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Introduction

Soil compaction is a significant component that has a detrimental impact on soil structure, inhibits plant
development, lowers water penetration rate, diminishes crop production, and raises machine (e.g., tractors,
cultivators, etc.) usage costs. In general, compaction is the result of applied pressure that results in a rise in bulk
density or decrease in soil porosity. One of the most used indices for the investigation and evaluation of soil
compaction is based on penetration resistance (PR) of the soil. However, identifying soil compaction by the records
of soil penetrometer equipment in the field is time-consuming, expensive, and may produce unreliable results due
to instrumental errors; thus, it is useful to apply different intelligent models to predict PR through easily accessible
and low-cost soil parameters. The aim of this study was to compare the performance of three intelligent models,
namely neuro-fuzzy (NF), gene expression programming (GEP), and random forest (RF), in estimating PR from
readily available soil variables.

Materials and methods

Disturbed and undisturbed soil samples (n=105) were collected from 0-10 cm depth of agricultural lands in
Ardabil plain, Iran. The values of sand, silt, clay, CaCOs, bulk (BD) and particle (PD) density, organic carbon
(OC), field water content (FWC) and saturated water content were measured in the soil samples in the laboratory
according to the standard methods. Mean geometric diameter (dq) and geometric standard deviation (og) of soil
particles were calculated from sand, silt and clay percentages. Total porosity (n) was computed using BD and PD
data. The penetration resistance (PR) of the soil was obtained in the field using cone penetrometer (analog model)
with 5 replicates. Data were randomly divided in to two sets: 78 data points for training and 27 for testing the
models. Fifteen different combinations of readily available soil variables were selected as inputs for the neuro-
fuzzy (NF), gene expression programming (GEP), and random forest (RF) models to estimate PR. The triangular,
sigmoid, trapezoid, gaussian and bell shape membership functions in the input layer and constant membership
function in the output layer, were applied in the neuro-fuzzy (NF) modeling using MATLAB software through a
trial-and-error method. A set of optimal parameters was chosen before developing a best GEP model in the Gene
Xpro Tools 4.0 software. The number of chromosomes and genes, head size and linking function were selected by
the trial and error method, and they are 30, 3, 8, and +, respectively. The rates of genetic operators were chosen
according to the literature studies. Weka software was used for planning random forest (RF) models. The accuracy
of NF, GEP and RF models in estimating PR was evaluated by coefficient of determination (R?), normalized root
mean square error (NRMSE), mean error (ME) and Nash-Sutcliffe coefficient (NS) statistics.
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Results and discussion

The values of sand (26.26 to 87.43%), silt (5.99 to 67.18%), clay (3.99 to 17.34%), OC (0.30 to 2.41%), FWC
(4.56 t0 33.18%), BD (1.02 to 1.63 g cm) and PR (1.10 to 6.60 MPa) indicated good variations in the soils of the
studied area. Significant correlations were found between PR and FWC (r = - 0.57™), sand (r = - 0.21"), OC (r = -
0.47™) and BD (r = 0.66™). Previous researchers also reported a negative and significant correlation between PR
and FWC and a positive and significant correlation between PR and BD. The results of NF, GEP and RF models
showed that the most suitable variables to predict PR were field water content (FWC), sand, bulk density (BD),
total porosity and mean geometric diameter (dg) of soil particles. Values of coefficient of determination (R?),
normalized root mean square error (NRMSE), mean error (ME), and Nash-Sutcliffe coefficient (NS) were
calculated for the best models based on the test data as follows: 0.50, 0.19, 0.03 MPa, 0.51 for NF; 0.51, 0.20, 0.13
MPa, 0.48 for GEP; and 0.58, 0.20, 0.31 MPa, 0.50 for RF.

Conclusion

The results showed that according to the lowest values of normalized root mean square error (NRMSE) and
the highest values of Nash-Sutcliffe coefficient (NS), the accuracy of the neuro-fuzzy (NF) model to estimate soil
PR was higher than that of the gene expression programming (GEP) and random forest (RF) models in this study;
The input variables of the best NF model in estimating soil penetration resistance (PR) were field water content
(FWC), sand and bulk density (BD).
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Table 1- Descriptive statistics of soil variables in the studied area

oV}

a9y

V;:;:)Ie Training (n=78) Testing (n=27)

Min. Max. Mean  Sd. Min. Max. Mean  Sd.

BD (g cm®) 1.02 1.63 127 011 1.03 144 124 011
PD (g cm®) 2 2.57 227 013 2.04 246 227 011
TP (%) 26.12 55.62 44 175 37.22 56.78 4546 5.16
Sand (%) 26.87 87.43 5496 13.21 26.26 80.22 56.37 14.21
Silt (%) 5.99 66.8 39.24 13.17 15.21 67.18 38.31 14.49
Clay (%) 3.99 17.34 5.8 2.02 4.07 9.1 532 145

dg (mm) 0.05 0.56 0.2 0.1 0.07 048 021 011

og (-) 4.69 12.15 6.83  0.95 4.86 811 655 0.8

OC (%) 0.3 2.41 1.09 041 0.47 182 114 0.37

CaCOs (%) 3.45 26.99 1277 517 531 15.76  10.58 3
SWC (%ggl) 2523 73.67 50.01 9.07 32.83 7157 5226 9.71
FWC (% gg') 479 31.34 10.68 5.15 4.56 33.18 1196 6.55
PR (MPa) 1.1 6.6 2.86 14 1.23 2.07 2.7 1.33
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979, Cwglio PR (field water content) ac);e cogb, : FWC ((saturated water content) glusl cogb, :SWC «Sal : CaCOs (organic carbon)
Jshs :Min ¢ Slis (Max .S5ke :Mean o ikl Gly>sl :Sd - (penetration resistance)
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Table 2- Pearson correlation coefficient (r) between soil available water and input variables of models (n=102)

Variable

Sand Silt  Clay dg Gy

ocC CaCOs BD PD TP FWC SwC

PR -0.21" 0.45™ 0.19 -0.26" 0.33"

-0.47"

029" 0.66™ 0.27" -059™ -0.57" -0.33"

ol 015 03)51 V Jgdo 25 5 ko pSMe Ciog o> B ¢ Y Jlassl prdaw 53 )l ixe ol ey s g

Variable symbols description is available under Table 1. ™™

* Kk,

Significant at P < 0.05 and P < 0.01, respectively.

(Sheykhzadeh et al., 2016) S (59,558 Caoglio (MLR) sy s cygmws5, s -Y Jguo
Table 3- MLR models of soil penetration resistance (PR) (Sheykhzadeh et al., 2016)

8 ylowd Jowe
Number Model
1 PR =-0.572 +0.974 BD - 0.005 Sand
2 PR =0.675 BD - 0.004 Sand - 0.302 FWC
3 PR=0.588 BD - 0.003 Sand - 0.309 FWC + 0.033 oy
4 PR =-1.023 + 0.997 BD + 0.004 Silt
5 PR =0.695 BD - 0.004 Silt - 0.305 FWC
6 PR =0.585 BD - 0.003 Silt - 0.307 FWC + 0.039 o,
7 PR =1.066 - 0.541 FWC - 0.608 dq
8 PR =0.725-0.527 FWC - 0.404 dg + 0.042 o
9 PR =0.718 - 0.428 FWC - 0.404 dg + 0.042 o4 - 0.085 OC
10 PR=1.521-0.476 FWC-0.014 TP
11 PR =1.429 -0.407 FWC - 0.012 TP - 0.459 dg4
12 PR=1.477 -0.018 TP -0.005 Sand
13 PR =0.705 -0.019 TP -0.004 Sand +0.346 PD
14 PR =0.929 -0.006 Sand -0.176 OC
15 PR =0.785 -0.006 Sand -0.162 OC +0.018 Clay

ol 005 03,51V Jgi 5 13 oyt wMe hrogs
Variable symbols description is available under Table 1.
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Table 4- The values of GEP model parameters
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Values Genetic factors Values General adjustment
0.044 Mutation rate Lie> ¢ 30 Number of chromosome lap jse4,5 slass
0.1 Inversion rate ¢jle syl &5 8 Head size ,. o}l
0.3 one point recombination rate  claki; 5 S5 ¢ 3 Number of genes la; sl
0.3 two point recombination rate glaki 5 S5 ¢y (+) e Linking function x4, &b
0.1 Gene recombination rate . <S5 ¢, RMSE  Fitness function error type b (gllas jlae
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Figure 2- The expression trees developed by the best gene expression programming (GEP) model
do0 and d1 indicates sand and bulk density, respectively.
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Table 5- Evaluation criteria for neuro-fuzzy (NF) models of PR
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Testing set Training
N:)m:zr Input variables 39,9 W pise R2  NRMSE (mga) NS R? NRMSE (,'\\/I"Ea) NS
1 BD, Sand 0.50 0.20 0.12 0.49 0.58 0.15 0.00 0.58
2 BD, Sand, FWC 0.50 0.19 0.03 051 0.67 0.14 0.00 0.67
3 BD, Sand, FWC, oq 0.07 0.52 0.01 -241 0.78 0.11 0.00 0.77
4 BD, Silt 0.50 0.20 0.16 049 0.58 0.15 0.00 0.58
5 BD, Silt, FWC 0.43 0.21 0.01 041 0.68 0.13 0.00 0.68
6 BD, Silt, FWC, oy 0.18 0.34 0.12 -047 0.78 0.11 0.00 0.78
7 FWC, dg 0.39 0.22 0.18 0.37 0.61 0.15 0.00 0.61
8 FWC, dg, oy 0.19 0.26 0.27 0.11 0.64 0.14 0.00 0.64
9 FWC, dg og, OC 0.001 0.38 0.18 -0.85 0.81 0.11 0.00 0.81
10 FWC, TP 0.43 0.21 0.00 0.41 0.57 0.16 0.00 0.57
11 FWC, TP, dqg 0.32 0.23 0.19 0.30 0.72 0.13 0.00 0.72
12 TP, Sand 0.29 0.24 0.38 0.23 0.49 0.17 0.00 0.49
13 TP, Sand, PD 0.02 0.44 072 -152 0.72 0.13 0.00 0.72
14 Sand, OC 0.30 0.23 0.50 0.30 0.38 0.19 0.00 0.38
15 Sand, OC, Clay 0.11 0.29 0.08 -0.11 0.60 0.15 0.00 0.60

ol 035 0351 Y Jgan 1) 53 b pitie o - yesd oy tRZ (lad 5, 8ke ME « 0 Jloyi (sllad Sy 3:5ko 4y ) INRMSE «calSislum 5 oy ;NS
R?: coefficient of determination; NRMSE: normalized root mean square error; ME: mean error; NS: Nash-Sutcliff coefficient.
Variables description is available under Table 1.
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Table 6- Evaluation criteria for gene expression programming (GEP) models of PR

090! 3

Testing set Training
N:)r:;ir Input variables 39,9 W e R2  NRMSE (mga) NS R? NRMSE (mga) NS
1 BD, Sand 0.51 0.20 0.13 0.48 0.50 0.17 -0.01  0.50
2 BD, Sand, FWC 0.36 0.25 0.04 0.19 0.58 0.15 -0.02  0.58
3 BD, Sand, FWC, oq 0.38 0.23 0.25 0.31 0.58 0.16 0.02 057
4 BD, Silt 0.001 0.40 0.51 -1.03 0.50 0.17 -0.01  0.50
5 BD, Silt, FWC 0.34 0.24 0.07 0.26 0.55 0.16 0.01 055
6 BD, Silt, FWC, og 0.48 0.21 0.27 0.45 0.60 0.15 0.02 0.60
7 FWC, dq 0.33 0.23 0.33 0.28 0.56 0.16 -0.01 0.56
8 FWC, dg, og 0.34 0.24 0.45 0.24 0.61 0.15 0.03 0.61
9 FWC, dg og, OC 0.49 0.21 0.41 0.41 0.58 0.15 0.03 0.58
10 FWC, TP 0.33 0.43 -0.23 -1.35 0.58 0.15 -0.04 0.58
11 FWC, TP, dg 0.38 0.33 0.07 -0.36 0.62 0.15 0.01 0.62
12 TP, Sand 0.08 0.28 021 -0.05 0.50 0.17 0.13 0.49
13 TP, Sand, PD 0.34 0.23 0.22 0.30 0.45 0.18 -0.02 045
14 Sand, OC 0.22 0.25 0.21 019 031 0.20 -0.01 031
15 Sand, OC, Clay 0.20 0.25 0.29 0.17 0.45 0.18 0.01 045

ol 035 0351 Y Uiz 1) 53 b pisie o -yt oy (RZ (las 5, Kke ME (0 Jloyi (sllad Sy 3:5ko 4y INRMSE alSislum 5 oy ;NS
R?: coefficient of determination; NRMSE: normalized root mean square error; ME: mean error; NS: Nash-Sutcliff coefficient.
Variables description is available under Table 1.



VFed olwsl ¥ ojlos Fo ule> (S g ol 4,55 YYA

sy (¢l e ol NS g ME NRMSE R? sl tales
odl> dl).g 9 </AY 9—‘/‘\ MPa (+/+% /¥ ﬁ‘ﬂ Gl Py L;"")B"’]
Cawddy [0+ g oYY MPA +/V+ < [OA ply cbpas Sgejl sl
01993 Sy 3 NS g NRMSE (sl lol gollas (Y Jgi) ol
Jod bl g cawlio 3555 b s gy o)les RF Jio 5 Slos
WY Jdo S5, dolee (Waseem et al., 2017) 59 0 (b))l
L;&;.oc;‘.o)/tc5539)9Wm)m4§¢w|01)§513}¢3VJ9»)3
P SEalp jhd wsin (:0ke pite Cuenl g 80,5 Jae )l
3 e Slye & 5V (g Sy o pd 1B e 4 PR 3yl
(g Gl 0 bl o S Jodss g ds 50 S1B Cughy (ol yuxite
95 b (NS =0.47  NRMSE =0.20) ¥ o)leus RF o s ey
O3 (gwtimylad (10l g deze ST Cugh) Jold (639)9 it
Sk L(NS=0.47 ¢ NRMSE =0.20) 2 o)l RF Jso 4 S
5 :Slee < Il )8 30 SB gl Jold (5399 e

(Y Jogds) 35 518 @lydy pwdis jlme Byl

cao gl8a 0y 90 3 4o (RF) Sal—ad JSaa sladas by
SB (PR) 909

B4 539)5 s yie oS 5 b (RF) (Solad K> Jio o33k

polie )8 sl S (PR) (595958 Cuoglie cposs (glp

(813 (NS) il = 455 o 5 (ME) s s {NRMSE)
03,9V Josz )3 PR 39l 85 Jai JIRF slaJus 5,Slos o)
o35 0 RE (gl Jie Cdd aunlie g (sdbds > (gl Gl 0
NRMSE ol 351 (32l sline j1 ol diadign i 95 alon PR
W o)kt RF Jao e polil () 51 25 o0lizal NS oyl 3385 YU
S Cagby ol (53959 seito dus b (V Jgi) Fgesl slaosls 5
PR Cudlgy S @l b wiin 355k ¢ JS 55 sz

SB (PR) (59,958 Cuoglio (RF) ol JSia oo 2l sl )liro -V Jo>
Table 7- Evaluation criteria for _random forest (RF)models of PR
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Testing set Training
N:ﬁ i Input variables (s39,5 (5 ysie R2  NRMSE (,'\\/I"Ea) NS R2 NRMSE (,'\\/I"Ea) NS
1 BD, Sand 0.26 0.25 011 021 0.94 0.07 -0.03  0.92
2 BD, Sand, FWC 0.46 0.21 018 044 0.94 0.06 -0.01  0.93
3 BD, Sand, FWC, oy 0.43 0.29 0.28 -0.04 0.95 0.06 -0.02  0.94
4 BD, Silt 0.33 0.24 0.08 030 0.94 0.07 -0.02  0.93
5 BD, Silt, FWC 0.43 0.22 0.18 041 0.94 0.06 -0.02 0.93
6 BD, Silt, FWC, oy 0.41 0.22 0.25 0.38 0.95 0.06 -0.01 094
7 FWC, dq 0.51 0.20 0.27 0.47 0.93 0.07 -0.02 0.92
8 FWC, dg, og 0.45 0.22 0.35 0.39 0.94 0.06 -0.04 093
9 FWC, dg og, OC 0.53 0.20 0.26 0.47 0.95 0.06 -0.04 094
10 FWC, TP 0.42 0.23 0.38 0.35 0.93 0.07 -0.01 0.92
11 FWC, TP, dg 0.58 0.20 0.31 0.50 0.94 0.06 -0.01 0.93
12 TP, Sand 0.33 0.24 030 029 0.92 0.08 -0.03  0.90
13 TP, Sand, PD 0.33 0.24 027 029 0.94 0.07 -0.02 0.92
14 Sand, OC 0.08 0.28 030 0.01 0.89 0.09 -0.06 0.87
15 Sand, OC, Clay 0.27 0.25 030 023 0.92 0.08 -0.02  0.90

sl 015 0351 Y Uiz 1) 53 b pitie o -yt oy tRZ (las 5, Kke ME (0 Jloyi (slbas Sy :5ko 4y ) INRMSE alSslum i3 oy ;NS

RZ: coefficient of determination; NRMSE: normalized root mean square error; ME: mean error; NS: Nash-Sutcliff coefficient.
Variables description is available under Table 1.
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Figure 3- Distribution around the 1:1 axis (A) and comparison (B) of estimated and measured values of soil penetration

resistance (PR) using the best NF model based on testing data (n=27)
Table 5 provides detailed information about model and input variables.
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Figure 4- Distribution around the 1:1 axis (A) and comparison (B) of estimated and measured values of soil penetration

resistance (PR) using the best gene expression programming (GEP) model based on testing data (n=27)
Table 5 provides detailed information about model and input variables.
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Figure 5- Distribution around the 1:1 axis (A) and comparison (B) of estimated and measured values of soil penetration

resistance (PR) using the best random forest (RF) model based on testing data (n=27)
Table 5 provides detailed information about model and input variables.
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