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Beijing Forestry University, Beijing 100083, China)

Abstract: [Objective] The rapid development of unmanned aerial vehicle remote sensing has provided a
new direction for diameter at breast height (DBH) prediction. This study was suitable for extracting
individual tree crown factors from sample plots through unmanned aerial vehicle remote sensing technology,
estimating indicators such as DBH and stand basal area per hectare, and achieving accurate and efficient
forest resource monitoring and management. [Method] Based on the ground survey data of 33
Cunninghamia lanceolata plantations in Jiangle National Forest Farm, Fujian Province of eastern China, ten
traditional models and two machine learning methods were used to estimate the individual DBH. Based on

different combinations of independent variables, the impact of different factors on the estimation of DBH
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was analyzed. [Result] According to the fitting results of traditional model parameters, it can be seen that
the crown radius was significantly positively correlated with DBH, while the stand density, crown deviation
factor, and competition index were all significantly negatively correlated with DBH. The optimal
competition index introduced in the traditional model modeling process was CI2, which was related to the
overlapping internal angles of tree crowns, and the fitting result of model power logistic model was the best,
followed by the power function model (with intercept). The power function model (with intercept) had the
best estimation effect when using test data for estimation. RF models all had high fitting effect. Using test
data to estimate, different competition indices had varying degrees of improvement in model fitting, and the
competition index CI3, which was related to the overlapping area of tree crowns, achieving the best effect.
The goodness of fit of SVR model was less than that of random forest and slightly greater than traditional
model. When estimating the DBH, the model containing competition index CI4 related to the size of
competing trees was the optimal model. [Conclusion] Both traditional models and machine learning models
have achieved certain results in fitting and estimating the DBH of individual trees, and the use of RF models
is more effective. Adding competition indices related to tree crowns to different combinations of
independent variables in the model can improve the prediction accuracy, increase the R* and reduce Eyy,
Erums, and Ajc. The optimal competition index introduced for different models is the competition index CI2
related to overlapping internal angles, and in the machine learning methods, the competition indexes CI3 and
ClI4 related to the size of target trees and competing trees also achieve good results. The improvement effect

of CAI on DBH estimation still needs further verification.

Key words: DBH estimation; stand competition; random forest; support vector machine
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Tab. 1

Summary statistics of modeling set and validation set

L Modeling data

16536 504 Validation data

HAEEA Data type

wME O BRKE CPHE

bRt 22 RME O BRKE CPHE bRifE 22

Min. value Max. value Mean Standard deviation Min. value Max. value Mean Standard deviation

DBH/cm 9.20 39.20
W 76 2 4% Crown radius/m 0.45 3.00
1w 76 % Crown asymmetry index 0.04 0.42

MR35 FE/(Fk-hm2) Stand density/(tree-ha™)  475.00

2050.00 1264.82

21.89 4.97 10.00 38.80 21.72 5.19
1.52 0.34 0.44 2.79 1.55 0.36
0.19 0.07 0.05 0.55 0.18 0.07

488.64 475.00  2050.00 1264.62 486.36
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CI1—-CI4, the competition index; D, the distance (m) between the crown projection overlaps of the target and the competitor; R¢, average crown

radius; 6, the overlapping area of the competitor affecting the internal angle (radian) of the target’s circle; Rcpqy. the maximum crown radius of the

target; Z, area of influence area (whose radius is equal to the radius of the maximum tree crown, m?); O, the crown overlap area between the target

and the competitor (m?). The same below.

M1 esmionzi

Fig. 1 Diagram of competition factors
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Tab. 2 Traditional model form

1578 Model $2-3R1% 50 Mathematical expression 44 % Name
M1 D=a+bxRc 2 1% PR %X Linear function
M2 D=axR¢ WKL Power function
M3 D=axexp(b*R¢) & %4 % %1 Exponential function
M4 D =ax (1 —exp(—b *x Rc)) .47 Monomolecular function
M5 D=axb", 5 4% Composite function
M6 D=exp(a+bxRc) HE K Growth function
M7 D= (Rc/(a+b*Re)y’ Z 2K 48 T 2 Hausfeld type |
M8 D=al(1+bxexp(—c % R¢)) R 4L Logistic function
M9 D=a+bxRc+cxR:: K% Quadratic function
MI10 D=a+bxRc 7 ERECA#EE) Power function (with intercept)

VE: DNBRARIIE, RAAFERMIE AR, av by IR SH. Notes: D represents the DBH of a single tree, R represents the crown radius of a single

tree, and a, b, and ¢ are all model parameters.
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Tab.3 Optimal variable combination forms of traditional model

7 Model & 354+ F8 2 Including competitive factor N2 35 44841 Excluding competitive factor
Ml (a+bxCI2)+(c+dxSD)x R a+(b+cxSD)x R
M2 (a+ b xSD)x R4 (a+bxSD) xR
M3 (a+bxSD) xexp((c +d x CI2) XR¢) (a+bxSD) x exp(c x R¢)
M4 (a+bxSD) x (1 —exp((c+dxCI2) x (—R¢))) (a+bxSD) x (1—exp(cx (—Rc)))
M5 (a+bx SD) % (¢ +d x CI2)\. (a+bxSD)x &
M6 exp((a+ b xSD)+ (¢ +d x CI2) X R¢) exp((a+b xSD)+c x Re¢)
M7 (Re/((a+b x CI3) + (¢ + d x SD) x RQ))’ (Re/(a+ (b + ¢ x SD) x R))?
M8 (a+bxSD)/(1+ (c+dxCI2) x exp((—Rc) x (e +f* CAl))) (a+bxSD)/(1+c xexp((—Rc) X (d + e x CAl)))
M9 (a+bxCI2)+(c+dxSD) x Rc+ (e +fx CAI) x R’ a+(b+cxSD)xRc+(d+ex CAI) x R
M10 (a+bx CI2)+ (c+d x SD) x R*/CAD a+ (b+cxSD)x R cA

¥E: SD. K% %, CAL RETEEL d. e. fIINEEAEIZ 4. Notes: SD, stand density. CAI, crown asymmetry index. d, e, and f are all model parameters.
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Tab. 4 Parameter estimation of traditional models
o ﬁgﬁﬁ?‘éiﬂl Z# Parameter
Model Competitive . ]
factor a b c d e S
CI2 11.477€0.751)**%  —1.069(0.255)***  10.006(0.511)***  —0.002(0.000)***
M1 10.985(0.753)***  10.102(0.519)***  —0.002(0.000 ) ***
CI2 21.520€0.533)***  —0.003(0.000)***  0.548(0.040)*** —0.065(0.022)**
M2 21.894(0.529)***  —0.003(0.000)***  0.482(0.034)***
CI2 16.373(0.645)***  —0.002(0.000)***  (.327(0.022)***  —0.025(0.007)***
M3 16.914€0.656)***  —0.002(0.000)***  0.297(0.020)***
CI2 38.389(1.904)***  —0.005C0.001)***  0.815(0.081)***  —0.055(0.016)%**
M4 38.036(1.810)***  —0.005(0.001)***  0.810(0.077)***
CI2 16.388(0.645)***  —0.,002(0.000)***  1.385(0.030)***  —0.032(0.009)***
M3 16.914(0.656)***  —0.002(0.000)***  1.346(0.028)***
CI2 2.815(0.041 )%** 0.000€0.000) *** 0.327€0.022)%**  —(0.025(0.007 ) ***
M6 2.851(0.041)%** 0.000€0.000) *** 0.297(0.020)***
CI3 0.076(0.006 ) *** 0.011€0.004)** 0.139(0.004 )*** 0.000€0.000 ) **3*
M7 0.0760.006)*** 0.14000.004 ) *** 0.000€0.000)***
CI2 54.886(19.461)**  —0.007(0.003)** 2.642(1.003)** 0.251€0.075)*** 0.681(0.239)** —0.299(0.164)
M8 56.805(23.159)* —0.008(0.004)* 2.759(1.180)* 0.657(0.259)* —0.359(0.184)
CI2 10.973(2.107)***  —1.013€0.255)***  10.826(2.606)***  —0.002(0.000)*** 0.166€0.844) —2.337(0.945)*
M9 10.439(2.131)***  11.032(2.641)***  —0.002(0.000 ) *** 0.184(0.856) —2.637(0.955)**
CI2 4.178(7.384) —0.972(0.255)*** 17.865(7.620)* —0.003(0.000) *** 0.706€0.286)* —-0.614(0.351)
M10 0.463(10.094) 21.486(10.399)*  —0.003(0.000)*** 0.600€0.287)* —-0.591€0.353)

VE: NS THE R (P <0.05), ** AR EP <0.0D), *** NIFEE (P <0.001), #i'5 AEME NFRHEIR . Notes: * implies that the parameter
estimated value is significant (P < 0.05); ** implies that the parameter estimate is moderately significant (P < 0.01); and *** implies that the parameter
estimate is extremely significant (P < 0.001). The values in brackets are standard errors.
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Tab. 5 Goodness of fit and test results of traditional model

¥ 36 504 Validation data

Y B EiE A Modeling data
Model Competitive factor Eyga/cm Egys/em R Eya/em Eppgs /om R
CI2 3.017 3.738 0.439 2.946 3.799 0.444
M 3.063 3.792 0.421 2.997 3.889 0.417
CI2 3.032 3.744 0.438 2.977 3.830 0.435
M2 3.055 3.775 0.428 3.000 3.897 0.415
CI2 3.018 3.735 0.441 2.952 3.817 0.439
W 3.050 3.779 0.427 2.994 3.900 0.415
CI2 3.044 3.769 0.431 2.980 3.849 0.430
M 3.083 3.811 0.418 3.037 3.922 0.408
CI2 3.019 3.736 0.440 2.953 3.819 0.439
W 3.050 3.779 0.427 2.994 3.900 0.415
CI2 3.019 3.735 0.440 2.951 3.816 0.440
Mo 3.050 3.779 0.427 2.995 3.897 0.416
M7 CI3 3.065 3.798 0.422 3.007 3.859 0.427
3.097 3.83 0.412 3.040 3.922 0.408
CI2 2.992 3.695 0.452 2.927 3.798 0.444
e 3.023 3.740 0.439 2.984 3.886 0.418
CI2 3.005 3.715 0.446 2.940 3.791 0.446
W 3.044 3.769 0.430 2.998 3.877 0.421
M10 CI2 2.995 3.703 0.450 2.927 3.792 0.446
3.035 3.752 0.435 2.991 3.879 0.420

VE: Eya. THIGSTRZE, Exvs. WITRIREZ, R®. R7E 2. Notes: Ey,, mean absolute error; Egys, root mean square error; R?, coefficient of
determination.
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T[R4 I 2k B Tab. 6 Model parameters of random forest (RF)
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FB S B 6, WA B B VR AN T A L RF2 Ro+SD+CAI 143 3

R 7o A SRR, BENLARAMA R ROR RF3  Re+SD+CAI+CIl 456 4

I, RF1 A AR e = A4 RO AR 40 5 FE AN R 4L & RF4  Re+SD+CAI+CI2 330 4

R* IR T 0.852, 7E 51 N\ A et 48 FOF AN [7] 58 4 45 £k RFS  Re+SD+CAI+CI3 287 4
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Tab. 7 Goodness of fit and test results for RF

f HBHHE Modeling data K3 $4# Validation data

Model Eya/em Egus/cm R A Eya/cm Egs/cm R A
RFI 1.604 2011 0.852 764.347 2782 3.575 0.533 470271
RF2 1399 1769 0.895 626.737 2.706 3.447 0.564 458.883
RF3 1282 1.625 0.914 536379 2.700 3.382 0.578 453918
RF4 1.290 1.646 0.914 549.956 2.649 3.340 0.590 449.396
RF5 1313 1.675 0.909 569.191 2.665 3.329 0.591 448.201
RF6 1.325 1.690 0.909 578.672 2.709 3.404 0.571 456345

1E: Age. R0 BHEN . Note: 4,¢, akaike information criterion.
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Fig. 2 Relative importance of RF model characteristic variables ﬂ’ ﬁﬁ EMA\ ERMS‘ AIC i’ﬂﬁ%%ﬁ;’ﬁﬂ*ﬁgﬁy PMM‘?Q?ME
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Tab. 8 Parameters of SVR model
i ERAA B ER RN PR PR
Model Variable combination Kernel function Cost coefficient Gamma coefficient Epsilon
SVR1 Rc+SD RBF 5 0.01 0.5
SVR2 Rc+SD + CAI RBF 10 0.01 1.0
SVR3 R+ SD + CAI+CIl RBF 10 0.01 0.5
SVR4 R+ SD + CAI +CI2 RBF 1 0.10 0.5
SVR5 Rc+SD+ CAI+CI3 RBF 1 0.10 0.5
SVR6 Rc+SD + CAI +CH4 RBF 5 0.01 0.5
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Tab. 9 Fitting statistics of SVR model
FEIEE G Modeling data 5% Validation data
7 Model
Eypa/cm Egms/cm R Ajc Eypa/cm Egus/cm R Ajc

SVR1 3.010 3.726 0.444 1435.174 2.967 3.908 0.413 502.849
SVR2 3.029 3.700 0.454 1 429.429 3.002 3.880 0.421 502.240
SVR3 2.928 3.616 0.476 1406.466 2.908 3.798 0.445 496.451
SVR4 2.829 3.498 0.510 1370.394 2919 3.792 0.446 495.886
SVRS 2.825 3.507 0.509 1373.136 2919 3.789 0.447 495.503
SVR6 2917 3.614 0.478 1405.872 2.844 3.753 0.459 492.013
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