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High—throughput digital phenotyping of peanut nodules in field using smartphones and deep learning
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Abstract: For high—throughput, low—cost, and reproducible field phenotyping of peanut nodules, and for a new ave-
nue in deep investigation of nodulation and nitrogen fixation mechanisms on precision breeding, this study developed a
smartphone—based rapid field phenotyping method. It is to address the challenges associated with peanut nodule pheno-
typing in field, including small size nodules and dense distribution, frequent adhesion and occlusion, complexity of field
imaging conditions, and substantial image variability across smartphone devices. A closed white-light calibrated imaging
device integrating a standard color card and scale ruler was constructed to enable standardized acquisition of root images
in terms of both color and scale, thereby improving the consistency and comparability of field images at the source. In ad-

dition, a lightweight nodule detection model, STAC-YOLO11n, was proposed for complex field backgrounds, enabling
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rapid image analysis and nodule counting on smartphones. The results demonstrated that the proposed method achieved

robust nodule detection and stable counting performance under complex environmental conditions, with an accuracy of

86.85%, and exhibited good cross—device generalization across different smartphone platforms.

Key words: peanut nodules; smartphone; field high—throughput phenotyping; lightweight object detection;

cross—device generalization
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Fig.1 Schematic illustration of the enclosed mobile—ter-

minal-based image acquisition system for peanut nodules
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Table 1 Comparison of performance across different detection models

R RS AR R CPIREE SIS IEoERE IRAERE (32
Model Precision Recall F1 score mAP@0.5 R* /% Accuracy /% GFLOPs  Model size /MB
Faster R-CNN 0.752 0.774 0.763 0.741 62.74 50.90 133.92 158.40
RT-DETR 0.794 0.759 0.776 0.829 70.24 75.17 103.40 60.30
YOLO11n 0.801 0.774 0.787 0.833 82.94 66.78 6.30 531
STAC-YOLO11n 0.832 0.780 0.805 0.866 85.69 86.85 9.90 5.7

T R RO B R 2% SRR TR0 R I SR S 65 A BRI A5 SRS T iPhone MIRAE A, FLUIZR IR PIREATE M

PR 1D J2 181 A% B

Note: Accuracy in the table is defined as the arithmetic mean of per—image nodule counting accuracy on the test set. All model results are obtained on

the iPhone test set, with strict separation of the training, validation, and test samples at the plant ID level
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Note: A: Precision — Recall (P-R) curve; B: normalized confusion matrix
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Fig. 4 Performance of the STAC-YOLO11n model
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Table 2 Ablation of key modules and comparison of false positive rates

AR S X, 5% DXl oz /A 0 A - L v

YOLOLLn  Reothead it ACAB i A [l 58 FLorE  PIRSESE ks
Topological constraint Precision Recall F1 score mAP@0.5 FP
N — — — 0.801 0.774 0.787 0.833 0.310
N N — 0.772 0.817 0.794 0.844 0.251
N N N 0.807 0.795 0.801 0.846 0.289
N N N N 0.832 0.780 0.805 0.866 0.198
#3 BERIINGEHNELZEIBEGER
Table 3 Cross—device transfer evaluation under single—device training
U4 TS H el FIAH AP (K
Training set Test set Precision Recall F1 score mAP@0.5
iPhone 15 iPhone 15(PIRD 0.810 0.824 0.817 0.864

iPhone 15 (internal testing)

Mate 70(5Mill)
iPhone 15 0.778 0.849 0.812 0.855
Mate 70 (external testing)

Redmi K80(#Mill)

iPhone 15 0.771 0.850 0.809 0.853
Redmi K80 (external testing)

T RSB YRR, 25 SR T 100 SRS B B0 FUR T AEGETE s b I -5 SMIIAE A4 X6 13 100 5 FURBEA T DT

Note: Results are obtained under a single—device training strategy and are calculated on a subset of 100 cross—device paired images; the internal test is

evaluated using 100 images strictly matched to the external test samples
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Fig. 5 Interface of the smartphone—based prototype sys-

tem and visualization of root nodule detection results
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Fig. 6 Correlation between smartphone—based and manu-

al counting results for peanut nodules
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Table 4 Comparison of smartphone—based and manual counts for representative peanut root nodule samples

SERKF NI FHLsii AL Ha xRz AHXS %22 TR EE
Nodulation level Manual count Smartphone count Absolute error Relative error /% Accuracy /%
10 9 1 10.00 90.00
17 16 1 5.88 94.12
(45 20 18 2 10.00 90.00
Low nodulation 23 21 2 8.70 91.30
27 25 2 7.41 92.59
30 27 3 10.00 90.00
44 41 3 6.82 93.18
50 44 6 12.00 88.00
70 61 9 12.86 87.14
90 79 11 12.22 87.78
AL 110 96 14 12.73 87.27
Moderate nodulation 130 114 16 12.31 87.69
150 131 19 12.67 87.33
170 149 21 12.35 87.65
190 166 24 12.63 87.37
205 169 36 17.56 82.44
220 181 39 17.73 82.27
240 198 42 17.50 82.50
260 215 45 17.31 82.69
280 231 49 17.50 82.50
300 247 53 17.67 82.33
320 269 51 15.94 84.06
[RERE 350 295 55 1571 84.29
High nodulation 373 319 54 14.48 85.52
394 338 56 14.21 85.79
440 374 66 15.00 85.00
461 398 63 13.67 86.33
483 408 75 15.53 84.47
506 430 76 15.02 84.98
524 440 84 16.03 83.97
543 459 84 15.47 84.53

T - A X228 S TSRS N T B0 28 O 28 X E 5 ARV D28 R 4 % D2 22 o5 N TR E 40 LU s T B0MERf B2+ X (LD 315

Note: Absolute error is calculated as the absolute difference between smartphone—based count and manual count; relative error is calculated as the per-

centage of absolute error relative to manual count; counting accuracy is calculated according to Eq. (11)

By g I FH TP B T A IR BE I 25 I R LY R
Chung 55" 8 58 P8 45 22 53 #1670 B B 9330500 10
B B[RV RE O fifp ke 15 150 4 i A 1) — B30k 5 AT F A 1)
B, A A A BRI 53 5 5 A BRSO
5 A2 AR T U YR B R 1R & 95. 83%, (H A7 R 4R
- BRI, HN o BN SE RS AR MERE AT . A
b2, ASBI 5 1 1] FE (R 43 455 17 P 44 AR 980 A 0 4
Jr BB e Tl o 8 i d5t A o A e B 5 i 0 R
L IR TP S AR S TR R Y
SER I, T — AR L AMEE T RO AR AN A
M B REMR SR U HER Ol 86. 85%, IR T H
HF- AT AR TR ph S 56 2 v R D A )
FH [ R 546 107 FH 8 7 A

TH fil S 56 25 S iF— 20 B T STAC-YOLO11n
s AR 28 (] U8 5 R AE F bR B R .
J5AR YOLO 1 In 7EAR SR AR S5 410 EE 2540 5 52 2% 7
S TIOR3 0. 310, UiHTH
XFAE H AR S5 A i 4 il 68 1 A B . 51 A Root—head
Ja A RS2 0. 817, R R X IiHE e ghhg
A7 JR A A A 328 X ek 7 5 Y TR ARl D ik — 20 Y
SERPE LR L AT B AR FR 45 K W S 25 Sy B WA
e, S HORE BE R Y, e sL A Lt —2 & mdh
Fh BT I RSB0 R T 2 0. 807, K IALsH 1k
23 [l 6 B T 4R A s & 3. (3
B BHPE 8 B By, S WA h— BOvk i ik B ks 1
5 35 285 FE 11 2 [E) A R, (EUXFSAG 0 B0 1 VB FH TR



246 v EHRHED AR

2026,48(4)

Far . G| A ACAB G , 76 A MR IEARRFFR E
MIZEAET B PR ek — 2D 22 0. 198, 305 i A A4
TR 36. 1%, 26 B H A RE 3 T 32 22 U5 T X R A 119
BRAMHIP, I, STAC-YOLO1 1n 4 2k ¥ 5 45 F
A PR B S B H s g ARG BE L T AE Tl AR R IX B
W AR A5 R U SR R 3 R R E ]
5595 5 TR B R O R 2 . A, B
WA A HE— 20 R W AW 5% 4 8 ) ) B A o AL R
RARR 5B Z 850 20 B A B4 ) D R 2R
1E iPhone BRI 2R 5518 , BERUAE Mate 70 55 Redmi
K80 4N HH 1) mAP@O. 5{ NP 0. 009 - 0. 011, -1
IR HEORG B 28/ R B A ] SR MR T R S R
FRAE o 2R G P8R 50 &5 B m A% Pl g E 2R IR
Jey T SCHL R AE 22 5, T AR S AR AN o A 1) 3 T
L BRI W AR E AL R AR R R 22
PERNAE R AR RAE 2 0, Wl T 2R o A e, NS
By v e B 8 () 51 65 AT LRSS E T AR

S AW AR — 8 B EE L3R T AR R 3R A
W RS — B AR R . e, Tl
Uit A A R AR T N TS R Rl R 1 s 4
R, RGP T R B R 2 R
RUTE e %% B2 R % H AR S5 1T 89 S0 23 5 RE 47
A HWK AR R VRIS e nl 5B R IR AT 5 2 25 5
L W BRI R . AN R RS S &
) S T 2 2 (5 T M 8 1) 2 SROTE Ry 0 e 0
e Ja , W KOG T B 7R AR XA R & M e slas i
AT 18 o s G i 15R XUS: o A SR A 9 ] DA KRB I
HIZW R RIS 5 E kS T i — e
—J7 T, AR IR T S B 2R 2R AR AR E N IS
WEZWiES 455 A e Rk shny E3h2E 20
SMEIE R REA , 3 — I, ATl AW AR AR
AR Z HT A TR AR RS 2 P T 30 R 40
PR KL . AN, TR M 3 b 2 R AR Ry T 52 2
B B A A T B PTG 2 R, 1 s S AR Xof | B Y 35 T2
ARYIENLME o[RBT, AT E— 25 5 8 5 i | 1255 i IX
B3z AL B AIE | BH A st S B A AN [ 15 48 5 52 A4 3R Al
ST RS RV, IR PR A il i SR AR S
Ve 5t AL AL BRI 5% R B Rl , A 2 1o 3 5000 R 4
BRI R B DR SRR PR R AT
LA KEHET Fh -5 RS Ae A PSR PR S 3

25 L Arad  ASHH 5% B TR)AR SR /N H br 2 4 |
7 122 4 K 5 A8 AR 25 e R By R A AN AR
S [ T, b T A b P X A R AR i N T A A
il B A G 5 5 ) 2 S RS it AR R TR O ik

$E 1 STAC-YOLO 1 In 7 PR F5 52 538 B 1 5514 T
(5.70 MB,9.90 GFLOPs) , S 1 46 4= #R 9 HH []
Mk RE S 2 m b AT SEPE A R B4 T, mAP@O. 53k
0. 866, R* iy 85. 69% , i1 B HE i Ji£ 2 86. 85%. TE
iPhone ML Il 2k 5 44 T , BE AU /E Mate 70 5 Redmi
K80 AN It _EATh 2R 30t A i R e 1 o Ao R
FH (] AR 98 2 78 174) PR T 3 B ik i 23 A7 RbR v AL PR
PRAE T HARFEA , Sy GRME Y b Fh 5 FAR I [ A
AR MR, s i

S 3k

[1] LinJS, Bjork P K, Kolte M V, et al. Zinc mediates con-
trol of nitrogen fixation via transcription factor filamenta-
tion [J]. Nature, 2024, 631 (8019) : 164-169. DOI:
10.1038/541586-024-07607-6.

[2]  Zubrod M. Counting the nodules that count, relationships
between seed nitrogen and root nodules[J ]. Nat Sci Educ,
2022, 51(2): €20088. DOI:10.1002/nse2.20088.

(3] Wang X Y, Yu N P, Sun Y Z, et al. An efficient and
low—cost deep learning—based method for counting and
sizing soybean nodules [7]. Agronomy, 2024, 14(9) :
2041. DOI:10.3390/agronomy14092041.

[4] Dias P A S, Santos Melo P G, Santos Pereira H, et al.
Automated and estimation methods to count nodule num-
ber in common bean[J]. Aust J Crop Sci, 2017, 11(8):
968-973. DOI:10.21475/ajcs.17.11.08.pne452.

[5]  ZERER mBeR kT, 5. —F R EE SRR RS IR
e 50 5 AR R T U A % A T R B G I
[P]. CN113980854A,2022-01-28.

[6] MW, 5K3C, 8,48, ARC AW IR 22 1 PR s e
TAEAE MR TR IR BN L] P E R R,
2025,58(22) : 4617-4627. DOI: 10.3864/j.issn.0578—
1752.2025.22.005.

(7] A%, EmBER BT, 4. B RE R B 5 AR
PAE RS RO SRR ] P ERHORME Y 4
2021, 43 (6) : 947-960. DOI: 10.19802/j. issn. 1007—
9084.2021300.

[8] Das Choudhury S, Samal A, Awada T. Leveraging image
analysis for high—throughput plant phenotyping [J].
Front Plant Seci, 2019, 10: 508. DOI: 10.3389/
{pls.2019.00508.

[9]  Woo D, Ghimire A, Jeong S, et al. Soybean root image
dataset and its deep learning application for nodule seg-
mentation [J]. Comput Electron Agric, 2023, 215:
108465. DOI:10.1016/j.compag.2023.108465.

[10] HuiF, XieZW, Li H G, et al. Image—based root pheno-
typing for field—grown crops: an example under maize/

soybean intercropping[ J . J Integr Agric, 2022, 21(6):



AR A TR R

L VR 2 3 T A AR 220 3 o B AT Oy

247

(11]

[12]

[13]

[14]

[16]

[18]

[19]

[20]

[21]

1606-1619. DOI:10.1016/52095-3119(20)63571-7.
Vikman P $, Vessey J K. Ontogenetic changes in root
nodule subpopulations of common bean (Phaseolus vul-
garisL..) : 1. Nodule formation, growth and degradation
[J]. ] Exp Bot, 1993, 44(3): 579-586. DOI: 10.1093/
jxb/44.3.579.

Downie H F, Adu M O, Schmidt S, et al. Challenges
and opportunities for quantifying roots and rhizosphere
interactions through imaging and image analysis [J].
Plant Cell Environ, 2015, 38 (7) : 1213-1232. DOI:
10.1111/pce.12448.

Barbedo J G A. Method for automatic counting root nod-
ules using digital images [C]//2012 12th International
Conference on Computational Science and Its Applica-
tions. June 18-21, 2012. Salvador, Bahia, Brazil.
IEEE, 2012: 159-161. DOT:10.1109/iccsa.2012.39.
Novikova T I, Gordienko N I. Study of the root nodules
in some species of the Papilionaceae subfamily by scan-
ning electron microscopy[]]. Tsitologiia, 2001, 43(2):
107-113.

Smith A G, Han E, Petersen J, et al. RootPainter: deep
learning segmentation of biological images with correc-
tive annotation [J]. New Phytol, 2022, 236(2) : 774-
791. DOI:10.1111/nph.18387.

Chung Y S, Lee U, Heo S, et al. Image—based machine
learning characterizes root nodule in soybean exposed to
silicon [ J]. Front Plant Sci, 2020, 11: 520161. DOI:
10.3389/fpls.2020.520161.

Jubery T Z, Carley C N, Singh A, et al. Using machine
learning to develop a fully automated soybean nodule ac-
quisition pipeline (SNAP)[J]. Plant Phenomics, 2021,
2021: 9834746. DOI:10.34133/2021/9834746.

Zhao Y, Zhang W, Zhang L. X, et al. Development of an
enhanced hybrid attention YOLOv8s small object detec-
tion method for phenotypic analysis of root nodules [J].
Artif Intell Agric, 2026, 16(1): 12-43. DOI: 10.1016/j.
aiia.2025.07.001.

LiuL B, YuLJ, WuD, et al. PocketMaize:
droid—smartphone application for maize plant phenotyp-
ing [J]. Front Plant Sci, 2021, 12: 770217. DOI:
10.3389/fpls.2021.770217.

Cheung V, Westland S, Connah D, et al. A comparative

an An-

study of the characterisation of colour cameras by means
of neural networks and polynomial transforms [I]. Color
Technol, 2004, 120(1): 19-25. DOI: 10.1111/j.1478-
4408.2004.th00201 .x.

Zhang X, DuB Y, Jia Y X, et al. MSD-YOLO11n: an

improved small target detection model for high precision

[22]

[23]

[24]

[25]

[26]

[27]

[29]

[30]

[31]

[32]

UAV aerial imagery[ J . J King Saud Univ Comput Inf Sci,
2025, 37(5): 100. DOI:10.1007/s44443-025-00116-0.
Xiao Y, Guo Y, Pang Q H, et al. STar-DETR: a light-
weight real-time detection transformer for space targets
in optical sensor systems [J]. Sensors, 2025, 25(4) .
1146. DOI:10.3390/s25041146.

Liu Y J, Zhou S J, Liu X Y, et al. Unbiased faster R—
CNN for single—source domain generalized object detec-
tion [ C ]//2024 TEEE/CVF Conference on Computer Vi-
sion and Pattern Recognition (CVPR). June 16-22,
2024. Seattle, WA, USA. IEEE, 2024: 28838-28847.
DOI:10.1109/cvpr52733.2024.02724.

Zhang T'Y, Suen C Y. A fast parallel algorithm for thin-
ning digital patterns[]]. Commun ACM, 1984, 27(3):
236-239. DOI:10.1145/357994.358023.

Zafar A, Aftab D, Qureshi R, et al. Single stage adap-
tive multi—attention network for image restoration [T].
IEEE Trans Image Process, 2024, 33: 2924-2935.
DOI:10.1109/tip.2024.3384838.

Kirillov A, He K M, Girshick R, et al. Panoptic segmen-
tation [ C ]//2019 TEEE/CVF Conference on Computer Vi-
sion and Pattern Recognition (CVPR). June 15-20,
2019. LongBeach, CA, USA. IEEE, 2019. DOI:
10.1109/¢vpr.2019.00963.

SRR VE . HET AN I 2 RORURR IR R 5 Y B2 1R
PR R E L] IRALRSN A, 2022,31(9)
173-182. DOI: 10.15888/j.cnki.csa.008700.
XGRS , XIMRSC, B el . TRBE 2 ) R LRI
PEIELT]. TARFR# %R ,2021,43(11) : 1499-1511.
DOI: 10.13374/}.i1ssn2095-9389.2021.01.30.005.
Wyburd M K, Dinsdale N K, Jenkinson M, et al. Ana-
tomically plausible segmentations: Explicitly preserving
topology through prior deformations[J]. Med Image Anal,
2024, 97: 103222. DOI:10.1016/j.media.2024.103222.
DN, IRENE . SEE{E B IK B Y A Al T AR AL 25 1]
S]], B4R, 2025,53(8) 1 2614-2623.
DOI: 10.12263/DZXB.C250022.

S35 M, 7KK MGHE YOLOVI T 2K T AR 9
B br 6 I 535 [I/OL ). vy 7 5 A 8% 2 4z, 1-17
[2026-03-19]. https ://link. net/urlid/11.2488.
TN.20260226.1623.046.

dos Santos C F G, Arrais R R, Santos da Silva J V, et

cnki.

al. ISP meets deep learning: a survey on deep learning
methods for image signal processing [J]. ACM Comput
Surv, 2025, 57(5): 1-44. DO1:10.1145/3708516.

(DTG - 727 22)



