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Multimodal Instance Segmentation Method for Apple Branches
Based on Spatial — Geometric Gating and Edge-awareness
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Abstract. Instance segmentation of apple tree branches is essential for enabling robotic manipulators to
plan harvesting paths and perform collision-free, damage-free picking. Tt also provides a fundamental
basis for information-acquisition robots to perceive tree- and branch-level phenotypic traits. However, in
unstructured high-density dwarf apple orchards, drastic illumination variations and background
interference often result in blurred branch boundaries, while features of fine terminal branches are readily
lost during downsampling in deep neural networks. To address these challenges, the cross-modal attention
and refinement for orchard localization YOLO ( CAROL — YOLO), a cross-modal attention- and edge-
aware instance segmentation model was proposed for apple branches in orchard environments. Firstly, a

visible-light-assisted cascaded image registration pipeline integrating feature-based affine and nonrigid
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transformations was developed to construct a multimodal apple branch dataset comprising registered visible —
near-infrared ( Vis — NIR) and depth images. Building on YOLO v8, a pseudo-Siamese dual-stream
backbone with spatial-geometry-aware gating was then designed. Within this backbone, a spatial-
geometry-aware gating encoder (S — Gate) extracted the spatial locations of foreground branches from
depth images and adaptively enhanced the corresponding spatial features in Vis — NIR images. In
addition, an edge-aware module ( EAM ) was introduced to explicitly enhance the high-frequency
boundary information of fine branches, thereby improving branch segmentation accuracy after network
CAROL - YOLO
segmentation performance across different model scales (Nano, Small, and Large). In particular, CAROL —
YOLO — s achieved an mAP50 —95 of (39.6 £0.1)% with only 2. 03 x 107 parameters. Compared with
the baseline YOLO v8m — seg, it improved mAP50 — 95 by 1.4 percentage points while reducing the
number of parameters by 25. 6% . Compared with YOLO 11m — seg and YOLO 26m — seg, it achieved

improvements of 0.8 and 1.4 percentage points, respectively, while using 8.9% and 24.5% fewer

downsampling. Experimental results demonstrated that consistently improved

parameters. The proposed method effectively mitigated missed detections of apple branches in complex,
unstructured orchard environments. Its consistent performance gained across different model scales can
provide reliable perceptual support for precision operations by various types of orchard robots.

Key words: apple tree branches; instance segmentation; multimodal fusion; YOLO; agricultural
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Fig.7 Schematic of edge awareness module (EAM) structure
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Tab.1 Performance of improved algorithm
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Tab.2 Performance comparison of mainstream models
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0.50 83.5 52.17
0.25 70.5 62. 4

YOLO v8m — seg 2.73 x 107 101.0 £3. 1 68.8+1.6 38.2+1.2
0.50 85.0 35.2
0.25 74.3 63.5

YOLO 11m — seg 2.23 x107 90.3 +£5.9 69.6 0.4 38.8 0.6
0.50 84.6 33.7
S 0.25 76.8 58.3

YOLO 26m — se . 84.8 £4.1 68.4 +0.7 38.2+0.5

m — seg 2.69 x 10 + 0.50 38,5 26.8 + +

0.25 59.5 65.4

Mask R — CNN 4.44 x 107 22.7+1.5 58.6 0.4 29.7 £0.2
0.50 64.6 62.9

SE KW, CAROL — YOLO — s 528l TR ik 5
FHEREMG —. EHSEEUN 2.03 x 107, H [
YOLO 11m — seg(2.23 x 10”) Fil YOLO 26m — seg
(2.69 x107) 4y B9k > T 8.9% 1 24.5% M5 M T
WA TR o EIRE . Xk YOLO 11m — seg 5
YOLO 26m — seg A] A1, YOLO 26m — seg 51 K [ 43 %
Sk IR ORAT R i 2 A0 30 FORS B4R T, R B A 2
BE T BRI o A Y CAROL — YOLO — s
Tt T2 LA 1145 (S — Gate ) 5 1 2 J& 1 (EAM )
BLA, mAPS0 35 ] 70. 9% , B K = H i mAP50 — 95
febris F 39. 6% ,UEW] T 2B LA {5 B KL %50
oI o A

Sk 2 UL VT Ak A5 7R 1) TR 8 7 0, X G T A5 AR
RITEREEEE TR HESERR, fk2 A
ML AE YOLO #fE 3 BRI & {5 B (Conf Jy 0.25) T,
YOLO F 51| B2k A58 AU i B AT W 15 00 RS o 32, (5L 3 A2
FAXTH Z s Mask R — CNN 7E B A5 2 HBAR I 7 ] 5 4
T 7B KF (BRS04 ; CAROL — YOLO — s
W ZE R HF 8 B 70. 0% Y[Rl BRUAS T 66. 9% 1) i
oA ST A P - RO

WAL, 248 {5 B B 32 i 2 0.5 iF, YOLO %41
RS EE AR Z G AT 5T i gE W e
B A E GBS s Mask R — CNN ARy Z Bir Be i 21
FER AR BT 50 (0K iff B 4, X AR SR T R A A
R AR A AE KA R BA MR A o T AR SR A AS 47
TS — Gate 5 1y 25 [A] TR B2 AR AE 40 78, R SR 4+ T
K BE 83. 5% 57 0138 52. 7% , 3 W] HAE ™ 47 B il
i T 00T HA S a0 & P 5 S B i A {E

pSL iRV O A R G0 /A S S ) |- A
COCO Tyl AL L) fe K AL HARFE ) th Ak BE 1, H.
HANA Fak 4. 44 x 10" B FE R S50, (H mAPS0 — 95 1Y
H29.7% V& G T A SCRERL 5 H A — By Bk 2k
A, HEZREFEIFEREMINGEANT S, B4
A BE A W B B SR A AN 3 H T SR AR R AR 0 LA

fE LA S A Wi 5 T In] 4 Jap B 4R 4% BOAT 55 1Y A T
W

TEARME I, hy 1 1 AL A ok B R ) 5 4 )Ry B
PR PRI 58 4% 1 IR BE 0 S, bR i B BB RDH: 9 32
TS 2 I R A AR G — bR R SR . X R R
SR A A 58 £ % B 2 PR T AR AT 55, {H R 7] 3kt 4
FETBRER SRR, SWESFHRNEK
B b5 R B BE A K. Mask R — CNN [ 45 58 4 6
DX 5l 180 009 2 £ i T35 i HE , LA ) B 480 R T AR
() 30 B T 5 K T8 E AR S 9 B 20 A 4% 5 R, I 4500
& IO 1) A A PR i o 1 O b Ak A A B /N RSE
(s FLR 28 MR x 28 AR 1) AT 4 B w48
I Ao R HE LU B8 TT DL — g AR R L 2R i Il (E
B AL 57 2728, [ 8 8 e ROST o ik MARA I
it R DA% AL 48 1) ) L, 3 b 223 ) A4 8 1 ) i o) A
R HE 5 RS AL R 45, 23 5 30K o 48 SO SR R AIE & 2K
WA, PR S AR e = LRI R B Y 0 N2 o, (AR
TR 0T 230 €5, 50 B 55 e v B AR A T S A AR I AR
Fa A FREIR A o

M Z T, A5 ) CAROL — YOLO Sk H
FTF YOLO R — By Bror HI M 4%, o7 Tl A4
AT DL S0 Hb 3l 2 A 2 TR Y 43 BT 55 5 TR
LG EAM 31 2% B B | 1 sl il s 1< 9 L 431 B
T 1) e 00300 2 R AIE, DR B 1 3 SRR A 32 1 31 K g A
LRSI Y NPT S (R T R b N ] g = il
A1 [) IO Ap 1 A% L 5 4 g (0K R B O 2R el ik
A&
3.4 HBLXIE

F T HiF CAROL — YOLO #5570 rfr 44 A 5 4 4 {4
W T .S — Gate [T #1H [EAM /1 4 81
BEHL) AR, S50 BT 1 Tk A T Rl BT
DA J5 ) YOLO v8s Sy JE i 2R 4, 7 AH [W) B 45 4
ALK/ (s) T 3BT T X Hes2 86, He o phy 22 4 40
o A AT FHAS SO 4 B 23 (R U] T T B S — Gate 1Y



%21 )

T A TS A ] 9 S  G RO 3R SR AY Ak 2 S 2 T 319

S S il A% GE 9 42 45 BUIEAT il (Concat +
Conv) , 45 R UNZ 3 7N .
F3 HEEBMIE

Tab.3 Model ablation experiment
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Fig.9 CAROL - YOLO heatmap comparison
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Tab.4 Comparison of performance in occlusion tests
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Fig. 10 Comparison of model segmentation results in scenes of varying complexity
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Fig. 11  Appearance and software interface of

orchard inspection robot
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Fig. 12 Segmentation mask and planned image acquisition

shooting points
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