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Fig.1 Flowchart of canopy light efficiency simulation and energy
computation (MCRT)
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Fig.2 Flowchart of pruning recommendation iteration
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e .
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BRIV RE N =7 T VPAS: BHEERE. RS
BARACRD, EEREEAS: HAREMEE. &
T/ PR SEAR R ZE . RRASIFEL ToU: 73 2KtERe
e MR, HRIE, F1. Kappa —8(M:; 5T
fl#: ALIR. AEIR. JGRFRHEZ NIEIRE: RS
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P LTI, FHRAEM AR BREE . LIE£15%. AR
PETERS 260 T 28 IR IE : B IR Z R B <5%, 7K
Kappa [ [X 7], AEIR T4 —2H.

[FIS, v 7 TSR AR R It Re S AR E R, A SRR AT
SR W T, HPE4EHEE: CPU Intel Xeon
6226R x2 il %k ; GPU NVIDIA V100 ( 16 GB) ff # ;
RAM 128 GB; % f¥£#%: Ubuntu 22.04. CUDA 12.x.
Python 3.10. PyTorch 2.x. tiny-cuda-nn/Instant-NGP.
OpenCV4.7. scikit-learn 1.4 FastAPI10.110. Three.jsr157,

2 HEREDH

21 ZHEEBESTUACHR

K 3 TR (NeRF) 75 ME2s st = 4
HE, Wb e Rt — 8RS B E R E 4
B M L&, WA EREE, ET &Rk
LASTEWT, 5 ARSI R R AT 4H Y .

EE 9 BRA RN, ANFEW S R A E
IR, B N TSR 2K AR S e 1 o g o ot
ITRTEE (R D, UESE T EEER S ENE., FIEE
X IRZE 2.39% (102 %N 4.3%), ¥k NeRF Il %k 4~
6 min CEIRIAA4E) . H54ESE SIM+Poisson I 2 77k

AIEEDY, NeRF EH M AZ B XM A 5w B ERELA
18%, 1% 51k 10 2 2% ek /2 30 85 vp 5 A o8 1 10 45 1 AR
H MR E .

a. SR b. NeRFHL Y15 45

a. Original video b. Initial results of NeRF reconstruction

/. '
I (A
/&-.ﬂ

o Wi R A 5 A5 52

\
%\ ¢. Broken branch completion and morphological restoration
\ \ .
\

B3 AT NeRF #9548 = 4 & TAUM
Fig.3 Visualization of NeRF-based plum tree canopy
reconstruction

®1 TEREERETHERBERNER

Table 1 Comparisons on reconstruction accuracy for plum trees with various complexity in canopy structure
. R B Wres (B FRELU [H] A4 [ iR S AN R 2
(Canopy height, canopy width, light transmittance) Number of breakpoints Extraction time/s Completion time /s Accuracy /% Relative error/%

(1.63, 1.55, 0.23) 969 71.9 55.5 81.67 0.93
(1.44, 1.56, 0.26) 1009 78.5 69.6 82.68 0.89
(1.57, 1.66, 0.28) 1048 84.8 77.5 84.39 0.95
(1.61, 1.44,0.42) 759 92.7 28.5 85.12 2.64
(1.29, 1.38,0.41) 788 98.1 31.9 85.96 2.41
(1.67, 1.45, 0.39) 815 104.1 36.8 86.84 2.09
(1.02, 1.33, 0.48) 599 169.2 16.5 81.74 4.01
(1.23, 1.26, 0.46) 605 171.2 15.4 82.65 3.80
(1.07, 1.24, 0.51) 605 172.9 14.2 83.85 3.80

FRERLLE i BATE e b SCRAT B AL B SO R &R D)
e, NIEEERBIIRAE T B ST LA B, EE LR
WE TR AL AR AT AR BRAS S 1 A A 2 A g ]
itk
2.2 TRIMNES A HHE

AR BSR R S AME AL, B SRBOR AR ) 32 43
BESSER . 8 4 FTHAL T 12 MRS FI IR A ok 2 4 4
MRS g R . ET PR AL 460, —
B FKE 08l m, %0 HFH 042 m, &
HEMRASEZAEKSH . HEAKES BRI REIUE
ABR N 0.93, UL UAHLA RIS

FERE L5 T 5, T4k T M NeRF #4175
(3D PIKET D « 76 /2 45 A0 S T B Bpe. O\ SR S &
AL IR BRARAEAUET8 . BRI ' 2 18] 23 A AR 2 ke
HIRBE 1 X ) Ak 7

Tree 9 Tree 1(5 Tree 11 Tree 12
W BORRET. LERR—HH. WERR . GERR=J0.
RN IR .

Note: Black represents the main trunk, red for primary branches, blue for
secondary branches, green for tertiary branches, and orange for quaternary
branches.

B4 12 REMBEH)E =T

Fig.4 3D visualization of branch classification for 12 plum trees
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b. Spatial discretization of canopy
structure (octrec voxels)

a. NeRFE 41T ([T
a. NeRF reconstruction details
(mesh surface)

d. BRI A iAo A
d. Spatial distribution of direct
and diffuse radiation

c. SR AR ER AR
c. Light transmission
path simulation

e. Ji R R AE 20 X AT AL

e. Canopy light energy distribution voxel visualization
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Fig.5 Visualization of the canopy light-efficiency analysis
workflow: from 3D reconstruction and spatial discretization to ray-
path simulation and light interception characterization
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b. Trend of relative light distribution within the canopy
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Note: Green represents upright branches, blue drooping branches, purple
competing branches, and red represents dense branches.
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Fig.7 Visualization of pruning types in 12 plum trees
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Table 2 Effectiveness metrics of post-screening constraints

N B L H S T
. KRt GREEEE  wkm LR
FEARTID . . . . : Upper-limit
Light-use efficiency Fruit-bearing branch Pruning .
Sample ID o . o/ - ., constraint
improvement /% retention rate /%  intensity/% .
satisfied
TO1 15.8 96.7 14.8 =
T02 16.9 95.8 16.5 =
TO3 17.6 95.1 18.0 =&
T04 183 94.4 19.6 &
TOS 18.9 93.7 20.8 &
TO06 19.4 93.1 21.7 &
T07 20.1 92.4 22.8 =
TO8 21.0 91.8 24.1 &
T09 18.7 94.0 20.2 =&
T10 19.2 93.4 21.1 &
Ti1 17.9 94.8 18.9 s
T12 22.0 91.2 24.7 =

e S SR BR B A S R SR AR 2 BT R 4 SR B o R
ISS tibl=4

Note: Fruiting-branch retention rate is defined as the percentage of fruiting branches
not recommended for removal by the model relative to the total number of fruiting
branches.
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Table 3 Comparisons on model performance for 3D reconstruction and light interception analysis methods

AICT7id (RUiH+NeRF+E Z4L+MCRT)

E4: SIM/MVS LiDAR 5z REFAG Y /0 U

o HL e T
C *f t.k‘ ik - Proposed method (video + NeRF + Conventional LiDAR point-cloud Virtual pruning/rule-based
OmPparison metrie skeletonization + MCRT) SIM/MV'S 9 method 7 model 1%
N AR - BN R — o A
E S ~ WOt W ZHn
Input data type ZALF I RGB, 720~1 080 p W% BotH R s F LSRR
AR
HLHIZ 1.25+0.34 2.87+091 0.95+0.27 -
Reconstruction accuracy/cm
HROER B )
8L =
Fine branch connectivity completeness */% 8596 (RS /8880 (&) 67.42 93.12 7015
SV BJUEEAFL {5 1R LU/ 25 K AR DL 1 15 £ PSNR/SSIM 28.6/0.932 22.3/0.871 31.1/0.945 —
) J9F s [
AR ﬁﬁj " 1E) 122+ 15 185+30 290 £ 60 60 (FTO
Model response time per tree/s
HfE 3K L Energy interception ratio EIR 1/% +18.4 vs REF; +9.7 +21.2 +6.1
B R G IR ) S
Post-pruning light uniformity AU/ % +12.6 3.3 148 39
BRI R | K — 3]
Bk Iy SR | Kappa — £k . 93.2/91.5 78.4/75.6 85.7/82.1 70.3/68.9
Branch classification accuracy/ Kappa agreement/%
RGBT I _ _ N -
Real-time system response/ (fifi-s™) 18~22 68 373 20 C{ZhiED
“é‘ﬁi"ﬁl"m\ IF@]*%EEI%%‘H—‘, Wk E AL Y e kR e Vi =N Fv feh oz Bl ke
Overall evaluation 2 LR FEEER AR, TR REREmn, Hiksy KHR, BUERIEAR
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Note:Structural reconstruction verification indicators marked with an asterisk in the table, such as the "complete connection rate of fine branches", include both real and
synthetic controls (for module effectiveness verification). All other cross-method comparison indicators are calculated based on real tree bodies. Indicators from different

statistical calibers shall not be directly combined or compared.
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Fig.8 User interface of plum tree canopy analysis and pruning
simulation-recommendation system
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Fig.9 Mobile APP for pruning recommendation and cloud
platform for pruning recommendation model
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Intelligent pruning recommendation model for fruit trees based on
3D canopy reconstruction and collaborative light-efficiency analysis

ZHANG Xun' , LIU Renpeng® , ZHENG Jishu® , FANG Bo® , QU Hongchun**

(1. Wushan Fruit Industry Development Center, Chongqing 404716, China; 2. Institute of Agricultural Engineering, Chongqing Academy of
Agricultural Sciences, Chongqing 401329, China; 3. Institute of Fruit Tree Research, Chongqing Academy of Agricultural Sciences,
Chongqing 401329, China; 4. Center for Ecological Security Research, Chongqing University of Posts and Telecommunications,
Chongqing 400065, China)

Abstract: Fruit-tree canopies are typically characterized by complex branching architecture and dense foliage, leading to
severe self-occlusion, uneven light distribution, and low light-use efficiency. However, experience-driven decisions cannot
fully meet the large-scale pruning of the standard canopy shapes and optimal regulation of tree vigor in the orchard. In this
study, an intelligent pruning model was proposed to optimize the canopy structure reconstruction and light-efficiency
evaluation using Neural Radiance Fields (NeRF). A reproducible, quantitative, and visualization-friendly workflow was also
provided for canopy analysis and pruning under a real orchard. Qingcuili plum (Prunus salicina cv. ‘Qingcuili’) was selected as
the target species. Multi-view videos were captured around each tree from multiple angles for sufficient coverage of the canopy
under field lighting and background. A NeRF reconstruction was used to learn volumetric radiance and density fields from the
video frames. A high-fidelity 3D representation of the tree was generated from the reconstructed structure. Branch topology and
geometric descriptors (e.g., branch order, orientation, length, and spatial distribution) were extracted for decision-making. The
Monte Carlo Ray Tracing (MCRT) module was integrated to simulate ray—canopy interactions. Both direct and diffuse
radiation pathways were estimated to quantify light conditions in the 3D canopy space. Two indicators were computed: light
interception ratio (LIR) to characterize the proportion of incident light intercepted by the canopy, and energy interception ratio
(EIR) to reflect the effective energy under the simulated radiation field. A pruning recommendation model was constructed to
fuse: (i) branch-classification and geometric features, and (ii) light-efficiency weights derived from the MCRT outputs.
Candidate-branch suggestions were given for the improved canopy illumination with structural feasibility. In addition, a virtual
interactive pruning system was developed to support human-in-the-loop validation, intuitive visualization of light distribution,
and pruning effects before field implementation. The framework was validated on a dataset of 102 Qingcuili plum trees with
diverse canopies and growth. The NeRF-based reconstruction was achieved with high accuracy, with an average reconstruction
error of 4.3%, indicating reliable recovery of canopy structure under complex occlusion. The pruning recommendation
performance reached 93.2% accuracy, compared with expert labelling. Pruning recommendations were consistent with practical
knowledge. The optimal pruning strategy was applied to substantially improve the canopy light conditions. LIR and EIR
increased by approximately 15.2% and 18.9%, respectively, indicating enhanced light interception and more effective energy
capture. From a deployment perspective, the end-to-end system response time remained stable in 2.3 min using cloud GPU
acceleration (NVIDIA V100), indicating favorable real-time applicability for decision support and interactive analysis. A
canopy structure—light-efficiency optimization was integrated with NeRF 3D reconstruction, MCRT light simulation, and
feature—weight fusion for intelligent pruning. The 3D canopy reconstruction and quantitative pruning improved the light-use
efficiency and the precision of tree vigor regulation in a real orchard. The finding can provide a feasible technical pathway
toward digital twins and smart pruning for fruit-tree production.

Keywords: fruit tree canopy management; visual modeling; canopy structure analysis; light-efficiency simulation; co-
optimization; pruning recommendation model
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