate optimization results and was an effective optimization method.

Keywords: BP neural network; linear constrained optimization; soybean; planting density; fertilizer rate
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1.1 #H

BRI Tl ol BB 43 3% R 6 b 22 5
Jita AT 3 ) A i N 59. 20 kg - hm 2 Jifi P,0, &
69.00 kg-hm > jifi K,0 & 18.00 kg+hm >, Z2 46 Fif
M2 JE S 42.00 x 10 Fk -hm 2,
1.2 RIa bR

PRI Sk TR VT A A B R R L =48 B Ry LT
AIFARIGTE [X (125°44'F,49°15'N) | H 21 24500, 4
AR 2EBEK, Jm B A R A R B v 2R R, AR H
HEATEL 2 500 ~2 800 h, 4EF R K it 490 ~ 540 mm.,
TIEAHR S 47.3 g-kg ™', A 1.8 mg-kg ',
WA 188.25 mg-kg ', &M 1. 1 mg-kg ™", BAHE
36.53 mg-kg ', ZBALH 968. 5 mg - kg, A
246.5 mg-kg ', pH6. 42
1.3 iRigit

RIGT 2018 4F4 H—2019 4E 10 A #t47, i1
ORISR M1 i, B U R R K R
J TR AL, X 2% R OK R4 T b, 15 R 43
TE DR 22 S0 (8 & PR 1Y 0 7K, 3 4 4
IR R 0l PR B b N & i P,O5 & i
K,O i, AR IHE LR 1,
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Table 1 Factor level setting

K22 7K Factor level

BREE
[ 2 Factor
Gradient -2 —1 0 1 2
A %5 Planting density/ ( 10*#% -hm ~2) 4.67 32.66 37.33 42.00 46. 67 51.34
Jiti N £ N application rate/ (kg-hm ~2) 20.35 18.50 38.85 59.20 79.55 99.90
i P, 04 i P, 05 application rate/ (kg-hm ’2) 22.43 24.14 46.57 69.00 91.43 113.86
Jifi K,0 & K, 0 application rate/ (kg+hm ~2) 5.79 6.42 12.21 18.00 23.79 29.58

HRAE R IE 2 i e i 122K, BN /N X
LASAE PR, BN BEHE AL 13.2 m® (4.0 m x
3.3 m), 336 MAbH, AL PERIAE 3 28, B8 1.1 m,
25 |3 47,3 AT 96 0.5 m, 471AIHE 0. 25 m, 440 FE
BEMLHES] , X0 F A AT PR, 2018 4F 4 J] 28 H
R, 9 A 27 H AT Wk, W 6] B W & 495 mm,

2019 4F 4 H 28 H#&F 9 H 27 H AT U3k, 18 p%

M 492 mm,
1.4 XEFEHHE

FH [R] R AR Gy 58 S 4 R a3k 2 i . i
ERLI/ SR e € A SR =31 P NN S QLR 65
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Table 2 Each treatment and its soybean yield

P FhiE 2 N it i P, O Jifi 1 2 K, O Jifi JfI 2 e

Planting density/ Amount of N/ Amount of P05/ Amount of K,0/ Yield/

N ( x10*Fk-hm ~?) (kg-hm ) (kg+hm2) (kg+hm2) (kg+hm )
1 46.67 79.55 91.43 23.79 3256.28
2 46.67 79.55 91.43 12.21 3523.65
3 46.67 79.55 46.57 23.79 3154.47
4 46.67 79.55 46.57 12.21 3108.75
5 46.67 38.85 91.43 23.79 3201.24
6 46.67 38.85 91.43 12.21 3276.22
7 46.67 38.85 46.57 23.79 2989. 62
8 46.67 38.85 46.57 12.21 3153.36
9 37.33 79.55 91.43 23.79 3528.75
10 37.33 79.55 91.43 12.21 3319.28
11 37.33 79.55 46.57 23.79 3572.83
12 37.33 79.55 46.57 12.21 3102.69
13 37.33 38.85 91.43 23.79 3414.61
14 37.33 38.85 91.43 12.21 3103.23
15 37.33 38.85 46.57 23.79 3047.78
16 37.33 38.85 46.57 12.21 2922.25
17 51.34 59.20 69.00 18.00 3236.95
18 32.66 59.20 69.00 18.00 2985.31
19 42.00 99.90 69.00 18.00 3334.70
20 42.00 18.50 69.00 18.00 2867.95
21 42.00 59.20 113.86 18.00 3685.78
2 42.00 59.20 24.14 18.00 3251.73
23 42.00 59.20 69.00 29.58 3345.39
24 42.00 59.20 69.00 6.42 3077.72
25 ~36 42.00 59.20 69.00 18.00 3116.84

, A 2.2 BP #HEMZ LT

2 BPHERHIA Sk T R AT B 5 7 ) BP 2

21 SRERHEEANA R 52K A 2 5 ) ks
HellE e 2 B T VRS TS TR 5 Flodui DRI AHI 8 C R W 4, 4 0 Fl

BA TN y = 0,242 —0.078x2 +0.1932 +  fE(x,) i N 4t (x,) i PO, it (x,) I K,O it

0.873x2 +65.134 x, — 0.403 x, x, + 0.078 x, x, —  (x,) o WLHN LA H did g 1 #5 bk H v
3.645 %, %, +29.269x, —0.026 x5, x; +0. 138 x, v, — VLA )ZMAITCHERE R 1, B KRG R (y,), B

21,175 x, +132. 144 x, +46.707, R*{E 5 0.84(P < R 2 ST H B IRCE R R A R E
0.05) , FI4a Xt {3 L iR 2% (MAPE) 4 1.98% ., B2 B AR R b = Va+e +d, P b IUER
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MR d SR 1 ~ 10 Z A HYRE

2 TR E B )R A o R B e I, R
AT RS R 2 g ot R 10,
BP #H& M4 i 4B M an 1 B, X SR B A Te)
X =[w,%,x,x, ] ;Y R EY = [y, ] 3£
XU S BREES A JZ B R & 2 W3 pR gy, ek
PRIEICYE Ay B 5 J2 28 i 10 2 0 A% 3 pR B, o I 45 01
SERE A AR BRSO AUE R M V, B
JERIBIAE b, B2 2 2 P BUERE R U, S )2
(4 R ¢ o G IS ™= e 5 oo 225 P88 R it IS 22 ] 1 p 4
KARAFIRN.Y = F(X) =f,[U-f(V-X+b) +

ey FIAE S BE 5, i N By L P, Og 35, JiE K, O 5
Sy ~ Sy BREET Ry, R,

Note: x,. Planting density; x,. N application rate; x5. P,0s
application rate; x,. K, O application rate; S, — S,,. Hidden layer
nodes; y, . Soybean yield.

B 1 BP#EMEEHE
Fig.1 Structure chart of BP neural network
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it R I 22 it A4 RS HEA T S U3 —1k, A IR
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min T (x _02')0 8 -0 20

2.4 BP #HEZEMEREIILZ
VA — A0 03 30 B A S I SR E AR B, 1
ALER Sl 4-10-1 () BP 1 22 W 4% B F Matlab
R2018b 4 5 #2 /7, XF BP # 28 N 28 it 17 8045 11 45,
WIGRF TR R 2, M IR 2ZEW L & < e B, 159
FIRE E A -
-3.1469 -0.5827 -3.2197(
3.6220 -4.9503  5.3897
~1.6490 -2.0972 -4.7583
0.5132  5.9447  3.4039
-3.5981 -3.5091  3.0964
1.0759  4.4892  4.1319
-2.7600  0.3377 -4.0579
2.1233  5.9000 -0.0438
2.1839 -4.6307 -2.4247
7 3.2399 -0.8887  3.0597]

X =X

b=1[2.2077 -0.6987 3.4709 0.2304 -1.1556
5.1947 4.2259 1.1707 1.2276 1.4356]",
U=[ -1.4051 5.2622 -0.3971 - 2. 2887
4.2217 5.1174 -0.7033, -3.6812  —2.5758

~0.49217 ,t=[ —4.7375] , b R I8 R {f
0.96(P <0.01), 4% [ 45 iR 22 (MAPE)
$90.05% .
2.5 BELERIEBESHHT

FI L5 45 S G 0 1) FH A8 A5 £ SSE (1%
22 J5 M) MSE (75 2%) \RMSE (#77#) (R* (i
FEFRE) . URIESSERE A LA A1 BP 25 ) 24
PIEEERANZE 3 Fron , AU (] U AR R 4D 2 oK B0
EE, BP ft 25 o 26 A5 7R 0175 o B0 110 45 T 38 s B4, 0
HH BP i 28 o0 2% X oK I o e 2 38 % it A = 1 £ £ )
A FAF LA ROR (F 2) .

R3 ZTREXREFEEAMSI BP MEMBUSER

Table 3 Quadratic orthogonal rotation regression fitting and BP neural network fitting results

TiH Ttem MSE RMSE R?
TIWRIEAZ RS [E1H Quadratic orthogonal rotation regression 160210. 46 4450. 88 45.03 0.84
BP #1£:/4% BP neural network 3356.78 93.24 10.56 0.96
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Note: A. Quadratic regression equation fitting value and experimental value ; B. BP neural network fitting value and

experimental value.
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Fig.2 Fitting effect of quadratic regression equation and BP neural network

3 ET BP HZMER KX EFEREFMIEE
LR
3.1 A =E
B, B 2 1k T ) A U SRS BE e Rl e, , I B
BU R BN 3 8 — W IR AT AT B X, I X (s)
R sUGEARI SRAF A AT AT 80, SR X (s) RO RG BE,

BI.VF(X(s)) %m:xmo R R 4%

s |02y _
ﬁ:,EI]{VﬁEaXIX_X(s)

$8,,:Eﬁ'432§|X=X(s)

HOLIX =X (5) BB, MR X7 = X (), 3
XOZ " = F (X ) 0 0 0 0 o A2
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W= g(X(s +1)) > 0,060 X(s + 1) A
JE LTSRN UK X (s + 1) 1A% 2 HO R R4,

A AX(s) = aAX(s), X o I REL, —
B a B0, 5 L X (s +1) = X(s) + AX(s) I
X (s+ 1), EH0 X (s + 1) AT B 25 544, |
A a0, 50, F58 AX(s) = aAX(s) HE B %
R R X(s +1) = X(s) + AX(s) 3T
BHREAE X (s + 1), HB X(s + 1) Wi R
MR RIGRA AX(s) BEBLEL ] AX(s) | <

&y, AT A W X () Sy sme LA, HOXH L A i H0 R e
H AR A s =5 + 1, T —IRECITE,

¥ R THA A A kAN I 2R SR RIS
FERL i BB E /N T BN BE PR R — B S 45
3.2 MRUMAREHE

KRR %% R it I £ PG Ak T 5T 1Y) 24 R 45 14
F R E KR ERBR, B, 32.66 < x, < 51.34,
18.50 < x, < 99.90,24. 14 < x, < 113.86,6.42 <
x, <29.58,
3.3 RULERELEEST

P R Im] AR 0 [l 05 5 B A R H A bR
%, H Design-Expert 8. 0 {45 4% B ¥ p& £tk 47
Ak, AT B AR 25 37. 33 x 10 # - hm 72,
Jiti N # 79.55 kg-hm = Jiti P,05f& 91.43 kg-hm >,
Jiti K,0 & 23. 79 kg« hm 2, XF i B Kk & 77 B Ny
3 553.86 kg-hm %,

FEUINZRIE ) BP P28 I 28 B RUAE Oy H A R 5K
FH BP-LCO 53 X6 K i A %8 3 R it B St £ 48
1, N 8 AR TRIBY BT 4R L X (0) 7331 Hh K AT SR Al
SEULUNZR 4 P, S AR oA 8 R R it A S O o AR %%
£ 36.67 x 10 #k - hm =, Jifi N & 77. 98 kg-hm >, jifi
P,0 % 93.79 kg-hm 2 jifi K,0 & 24.34 kg-hm 2,
R AR EZ FE N 3 679.56 kg-hm > (£ 4)

&4 ET BPHMEMEBHEMLARMUER

Table 4 Results of linear constraint optimization based on BP neural network

FI4 A Tnitial point

AL Optimum point

iz iy N i P, Ot it K, Jifi i N i P, 0 it F i K, 0 Jifi i PR
No.  Planting density/ ~ Amount of N/ Amount of P,O5/ Amount of K,0/ Planting density/ ~ Amount of N/ Amount of P,05/ Amount of K,0/  Yield/
(10*k-hm =%)  (kg-hm ) (kg-hm ~2) (kg-hm=2)  (10%k-hm™2)  (kghm ™) (kg-hm2) (kg-hm=2)  (kg+hm2)

1 3. 47 36. 85 91. 43 12. 21 36.67 77.98 93.79 24.34 3679. 56
2 4. 12 38. 45 46. 57 23. 79 36.67 77.98 93.79 24.34 3679. 56
3 46. 00 59. 20 69. 00 14. 00 36.67 77.98 93.79 24.34 3679. 56
4 50. 05 18. 50 75. 80 8. 80 36.67 77.98 93.79 24.34 3679. 56
5 4.6 40. 75 39. 10 15. 00 36.67 77.98 93.79 24.34 3679. 56
6 40. 00 99. 90 25. 50 6. 50 36.67 77.98 93.79 24.34 3679. 56
7 36. 22 79. 55 113. 86 18. 00 36.67 77.98 93.79 24.34 3679. 56
8 38. 57 53. 00 110. 00 20. 41 36.67 77.98 93.79 24.34 3679. 56

W G B 7 vk TR AR B 4 AT X B RT
BP-LCO F3:32: A5 K 7 g A4 ol A 288 32 R0 il TS o X6F )3
ARG 3 679. 56 kg+-hm 2, & T 7k a4
RIFSF Y 3 553.86 kg-hm >, HI T RR 5 iy 23t
TR G 2 R it P i 5 P R 2 ] PR B R
ML, AERTF- 28158 22 /N A 400G R 50 422 3 [P R )
FCPREL, T b g5 R R e TR i, IR A
75, BP-LCO 533 ELAT B8 3 A v aff 1k A 25k

4 HEWIE

F2020 4F4 A 28 H—9 H 27 BT HERPERIE
R, ARG IX M TR 1 hm?, F3948 K 10 bk,
FIAESEE 36.67 x 10* % -hm 2 Jifii N £ 77.98 kg-hm
Jiti P05 93.79 kg-hm 2 jifi K,0 £ 24.34 kg-hm
HARFMERB RS, WIRIFERN L 493 mm,

MR 5 Frn g /N /N i 3 602. 54
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kg-hm ™2 RN 3 69215 kg-hm ™2 2775k
3702.29 kg-hm ? , 5L IEA ™ 1 (3 679.56 kg+hm ™)
Z X IR 224 0. 62% , ] LIIER] BP-LCO H A
e P B 2 R S g FH AL
£5 BIRFE
Table 5 Yield of each plot .V .kg-hm >

43 i 513 i
No. Yield No. Yield
1 3602. 54 6 3683.84
2 3679.04 7 3645. 66
3 3649.51 8 3685.36
4 3666.43 9 3692. 15
5 3642.95 10 3675.42
5 ifig

ABIEFEIHE T BP #2545 1) 2 P 29 AL Ak 7
¥ X K AR i R R O R
HaE BP e 0 2 AR A S A Y A X e A Y
— B LA S Y BP M 2R Sy B AR R AL
N B BEVEFIRE BE B R SE &, X H bR () E 47 42
JRy TG, T A A O 3k 38 e R R A
WAL R A . 5 R BB LE, AT 5T 4
AT VEAT S R AU B RS B, B b T LT3 B AL
FORAELIE LE , DAZRAT B i R B 4
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