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Abstract; Aiming to address the issue of inaccurate seedling vacancy detection in greenhouse tomato
propagation where 7 ~ 14-day-old seedlings often lean or bend, causing leaves to intrude into adjacent
tray cells and rendering traditional vertical projection methods ineffective, a detection method based on
the matching of seedling growth points with tray cell centers was proposed. Firstly, the TSM — YOLO
model was developed by improving YOLO 11 through the introduction of lightweight C3K modules,
attention mechanisms, and optimized loss functions to enhance instance segmentation performance for
tomato seedlings. Secondly, based on the masks obtained from instance segmentation, the centroid
method was employed to calculate morphological centers, which were transformed into actual growth point

coordinates; meanwhile, tray cell centers were precisely located through straight-through filtering and
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histogram-based analysis to achieve synchronous positioning of both center types. Finally, an improved
Hungarian algorithm was implemented to match the growth points with cell centers, where unmatched cell
centers were identified as vacant positions. Experimental results showed that the TSM — YOLO model
achieved an AP, and APy, o of 97. 6% and 78. 9% respectively, representing increases of 2. 4 and 11. 4
percentage points over the base model, while reducing parameters by 7.1% , FLOPs by 8.1% , and
model size by 8.8% , with a 12. 1% boost in inference speed. Seedling growth point localization
experiments were performed to compare different algorithms. The centroid algorithm obtained the best
performance ;: maximum localization deviation of 8.09 mm, mean of 3.39 mm, standard deviation of
1.78 mm. For the optimized Hungarian algorithm, matching accuracy was 99.9% (8.3 ms per tray,
cotyledon stage) and 90.7% (8.5 ms per tray, early emergence stage), demonstrating higher stability
and efficiency than the traditional version. Comparison with mainstream vision detection methods
indicated that the proposed method reached a detection accuracy of 98. 1% with a missed detection rate of
1.9% and a 0.3% false detection rate at the cotyledon stage, and 91.4% accuracy with a missed
detection rate of 8. 6% and a 1. 0% false detection rate at the early emergence stage, exhibiting superior
adaptability to complex environments and higher overall detection precision.

Key words: tomato; seedling gap detection; TSM — YOLO; instance segmentation; center matching
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Fig.9 Segmentation results under different lighting conditions
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Tab.2 Ablation experiment

C3K-DS2 CBAM E — Dice APsy/ % APsy _o5/ % E 2 B BENESHE/MB Wi/ (fs7!)
95.2 67.5 2.8x10°  6.2x10° 5.7 114.8
vV 95.3 69.8 2.5x10°  5.2x10° 4.9 137.3
vV Vv 96.7 76.2 2.6x105  5.7x10° 5.1 129. 1
vV VvV VvV 97.6 78.9 2.6x10°  5.7x10° 5.2 128.7
NSRS S N SN UE G EE e TR,

TEMIERN 5] AR gL CBAM V£ & IHLHE,
43 E| AP, 4y E] AP, o 3 T & 96.7% F
76.2% BIEL B AL 3 5T 1.5 8.7 A 43 A
B REAE R L fig ik — ik fb, S5 2
2.6 x10° VP B AR R E 5.7 x 107, BRI A7 5
FHEHE 2 5.1 MB, #EFRE B R 129. 1 /s, PERE 54K
A RGP

HE—LUN E — Dice Bk REUS , 57#] APy, 1
A3 E] AP, o ITHE 97. 6% F178. 9% AR RIXT 4
HLZRANT () 5r BURS BEAS B R R T, S8R
He4F 2.6 x 10° LB B AR fL, 77 408 5 2 R R
5.7 x 10748 BRI A7 G i3S %2 5.2 MB, #fE 3
MR ETE 128. 7 /s, BE R HE BR300 i

ek B R TSM — YOLO 43#] AP, (AP, o L
FERMRAETE 2.4 11,4 AE 53 8BRS 80 T
MBI AN S RS R 7.1% (8. 1% Fi
8.8% ,MEM T T 12. 1% . AHALX T I pimy,
TSM — YOLO #5278 /5 R 42 7+ 43 HKG BE A w4
S TS A RN AE 5 R AR IH 2R A AR
IR, i FEE S A R T
2.1.5 N[AACHESPEREI

SHWFFE TSM — YOLO A5 55 JHAthy 52 1] 43 1 A5 784
X T 80 B W o B AR Y 25 S, ok IR A
YOLO v8n,.YOLO v9¢.YOLO 11n,.YOLO 12n . Mask
R — CNN( resnet50 ) Fll Mask R — CNN ( resnet101 ) FF
JETPEREIR, 25 Rk 3 R,

x3 FERBEREMKER

Tab.3 Performance test of different models

A APsy/ % APsy_os/ % et TaiaE e BRNAEEHE/MB MR/ (fes7)
YOLO v8n 95.0 67.9 3.34 x10° 7.71 x10° 6.5 96.0
YOLO v9¢ 95.7 71.0 2.78 x 107 1.02 x 10" 53.6 53.7
YOLO 11n 95.2 67.5 2.80 x 10° 6.20 x 10° 5.7 114. 8
YOLO 12n 94.2 64.6 2.81 x10° 5.90 x 10° 5.7 76.7
Mask R — CNN( resnet50 ) 94. 4 59.2 4.38 x 107 1.47 x 10" 334.7 12.0
Mask R — CNN( resnet101) 93.9 61.5 6.69 x 107 2.53 x 10" 479. 8 3.9
TSM - YOLO 97.6 78.9 2.60 x 10° 5.70 x 10° 5.2 128.7

H 3% 3 A1, TSM — YOLO BRI 7E 41 40 BT 55
MZRAYERE L R LT 280 0 o HIRIRY 76505
K5 TJ7 1, TSM — YOLO 43 AP, i5% 97. 6% 77|
AP, ik 78.9% , ## YOLO v8n,YOLO v9¢ %
it YOLO RFNBIR S 2 2 Mask R — CNN 525 23
B S SR 1 H BRAG ) BE 0 RN 2k RS B 5 FEA AL R
A2, TSM — YOLO S8 2. 60 x 10° 7% 5

B 5.70 x 10”7 (AAF 5 5. 2 MB, AN UL IfE
FEHRL YOLO 11n 435010870 2 x 10° 5 x 10° 0. 5 MB,
KT YOLO v9c LA K Mask R — CNN LG #i |
R bR L [, TSM — YOLO iR
IREN 128. 7 £/s , BIEWERLTY YOLO 11n $2FF 13.9 £/5,
TAERCE & T AR | SCRHPE R 5

TSM — YOLO #5 8 7E 43 HIKG B2 | 4 3 3 B A2
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Fig. 12 Performance of different positioning algorithms
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Tab.4 Maximum positioning deviation of different

algorithms mm
ERFEE BMA 0 BB EMCc  BMD PIE
0 7.88 7.84 8.39 8.26 8.09
SMERERL  9.08 9.12 10. 05 10. 34 9.65
SMERY: 9.30 9.05 10. 69 11.01 10. 01
(PSS 8.96 15.93 9.61 16.19 12. 67

x5 ARBEEEMEETEHE

Tab.5 Average positioning deviation of different

algorithms mm
ENIFEE O RAIA KRB RAIC XKMD PHE
JT0 i 2.93 3.04 3.74 3.85 3.39

SMERED:  4.24 4.35 6.96 7.06 5.65
SMERD: 412 4.18 7.03 7.44 5.69
R O7S 3.53 10. 29 4.39 11.05 7.32

®6 ARBEEMRBEREE

Tab.6 Standard deviation of localization deviation

mm
ENFEE EMA 0 KMB FEMCc  EMD PHE
T 1.77 1.71 1.85 1. 80 1.78
HMERED:  2.17 2.26 3.05 3.22 2.68
ShEERE: 2.24 2.21 3.61 3.53 2.90
(LSS 2.47 5.58 2.63 5.09 3.94
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Fig. 13 Seedling plug tray masks
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Fig. 14  Seedling plug tray grid mask histograms
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Fig. 16 Matching results by different matching algorithms
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Tab.7 Seedling — cell matching results at cotyledon stage

DR 75X R,/ % 1,/ (ms-fE")
byl LT 99.9 5.8
L get 4 F| 99.9 24.8
Ptk 25 | 99.9 8.3
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Tab.8 Seedling — cell matching results at early

emergence stage

Uiy R,/ % £,/ (ms-F ")
I T fie 67.6 5.8
gt 4 F| 85.3 24.9
et 4 F| 90. 7 8.5

e e A UG BC 1E i 6, Fvh il DR ol T A
(AT B AE 3 by ok v DT 2 T AR T T ) T e e,
UORRAL G 5 2 R Sk A% 498 6 2 ) 3035 ot FH B
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Fig. 17 Results of different missing seedling detection methods
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Tab.9 Missing seedling detection at cotyledon stage

28 Bk e Mk AU
N, 1080 1080 1080 1080
N, 52 52 52 52

N, 50 51 51 51

N, 2 1 1 1

N, 10 3 3 3
R./% 96.2 98. 1 98. 1 98.1
R,./% 3.8 1.9 L9 1.9
R/% 0.9 0.3 0.3 0.3
ty/(ms- 1) 19.1 27.6 27.9 28. 1
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Tab.10 Missing seedling detection at early-emergence

stage

SR gt KREDE:  EEE A0
N, 1080 1080 1080 1 080
N, 58 58 58 58
N, 39 42 44 53
N, 19 16 14 5
N, 69 51 50 10
R /% 67.2 72.4 75.9 91.4
R,/ % 32.8 27.6 24.1 8.6
R/ % 6.8 4.9 4.9 L0
ty/(ms-#") 18.8 28.0 28.3 28.8
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