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Abstract: [Objective] The humus beneath Larix gmelinii forests is rich in organic matter, making it prone
to concealed and persistent smoldering fires. As an indicator directly reflecting the dynamic equilibrium
between heat generation and dissipation, the heating rate is a key parameter for quantifying heat
accumulation characteristics during smoldering. Current systematic research on this parameter remains
limited. Furthermore, existing prediction models struggle to balance prediction accuracy with algorithmic
convergence efficiency when characterizing the smoldering heating process. This study aims to investigate
the response patterns of smoldering heating rates under multi-factor coupling effects. We constructed an
improved BO-XGBoost prediction model tailored for predicting smoldering heating rates, providing
technical support for forecasting smoldering fire behavior in forest understories. [Method] We constructed
a dataset of 750 samples based on laboratory smoldering tests of Larix gmelinii humus. Data augmentation
was performed by introducing 5% high-intensity Gaussian noise to simulate fluctuations in heating rate data
caused by environmental disturbances in wild forest settings. We employed one-way analysis of variance
combined with Pearson correlation tests to quantify the independent effects and interactions of moisture
content, particle size, and wind speed on heating rates. The core strategy of the model involves introducing
Chebyshev mapping for nonlinear transformation to uniformly generate initial optimization sample points,
thereby expanding the initial parameter search space. We developed a multi-fidelity optimization strategy
that combines low-fidelity rapid search with high-fidelity precise calculation, balancing hyperparameter
search efficiency with prediction accuracy. Additionally, a dynamic adaptive weight update mechanism was
adopted to dynamically adjust the smoothing coefficient based on weight changes, accelerating Bayesian
hyperparameter convergence. We conducted multi-dimensional performance comparisons between the
improved model and baseline models (BO-XGBoost, GA-XGBoost, and SSA-XGBoost). Ablation studies
were also performed to evaluate the contribution of each module. [Result] (1) Single-factor analysis
indicated that the heating rate was significantly negatively correlated with moisture content (P < 0.05) and
extremely significantly negatively correlated with particle size mesh number (P < 0.01). This suggests that
increased moisture content and reduced particle size inhibit smoldering heating in humus. Wind speed
exhibited a dual effect on smoldering heating rates: it promoted heating at 0—6 m/s (P < 0.05), but inhibited
the process once wind speeds surpassed 6 m/s. (3) Model performance comparisons showed that, compared
to the three control models, the improved BO-XGBoost model increased R* by at least 2.14%, reduced MAE
by at least 24.54%, increased S* by at least 2.09%, and reduced RMSE by at least 12.08%. This demonstrates
higher fitting accuracy and stability. (4) Ablation studies indicated that Chebyshev mapping, the multi-
fidelity strategy, and adaptive weights balanced sample distribution, reduced prediction errors, and
accelerated model iteration convergence, respectively. [Conclusion] The study demonstrates that the
smoldering heating rate of Larix gmelinii humus is jointly regulated by moisture content, particle size, wind
speed, and their interactions. Conditions characterized by low moisture content, large particle size, and
moderate wind speed effectively promote heat accumulation and release in humus, thereby accelerating the
smoldering heating process. The improved BO-XGBoost prediction model constructed in this study can
simulate the smoldering heating rate of humus under controlled laboratory conditions. It provides a technical
solution for optimizing algorithms and improving accuracy in prediction models for smoldering fire behavior
in forest understories.

Key words: Larix gmelinii; duff; smoldering combustion; heating rate; multi-factor coupling; Bayesian

optimization; XGBoost; wildfire behavior prediction
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Fig. 4 Flowchart of the improved BO-XGBoost prediction model
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W 2 froR, &K S TR 2 B R 2 7O
(P <0.05; Fifd H S 4l s 2 2018 % 7k ¢
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Fig. 5 Trend of heating rate diagram
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Tab. 2 Correlation and variance analysis of each factor with heating rate

et A R REL H ¥17 FlE PlA A5 R AL
TIKE -0.907 4 125 842.60 218.72 0.033 8* 0.68
BET hifz -0.988 4 98 753.20 171.56 0.001 7#* 0.62
RGO ~ 6 m/s) 0.986 3 92 436.53 240.54 0.014 3* 0.65
FAKE < At —0.652 16 3245.30 5.64 0.003** 0.12
U T TR x M 0.589 16 2 876.50 5.00 0.008** 0.10
WA x A 0.487 16 1987.40 3.45 0.025% 0.07

¥ *REP <0.05, B3 *+{LEP <001, KLEE.
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Fig. 6 Comparison chart of measured and predicted values of heating rate
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Tab. 3 Comparison before and after model improvement
A MRSER? IiREMAE MiksEs IR EERMSE MiREMAPE TBATH [A)/s
i BO-XGBoost 0.934 6 0.040 9 0.936 1 0.064 8 27.589 3% 46.900 0
BO-XGBoost 0.883 1 0.061 6 0.884 3 0.087 4 35.093 7% 31.490 0
GA-XGBoost 09150 0.054 2 0.9152 0.073 7 35.192 5% 113.4100
SSA-XGBoost 0.899 4 0.056 6 0.900 7 0.080 9 26911 9% 129.030 0
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F T 2.09% ~ 5.86%, 1X 3 BB = LA 0 RS DL SR
AR5 B AR GE ), B AR R 3 5 7E T R
J7THl, 2 BO-XGBoost 158 (13247 FE 1 1 = T BO-
XGBoost 54!, {HIZEA% T 75 4bP ALY, BT He i 1 i)
PERE S THE R, &R JTATHE T % 52 .
3.3 SHEBRITERTN AL R

W 4 fiR, 4% MF 205 EZ R, It 4
R* 1 0.934 6 %% 0.904 6, MAE M 0.0409 T} &
0.058 2, Ut B iZ A5 L $2 T TR0 RS FiE 5 428 i i 22 1Y)
#oLa: 2B Chebyshev BRI J5, R* F& 22 0.911 1 ]
I, 22 R R 3 bR 22 AL 0.004 2 15 2 0.008 9,
A TRAZ LSS e BT A AR R | T SR AR Y AR E T 1)
WUCEARE ;s BBk B G RIS, TR BE i~
B, AR AR BRI IS 0, 18 BH 12 A5 5 m] i A AL i
St R . e BB ALY T 20 L ACRI Tk B R? =
0.934 6. MAE = 0.040 9 45 & M RE, B a1
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Kb B R B VS . e KR R EUE 2K 4y 75
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(P <0.00), HigLEYHMLE] . INRLAR JE 5E 718
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BE S, 52 FEL TR 5 00 28 00 ) 35 2, (9575 7K R S R4z
L HAE MR,

MRLAR N 20 H BT, i A7 7R i K A 4L
H.25% ~ 75% 45350 X [8] B A b T 5 =i 7K ST, S EsE Xof
2 22 Y A LG I A s . 7 P2 1R 3 R A B i
A TR PRI 38 2R B 8B TURLAR Yk N A
FIF-HR KBRS, BARARBUNFHEE R TR, #ibe
T RE AR, DAK S IE R % . Uk Ak, ARSI R T
KAt 5 KGE ) 2 58 HAEH (P < 0.05), KRAREE
JoR PN RS A E Y, KO AT R R R, 2
I I 1 A B A

2 XGEM 0 m/s 18 6 m/s I, THRE R T,
i 6 m/s 5, FHEHEZE T E. XOE 4 ~ 6 m/s X
5 o BR R TP I ()1 33 280 R B o B R, U AR 1K
T [ W B A AR 78 AR O 2 R R R 8
Bt bR S RIE F R B, A SCRARR T 0 ~
6 m/s P FHIR R 5 KGR IE KR, 585 KE
5 RGEAFENR R ZE AL BAEH P <0.0D), m& KR
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&3 8 5 [ AR TP U o R AR B I A AN R, £
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SE B HE A [ FHil X TR) 0 B2 FE 26 M B, 7F GA-
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Tab. 4 Performance comparison of ablation experiment models

R MWL R MAEEMAE RAREAR L bk
ot 0.934 6 0.040 9 20 0.004 2
FRMFZ AR ETTE 0.904 6 0.058 2 53 0.005 3
Z 45 Chebyshevt i 09111 0.0539 87 0.008 9
Fopl I AL AL 0.929 6 0.048 0 98 0.002 0
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RS B Y 2 JROR AR AR B T O 2%« 2 R L R AL
FEWE 5 15 3E SRR S e s 2 AR
L SR Ry v EORS P AR AR Y, IR FR BB 2R
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