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Precise 3D Phenomic Analysis of Maize Tassels and

* Mining of Key Trait-Related Genes

ABSTRACT

Maize, as one of the three major cereal crops globally, holds a strategic position in
ensuring world food security. Traditional hybrid breeding techniques have successfully
driven significant improvements in the utilization efficiency of heterosis. In recent years,
molecular breeding technologies have demonstrated unparalleled advantages over
conventional methods in terms of breeding efficiency, deep mining of superior genes, and
precise improvement of complex traits. The maturation of gene sequencing technologies
has further facilitated molecular breeding. However, the intricate relationship between
genes and traits makes it challenging to accurately predict and control traits based on
genes during molecular breeding, posing significant obstacles to breeding efforts. Many
important phenotypic traits in crops are quantitative traits controlled by multiple genes.
When constructing genetic linkage maps based on molecular markers to identify
phenotype-related quantitative trait loci (QTL), accurate phenotypic data form the
foundation of QTL mapping. Yet, the high-throughput acquisition and high-precision
interpretation of crop phenotypic information have lagged behind, creating a critical
bottleneck that hinders comprehensive breakthroughs in smart breeding.

The maize tassel, a crucial reproductive organ of the maize plant, directly influences
maize yield and quality, making it a core target in maize breeding research. In practical
maize breeding, the vast number of breeding materials and the limited effective survey
period for tassels have exposed numerous drawbacks in traditional manual survey and
measurement methods. These methods are not only limited in the number of traits they
can survey, failing to meet the modemn breeding demand for multi-dimensional, high-
throughput data, but also costly, severely constraining the efficiency of breeding material
screening and becoming a major obstacle in maize breeding progress.

This study focuses on the extraction and in-depth analysis of high-throughput
phenotypic information across multiple dimensions of maize tassels, aiming to break
through existing technological bottlenecks and provide innovative technical means and

data support for maize breeding. Firstly, by deeply integrating cutting-edge deep learning
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algorithms, the study successfully achieved high-throughput accurate identification and
counting of maize tassels, significantly improving detection efficiency and accuracy, and
providing robust technical support for precisely monitoring the tasseling progress of
different maize materials. Secondly, the study designed and developed an advanced,
efficient, low-cost, and high-precision 3D phenotypic acquisition platform, combined
with intelligent algorithms to extract multiple key phenotypic indicators of maize tassels,
laying a rich data foundation for subsequent in-depth analysis. Finally, the study
innovatively utilized the acquired high-throughput maize tassel phenotypic data to
achieve precise prediction of maize material genotypes, thereby providing data support
for studying the phenotypic variability of tassel structures in different genotypes.
Meanwhile, a GWAS analysis was conducted on genes controlling traits such as peduncle
length, main spike length, and branch number of the tassel. Using functional annotation
and haplotype data analysis methods, candidate genes significantly associated with tassel
development and morphogenesis were predicted. The research outcomes not only
promote the innovation and application of high-throughput phenotypic technologies but
also provide significant technical support for enhancing molecular breeding efficiency,
demonstrating noTab. academic value and application prospects. Specific research
achievements are as follows:

(1)Precise Identification of Maize Tassels: This study conducts an in-depth
exploration from two key dimensions. First, to address the challenge of deep learning
requiring extensive training samples, we innovatively applied transfer learning for
accurate identification of maize tassels in high-definition digital images captured by
UAVs. Experimental results demonstrate that compared to methods without transfer
learning, algorithms such as Faster R-CNN, SSD, and YOLO_X with transfer learning
achieved significant improvements in maize tassel detection accuracy. Notably, the
transfer learning-enhanced YOLO X algorithm exhibited optimal performance, with a
precision of 96.15%, recall of 85.18%, and accuracy reaching 98.83%, providing a
reliable technical solution for efficient maize tassel identification.Second, targeting the
industry-wide challenge of low detection accuracy for small-target tassels during early
maize tasseling stages, this study optimized the RetinaNet model architecture by
incorporating an attention mechanism to achieve improved small-target tassel recognition.
Results show that under transfer learning, the enhanced RetinaNet model achieved 99.01%
precision, 92.89% recall, and 98.83% mean average precision (mAP) for small-target

tassels - outperforming Faster R-CNN, YOLO X, SSD, and the original RetinaNet model
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in recognition accuracy. Comparative analysis further confirmed the superior recognition
precision of the improved RetinaNet model. Through methodological improvements in
both dataset processing and recognition approaches, this study has achieved higher-
precision identification of maize tassels, particularly for small-target specimens,

representing a significant advancement in the field.

(2) Innovative Development of a 3D Phenotypic Measurement System for Maize
Tassels and Phenotypic Parameter Extraction:A 3D phenotypic measurement system for
maize tassels (TIPS) based on the TreeQSM model was successfully developed. This
system utilizes multi-view geometry and structure-from-motion (SFM) technology to
achieve rapid 360° image acquisition and 3D point cloud reconstruction of maize tassels,
providing a precise data foundation for phenotypic parameter extraction. For the first time,
the TreeQSM model, originally designed for tree structure extraction, was innovatively
applied to extract key phenotypic parameters such as main axis length, branch number,
branch length, and branch angle of maize tassels. Experiments analyzed phenotypic
parameters from 37 different materials and 52 maize tassel samples. Results showed that
the TIPS system captured single maize tassel image data in 3 minutes and 20 seconds.
The TreeQSM model extracted parameters with determination coefficients (R?) 0f 0.9637,
0.9726, 0.9354, and 0.8572 for main axis length, branch number, total branch length, and
branch angle, respectively, with root mean square errors (RMSE) as low as 1.72, 1.28,
10.15, and 3.77, and mean absolute errors (MAE) of 1.33, 0.37, 10.26, and 2.73,
respectively. The mean absolute percentage errors (MAPE) were 4.65%, 9.17%, 7.97%,
and 19.67%, fully validating the system's efficiency, high precision, and reliability.

(3) Genotype Identification Method Based on 3D Structural Phenotypic Parameters
of Maize Tassels:Using the self-developed TIPS system, tassel images from 1,227 inbred
lines of maize association populations with three genotypes (NSS, TST, SS) were
collected. The TreeQSM algorithm was employed to achieve high-throughput extraction
of 11 typical structural phenotypic parameters, including tassel spike diameter, crown
height, tassel spike length, stalk length, stalk diameter, branch number, total branch length,
average crown diameter, maximum crown diameter, convex hull volume, and crown
projection area among 1194 inbred lines of maize. Gaussian fuzzy clustering was then
applied to analyze the extracted structural phenotypic parameters. Results showed that,
excluding the convex hull volume parameter, the clustering effect of the other 10
phenotypic parameters reached its optimal state. The prediction accuracy for NSS was

67.7%, The recall rate is 70.86%, and for TST, it was 78.5%, The recall rate is 74.05%.
Vi
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The variability order of the parameters was: branch number > total branch length > main
spike length > stalk diameter > main spike diameter > crown height > average crown
diameter > stalk length > crown area > average crown diameter > convex hull volume.
These results provide a new method and approach for precise prediction of maize
genotypes, offering valuable insights for maize breeding and genetic research.

(4)Mining and Analysis of Key Trait Genes for Three-Dimensional Structural
Phenotypes of Maize Tassels: This study systematically measured the three-dimensional
tassel phenotypes of 398 maize accessions, obtaining key trait data including main spike
length, branch number, and stalk length. By integrating 2.64 million high-quality SNP
genotypes, a genome-wide association study (GWAS) was performed using the Mixed
Linear Model (MLM) in the GAPIT software, identifying 503 significant SNP loci
distributed across different chromosomes. Notably, multiple chromosomal regions
exhibited dense SNP clustering, suggesting their potential role as critical genomic regions
regulating tassel architecture.Based on the linkage disequilibrium (LD) decay distance
(~50 kb) in the maize population, candidate genes within the significant SNP regions were
screened, yielding 962 candidate genes. Functional annotation and GO/KEGG
enrichment analysis revealed that these genes were significantly enriched in key
biological pathways, including growth and development, reproductive processes,
transcriptional regulation, signal transduction, and energy metabolism, preliminarily
uncovering the molecular regulatory network underlying maize tassel
morphogenesis.Furthermore, haplotype analysis was conducted on selected key candidate
genes, identifying two core candidate genes closely associated with tassel development.
Correlation analysis between population haplotype structure and phenotypic variation
demonstrated that specific SNP polymorphisms were highly correlated with traits such as
main spike length and branch number, validating their potential regulatory roles in tassel
development.This study systematically dissected the genetic basis of three-dimensional
tassel architecture phenotypes in maize, uncovering multiple candidate functional genes
critical for tassel development and morphogenesis. The findings provide important
theoretical insights and genetic resources for further elucidating the genetic regulatory
mechanisms of maize tassel development and facilitating molecular breeding of elite
germplasm.

KeyWords:Tassel ; Phenotype ; Identify ; GWAS ; Gene mapping
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BKE. B AR, aEER. HERY AU ARRITE, SR, 14 57 E F B
BN T E, X2 — M7 LR, Fr B A5 BRI RERNTE. 4, MTE
KEHPERERMNEN S, KRB MR SE S R80B89 (T A ] HEA = 1
AR IFFFERIRIL) , (E15 7] F T SR M MR B RO B+ F R . A, oK
HETTERERSBK, SEUEEE ST, EE22REBRRKIESZL, XX FIRE
FRERE mEEREWCAAF, 1 EERERER. BE. FHEREZ U
IR H RS ir bR sE T A AT E ., Hik, @Y% B R AeF IR RE R &M
BAHTIAEHAREAR + EREENEEERM ST, AR R G B
RAMRE —HNAERME T RARIHE.

HA oA — ST g B GORIRBGT M EMEMRER TR, kg e R 2R
Wi, (HEIREREWRS ZHRABENEmNE, 20 FER PR, Rar 2D BEH
FHRZIREE BMEERRB AR AE. RIS, FH=% A/l
FRIfR L RNE, Hii AR s ERRERAE =M, —MEBGFH, 7—MeR
BINIRE(EE (TOF #4841, time-of-flight) , EH —FRBAFEE A L. WHFBEMRE
FANUR RIS =TSN AR S, BT EREEIMSEREN R T E
BERRANG, FHEGRFIEMH =L SsEER, EEFKRBEEISHRUIZR.

MESERENS, NAREHNEERN =4 SamTA5EERD, FUFHEHN
RIEFE BRI, mEEIEREISES 52 R ERZmN FEEEREAE: ETH
HEEMAZZHEEBARE RS, THANBRR, EFEARERS, AEEKEH
HESNH; BETHRSEGR =g ERTEMEERE, HE, HHTE, FlEm
KR EHREE BRI AT, ETERGFIIN=4ERTFAATERENEGkR
MEMRH =4Sz, FIEEIMLETF & L REFENREEERK, TEEHERK
BT HEIE S SR, SF M EIIMEIERETFE.

EF =4S sN4MSEIRNERMTIEMN AN EENRT, B, FERTTEL
T ENE B RRRUES R BRI R E R IE S P RIE SR,
RIGIHIT=HESMER, AR, ZFERERNERER, HAREMEN, MET A
BRI T EH T DR B A . BT A E8 Tk, RERES S H
AT NIRES, RElRd —EERERNEGHITRIIEHE RNES, &aH
IR AT IS, Bl B, BRESEJLAIECE DA SRS BTG
HE, RELNZ4RA U ESEKE., HEZFSHSHN € &N,

LA, EGRAEM -4CD)ERFERCT ZMNA TEMRD 5 T B,
B 3D RBTEEY) 3D SR BIREP N ABCN 2, R T EARMEKRMIT R
ZABRDFE LT KR ERTREMNHA . OF L R BB H R
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B R E B2 X

KPR R Rt BB, BRI — LSRR T E KRR S R E R
L BE85-881, (HX B vERE T RN 4D EG, BAREIRRE AT E &, {H2
BT 30 R AR A S R R A R e B R E S BT, Ak, 2D B
BARMEHERIREUE I R . MEZT,3D A RERBIEVMSEHSH
FH RN THH K28 A = HEE 28T 3D AR &R0, WEoEa# X Q2D/3D).
KATHHE AN (TOR) A M FIR FE L. Paulus BLA Yan 25 AB20LEG M o6 & ik S5
EEENRA —EFMREEENATEY =% 0 =R AR AE %) = 5 . Lei 1 Suresh
HSNOVNFIHBEATE XSS HEGT T ERERN =4S WS 68 kE. o
M F A0 /3 o Chaivivatrakul F1 Zhang % AP2-*4ff ] TOF( %47 B IR AE LR £ K 48T
H s e . AR IEIRIB B 57 7 BRI 3D R84 3F BB T B s K/&
2R, ZEE. HEML ORI AEN PSS R IR, I L7 RN B2 BN E K
FAREEHRE RERIMREE, HFHXSTIEFEX 8,5 T 45 W 6 IR B L3R H
RIS 3D B ERENHREE.

X BRI, B S S o % X80 T X B RE R A E R, BT, XEE
B A T B ME DAAE SERR A = 4 L8 40, Faro Focus S350 T 8O 5 74 M s 4585 50 /5
TEANR . BEE S AR TR B 20 M EdE, 7 Bs B R T 5O B s
&) B B 5 B USSR K L SR R AT R R B B B4 1R BRUER 00 B Ah, iz B R I Rk
RS S EBAARE R, X S SN R B S 2, XA T PRI S
2. TOF MINIRBH A EHEEE, A5 ZERELMEm. Mz FETERE
FFIf) 3D ERHEARBEFREMHRERE, BF 5 THEME. SaREMEE RS
MEHE R EEE 3D Sz CAEAEEYR B P RZATEYPS), R SFEHLEE
KA HE ) R, Christian A1 Xiang 2 AP890)M A 25 10 B 407 BAR B Sh 3R L T &
& R A, Lopes Stava Al Zhang S AU00-TSE gl 7 36T 2 30 B B R 11 43 1 45
= EEE, HBAM LS AGSIER T TRERO =% 55 1 T HRTREBFHR

ACEARAEHE 7 T AR Wu 2 AUOHOSTRI ] = & A [F 15 B2 A U AR SR WS B PR /N3
ARMARKEG, R RASMEZSAEEEARER T PMEN=ZEanER. BERNI
TIARBSH AR, WS, B8, HEBMBSE AR M5 B2k a TR
TR R TR R IROE . BENACE R B I, 2R T, B A Be i R AESS B R 1R
BB A R S HN SR I TR RS RS KR 75, BT HABBFIIK
B =S TTET B RRE AN R G R, R 2 WA SRR TR, i
DEMG N CLSEIU RS ) —4E . [A], BE47 € B0 LA E & 1S i B BCR SR A 3R
WHEE.

2.1.4 XS ERFRE MR EHZIRMA R HER
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TR HERE = Y RS SR A AT K R B PEIR A (R4 4 A0

A ERAETHARRE RERDUE K EREMER, LIRS T F MR i
Wt B MHR A EEFLAR06107, S FARICE AR B R B R KR T TIEDEE IR TZ
PEKTF, EZHARMNEAIEE (1960s) . DNA fric (RFLP/SSR) % SNP Fric HI4CFR A& 8,
RAMHED THEER AN RS S AT 8RS 5K AR,
BUARTIKHE SNP Ea 4y 8 (8 H/GBS) SEHUREE QTL E 7 F GWAS Z3#rl1%81991, 4
B 2-4 iR A EE A KRBT (GWAS) HiAER, HmlE. Akt REiR
FHEFETHREMRIT 2%, OB EY E 2 R B B2 % L IRBN 1. GWAS ZAFICE
FRBERA M M EE T AN, BaewIE RS F RN T 5 HUE A Sk M,
BEE DT B FBRBEFLET R, (BTN & (QTL) BEA N 7 #mM213, g
K% 5 MR BRI EH A =R EREE B T o sThe frh+1sl, —
Hifl, FIAERERMMERNFEIEHIT GWAS 4T, ANAFELE BRIE R K2R
PR —FhE B . FIBZIRIAR, GWAS BN T 2R SRR ASR Ak, K
AR R 22 i (RO, AR ARG, Gl B TR R A RS U201 SE T T, £
PUEMEIRER 75T, RIEHAFIHZ AN KB B REHERM SNP B, 2 3 Mid
FEpE (1201231 75 ook B MO BIF ST 5 T, Tian 2550 A S A SCBEE, 83T ISR &t irik
SRR TR, MM, HREAE 36, 30 AT 34 S QTL EHAL A U2, STk tEiR,
Peiffer 257 F 4892 /N EERE NAM BEREEAT 041, KL T 277 AN RBREEENL AU, 5 —
HiE, FAEEERE SR E S REBIR T REST, WLz R A FE MR
JERERFIEMMER B R, NMRRIEFRERFEZRREERESE, TFER, Ik
KR %, Song ZFANIHES FHEBMERE (GFC) FEREIIMAFREEZRS, HER
TR R Rk BIELE TR A A EE. Minton 25 A48 B & iR S AR R R A
PILENE SV, BT —NAF s R RESNESIEN 2 &, gt
PR R MHESE . Yang 5 N2 R PRSI RIS T IEY RBIBEIES, #H 17—
Tt 3 T RORBIAE B () TC M B R B RSB, MR T SR s I R R BRI L BUR UL
FETi e te & R EE N N . Fuchs AP EZANEH ERBIEE L & &1
LA () Se 3R A B A, 18 AR R TR A BRI AT s s UL R e . BE
FEERRRER. Yang ZAPUEHEE 1536 MR LS (SNP) B &R MHER
& GREINFE 8 M 22 H W =F 1 R 2 a0 A 71 A=) BLECRERIE BTV, &5t 12 4
FARRBMARIS 527 MRARBITHE, HRATHME SR SERE R ZEKKR. Pan
L NPURIH E R IET 24 40 V9N R IR R B SHUHATRE, B8R TR 2
AR, Xie & AR A AN RGB BIE, RAZNE K HE 75T 300 N M
PRIEHAR) 8 DNRASEUHATRE, KW FF IR’ M SE A4 AU, Han & AUPIF]
F @ BRI R (GFC) Hik, FIAEXRM&EM ST T E KRR EHER.
Rincon. Mustafa 1 Jiban 25 N[BT R, M. mH5E. MR, REEULRES
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Bl R PN e VA7

ZAREMERI ERMEEITR R, UBHIEA R TAMBEPRZE R, mAHAHE
KIEFEA R BN BEAT AR 2 B BRI B LR D

N
MJ)%S&E g@eﬂ DNA }# #21: DNA
wﬁ &ﬁ

Block 5:7‘19':[

J\

ﬁiﬁ%ﬂ]ﬁ‘ék{
ﬁ\ PR i

e 33 \ J
ERALS
ST BRERWE.
s34
P

T )

RIAH
w4t

SNP. Indel

RGN

,____~

— T . LS
--------- ) > BRESERE B\ ERS PCA
REH ST REKR
#EIREX 447
2-4 GWAS ST HE
Fig.2-4 GWAS analysis pipeline
22 MRARSBHF

AP FTUFKREMAT R, X KBRS IR A 5 RARI T A AL,
BHAEFABBRNABARRREZIBARNEANGEEEERET EREENREE
KRS, @I AR REREMN LA REFRIEERT LR ERM R T,
BEMA KN £, RAEKRFERNURRBE—FEH KBRERBEARTR: AN
TREF=AEHRUSEIRDBA S, BIMERK. BIEER. HE-SHENN
B, HAXRASFLANEBEEEEGFIMEER=EEM RN, FREFER
£V 6 IRBBIED:, BN T EXSMEE=ERUSH, BEEETHARNERES
FORECE & AR b, IR T KE AN BES AN EHURESY, &&F MRS
R BRERANFE S, S ERME S B RTINS S MR S B IREE
Hizd. BAARNAEDT:

(1) BT RANEG R ERERE R

BN T K HERRIR B 2 ST R R EREASREUHESS AL, DL SSD. Faster R-CNN,
YOLO_X FHiREZIIHIFEAMANE, HWARATES W ITEREA T RERERAE
FE, FINSRFEZAFEEARTRAFAMEEETRRAZER, A TSR 1T,
oM X T R K AR R B AR IR RS R R, B AUEIE AL RetinaNet HERILEH,
F I NEBE IR T R RABR . BEAEST T EE PR, ZE. Ekaf
DA% o R 5 FEE X R P i 20 FEE DR P o
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FRMERE =R R SRR R RE R BRI 28 2 47

(2) FETF TreeQSM HVEM TR BB IERE = 4 R RIFREX
5% H BT RS R B RENR RIS EAFENSAS. B3LEEE.
FBRBM. ATHESE —BHEEMEE, SR )RITRIFRET TreeQSM HIE K1
=R AN E RS0 T BHR TIPS);2) i BT K R AR E KBRS R S;3)
BUAFEHBEAE. BGBEE. SRBA GRS SRS E M. X RGERK
T — AR M =AEE SN, B B EAF R4S, 8 3R E RN 20
EEA.
(3) BFEREB=HEEMRIUNHTEE
HEFITRE TIPS RZE, AR FT#H—B M 1194 D EARBRARI T EREKE . ER,
SHE HBKE, oHAE, B, ZER, FHERER, BAGSEER, <EGE
MU EERERIX 11 NRESH, I+ BF A =Bl s 2 T % & 75 7] B2 (DBSCAN)D
BHEN RS A ZEIRRHITERE, RIRIE 1194 MEAKERBEAR. &fF, £H
BRI R (GFC) Higx HR B Bk T KA s = B HEAT M R 40 B 2 2Pl
B8 7 % NSS #1 TST R4 B BRI 5 KR, FIRER T TKBERE Y
REBHHBRERDIF, 5T GFC EiEERXME DR L e FRINAE .
(4) ETFRER =R B B RE R FIZ I
H T REM 398 AR FRMEI LR FHKE ., MKERIBRE =455 HIw
PERBREIE, £ 6264 TN ERESNP ZEREFE, TR T 2EFA KBS T(GWAS)D,
ARG T SR XN REER M AR HEDE RS RIEER S BE SNP A1
RIEATOIRE R AR R4, i — BT E ISR E S BRI R R E R .

2.3 ARHEAREL

AR FUEKEFREE BRBOTF A E R, CAALTH &P X/Ng L At TRt
BRRFFAXERERAFAX, NI KEERBELANEEEER, B R
HERE R B4R DL R A A M R B SLBUE , PR IER = 3 B T i3 KRR B R AT IR
FEES], #ETTSEIUN TR MR SR BRI, RIS 60 EOK RS R 2 2 B B3R
RI A, JFREEREEG B3R B AR %, RISESNMEURUESHER, &
EE TR KREREMRYUSLH, TERME2E . FRAATKT FERLRE
FRUKRBM L EERME—FET. BH BEAIRRTR. BRBEWE 2-5 Fin.
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LA BB F 2 A i85

R K E T ANLRE: PR R TR AR
€134 ZSTIE ) (€13-4-EINTIE 38 208 35
‘ - FOREEFRE | WERE=4ELsH) | FORAIE G D
7o J Pl 4 i BUNITR Fek (6 i 15 51 . o R P 4
FRUHR
XA AR TR R HdE T R T R A4 ERAR R,
« DT isEe
12 [ ——— Tk 360 feit | | KL BRI S
% FKFE R S ey F(’gi . SRR IR Fb R 4y B g
1] TR ) WKE. MER. E2H (BKISE) o i
. BREEER (BRI L 5
EH W
EFEANBERHEKR T TreeQSM H ETFEAREE=4F FREFM =R
HERR AT A TR PRAERE =4 R 53 RS 58 Tk RSCRMERER
RAFREL B9 AT
3+ Faster R-CNN, X FT R A A X He T R R
ssD. YoLO X g | | RARHEEERH R RS TR A
ol | 2ol sn ) R R AIRIRAGHK TORHERE S 20 HRHERT GWAS
%
i = FIFRAETS B
i | PRk sy sev gk || SRDREEETE ) b s
ot T KRR T 151 HERE =4 R mh o PAFEM 4%
X ; -t BT TreeQSM SV BT B HTROBI R 2% R E5HA
U] 1]
LAt Retinaet WEIES] | | ©opappusnsh s (GFC) SEMTA | | AACHIBEN
)‘ﬁf"gyfﬁi* : &R =R S PR TR 5 3
H b AR EAT U5 I
it @
%
#Ei TR =R EE BRI KOOSR MR E R 1248 2 5
B 2-5 ARG E
Fig.2-5 Technical route
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FRER =R RE BT KRR ENZE S

3 2T T AN ESE EREAANAR

NT EMEREREEEAE LRI, AZLL SSD. Faster R-CNN 1 YOLO_X &R
RBIEREA, WARMEBEITENGE, HIEETREEIRA R BRI,
BT T X IETE A F R A A B T RRAIRCR . s, & Xt S
/NEFREERERR IR, BB RetinaNet #EEIZEHIH 5 NIEE AHLH], TR
#EHY RetinaNet #AY, SR BERA T EXREMMAVRIEE, HELTRATBFIM
YOLO X H¥EEM, &J5, ARSI T BRI PR, LREE ., RSP LR
L P S5 R R R B 2L PR BE R RS 1

3.1 MBERAE
3.1.1 fRXEENR

HAXAFIETEFX /gl BERFHERAF T RTEEM (40°10'60"N,
116°26'30"E) , M 3-1 fion, %Lt s ANRFh, 4 MFEEE, 4 H4E5S, it
60 INIX, BAPXEIRIA/ANK 2.5%3.6m, 5 MEFSHIE: HEFE 2008 (A5) . HRE
958 (A4) « KI5 19 (A3) . FAFEFR 16 (A2) . REME 336 (A1) , HAHH 958,
KRBT 336, RIG 19 F=EMHEEERK, MESHEZMK, RALEL 16 FlE
2008 X B S A I FRE SR BUNST A, BRI, 4 PR R4 50N 45000 BR/ A BT
60000 HE/Z LR, 67500 #R/AHT, 90000 #E/ AL :

6"00"E 700"
116"00"E 11 k - 2m V6w

B 6m
z A4 A1 A2 ABLAS A1 A M
< a1 | [as A Al A2 A3 A5
A3 A2 Al Al A3 M A5 A2
z Z m
3 z Al M| A3 A5 A2 A5 | |A1 | |A4 | A3
M A5 A1 A2 Al A3
A2 A4 A3 A5 A1 M Al

45000 /2 bl
60000 /7 bt
67500 #/ 3 kil

1 90000 /A i

A 3-1 FRXEMSEE it
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LB il A S

(A) WIRXi;B)REXRMEREE;(C) /7 LE T RARXIEHER

Fig.3-1 Research area and experimental design
(A) Research area; (B) Variety density map of the experimental area;(C) Orthophoto of the mazie
experimental area at Xiaotangshan Base

3.1.2 R R B FAL IR

EEEHAEREUE R RS 2 TANL, RBFAILIRI. A6 FiEHK5E Mavic2

TEANWEABHTERBT &, SR HEBEL T2 BN 60 NMIXHRFREEXET
&, W 3-2 Firw, G ANREU BB PR R 5472%3648 R R, AR AKEE L7 10m
WALEHR, MIRESFENZRESEIIAN 80%, HMESHHEN 2 XK, LRBLARE
3 549 skiEm B AR mt AMMER TREE =B EISER, B TEANGED, JER
(905g) , kBRI =EMXF BN, MEREMRaIE/D, SERRMEGRE
BE. A, AHAREHEAEHRERNRESE, SHANTAVBEGEERERLT
FeiEfa e B R THETH, B R 5K MR B R0 B3R 1 DL TR MR R B %R
T R AT R o

B 32 @2 AN
Fig.3-2 Mavic 2 UAV
FEh R 3-1 FiR, ATERANRR K S5 FE % B AR S R 2,

AW RENNGEF BRI IR X S, 8N ERGF, EFMMETE%
BT, —ikE 80 FKEERRR, CUHMMBEBIGRE, H& S NPl 4 P s B3k
EHTIEE 1600 FKNARHER . ERIEEBERERTHE, X TARMEREREKH
kL, A PREEL 10 FREB . BITIXFIT, M5 ANRFRA 4 FRAE S B RA R,
—ILIRELT 200 KM BRIEARAIEE. ETURELRE, AHANEMIRES N MESE
E ¥R 16 TkEMR, dXFerIdlE, RABRH T 8 320 KR EHE.
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FRBE SR E SRR RRBIERE R IZE ST

% 3-1 REFEISZEFRHRTHOBENBAR

Tab. 3-1 Composition of datasets for deep learning methods in different scenarios

BEELWR PIE:3S LAl AL
R R 1600 200 320
FEFEERIEE 1600 200 320

XA EDG R SR B ARG R 5T, TR RN B AR E T S M
BRERSERFMEL, Bt RAEDOERR T ARG MBS E A4

HF T AVIREBR B RS, RFZRE, BN TEENEAMERESE
i B R BB BN AT S, RIS AR N B SSHE AT X L IE .

BT EANKE K ESE BB N TE A (5472x3648 BEK) , WENRESIEEL
ARG PR BTG, FHE, BT RE S SRR B AR 1 SR B SR B
KRBT B SRR 1 B AW R B K, R ES BT VIR oAb, &
W, BT ARMMNAZR, — BB IIEIR 32*32.64%64.128*128.256%256.512*512,
1024*1024 0¥, XEA T PEEMIFESRIE, A THRERESAT, XBK
EE U1EI B 600%600, VIE|5E MG R& KA 2120 5k AT FREBVIZGH EKERE L, £
FAR A H AL B A windows11 45, 2 NFEARIX 1080 R, 128G N FE, 1TB [BEAER,
24 AL EREE _

KREFFAER Labellmg (BRAS 4.00 WX KB F RBERZFEITIRE, AN
PASCALVOC #RA ) XML HELE, HF, XML XHEETHEMER. SEULE
EHEEL, FAERENERRRULRE . A TR

3.1.3 RS E

(1) Faster R-CNN H#El

Faster R-CNN #8 [ = FHERINZE N VGG16, MmN BEGREET — &
FIKIBIRE . MBS RERE, BEEBGER A —MHEE, HERERK
BRI ERRE, X ERBRIEERT A EMENRTERER, BERBESMERE
BB BRI B RRT, FB SIS B RRE, ARSI BE ik, S0,
TEREE R . BREIT FHER B Z G 4 B HIRHE BI85 5 A\ X 4522 1 2% (Region Proposal
Network,RPN) FlE M [X 1% (Region of Interest,ROI) ik E, T RPN & Faster R-CNN
I —ARRAH, EEMTERE IR —MNEO, EFME LERZITERREMK
LIS HE (Anchor Boxes) o X THAMHHE, RPN 2TRIBMEE, —RIEMERT
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BB F AR S

A&~k (ZaKiA 8, PfREER) , ZEMNHEENMERITHRANRER G4
FHRERTD . BT —NERERFNTRXEMES, BHAEITR/EREN5 K
fEE AL FAEETFHER . X{ES RPN SEW S A B — R 5] e S 12k X
I}, MHZ AT (ERERERS) , KKRE TIRIEXISAE R EERNER.

TERRAL SR, MBI BN AR EIE, SEAHRIERESSE 4%
3 ¥, 5 M E BT RI5 AT 0 AR B R A . T T4 N X it 4k /2 (ROI Pooling)
(RS, BT MR (RPN) Hith FRIEHE L RHMER], BRG] B
2RHEFERNES. BEEMNSRESRAE, AEBERRMARLFRERERKRN.
FrEl, FEX—HTRER RPN HiHREESERE, RBAEESEEMERMALR
4R . ROI Pooling BEBHENT LA [ R~ i X I A RHIE B X SBEAT BRA ,  BRS Al — 1
Bl & T EE R, DR EEABEMFER . ESEEMEEXBAI NENTIX
B, fWEANTRESEEREE (Flns Rt o BEIXRENERE, EART&R
) X SRR B 2 4 S A 9 (8 2 K/ E I B, AR SR AR B AL B AR B 4 — AR TSN
BAE , AR EARE A U A\ Bl G S A BT A0 . BT FAE R
Reg f15+3K Clas, XREHMREEREE, HREATHRNEMEE XK, BIFE
{535 X 3k A 4 9285, [B105 2 R T o {gidk DX S il SRAE AT MG A A B i e, BUSE
e, ESRBIFEMNERMCEGR, aFPLARAEEHAZE. B
3-3 N Faster R-CNN P& &5 & .

L TP

3-3 Faster R-CNN R4&45#E
Heh, FEN: $H{FIRERM%%: FM: $54E&; RPN: XiR@EIUM%; ROIPooling: EMEBXIHMIL; FC: £EEE;
Reg: iAFHE[EF: Clas: BFHEDAH
Fig.3-3 The network structure diagram of Faster R-CNN

FEN:the feature extraction network; FM:the feature map; RPN:the region proposal network; ROI Pooling:the region of
interest pooling; FC:the fully connected layer; Reg:regression; Clas:classification.

(2) SSD BiFY
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TR =R (E BT R R MR R 28 S04

SSD WEEEMINE 3-4 Fizs, HF, VGG16 IRESBFHEML, {EX SSD A
BONE R EREEN, H TRt 2T BMRRHERREL. BAEMS, XM ERIM
&Ll VGGl6 HHBFZ Convd 3 1EREIEA, FHAE ConvI~Convll 2 BH &I 6
MEEE . X EARFEE FR S RKAMKR KIS, B =2 TR R RER 5.

VGG16

RR&

=

&

g

E'

2

L TN / §
600%600 | 2
Q

=

2

3-4 SSD MRLEH
Conv4 _3~Convll_2: $EEZ 1~6; Detections RiRBWAME; NMS: AEMRKERH

Fig.3-4 The network structure of SSD

Conv4 3~Conv1l 2: feature layers 1~6; Detections: anchor boxes; NMS: non-maximum suppression.

(3) YOLO X ##

YOLO X L YOLO_ V3371381 fESGRemidESE, HAMFEREZ =TS ETH
STHIFFAERELM LS, F YD IRE BRI EERIAFIE: IoRREIR UM 4% (FPN+PAN) ,
B0 DRSBTS, RIHFENRES RIS MURAL T4 )
FRRRSLET, S BTN MO EE S AR R AT AT S TR

A, AT EREB S BN ZREARAAG R, HFERRERNBERE,
YOLO X SIAT —ZFE#HER., HPaFEHEEREA, Bl ABERITEH
{habs, MBI EEHESHEBMZ GRS REVH], FAT B2 4 i
ERE, RAMMKE; ©FSGERESEEKEE SinOTA, % ESEMTERE, I
AR IR R . YOLO X HISEZHELE 3-5,
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FEREBHREE LA

FPN+PAN

A 3-5 YOLO_X [#&4E4
Cat:IBEH B INEH: Upsampling: 1 RAEBH: SPPZE 0] &7l CSPI~CSP2: BEIMAEREMRE: YOLO
Head: #iHImAal88# i FPN: $FESFEEM: PAN: BEESMBER

Fig.3-5 The network structure of YOLO_X
Cat:channel number stacking modules; Upsampling:upsampling modules; SPP:spatial pyramid pooling modules;
CSP1~2 : cross-stage partial connections modules; YOLO Head: the output end detector modules; FPN:feature pyramid
modules; PAN :pixel aggregation network modules.

(4) EB%ES

BE, BERIRBGMEE —eRE MIKBREREANSRE, A, X—d#%
AAFERENEEE, BEnELTEMGERKERNE, EFBRANEZ AN, IEED
HRFET I, TBFEIX—HEARZHHE LA, ZREREVRAKZXRE.

TEBZIZOES, RIEERESRBEFIBNRE, DY SHTA2H
HERTHEINES, MR THSRAFNATBZINEAETNS, MSREEEEERHR
R ERVIZ, RETEEBERNFE. X Rt 8 E s $E &M R
HEE, BBUERRATRRTIIE, REBRHEENSERE.

AR F, EHTAFH MIC EXREBEIRECHENTIBITEENR, H5t
Faster R-CNN. SSD. YOLO X % =% i1 Bt B BT HYISR. I8R5 1
BMNELERIBELRHAWENERF . R, A PRI, BIM%IIZ
W, BEENGSRBHESEENA MBI 22 BIMRIENE, HARAGEE
TGRS B IE NG TIE. B TRRBERIREMT, ETE 3-6 BRAIEX
REFERME R 2 S n B E AT B T 2
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Fig.3-6 Schematic diagram of transfer learning

AR, AR E (Epoch) FItR/MCE R 100 F0 4. BARKIIZRt iR a0
T 7EHT 50 BUNGBTE, NMEKETEIPATIREGHRIE, MR ELERI ML ZH
BEAT ISR, EETHRGEHIAE, WHFEILREN 1%10°. MAFLER 50 BIIZRE, XM
2 ETFHFE I RRER 110° HFHATRGLEE. 7o, F3IR, BEERREMIERKXE
R ER{E 2 A B E Y 0.9, 0.5 0.3,

(5) RetinaNet %% :

/&l 3-7, RetinaNet /E3—F BERFLMBH B HIFRMNEE, RS TS
BITTZEIN A o AR R DO E S AL, B AERRAE SR BUE IR | RFE & F M4 (FPND
BRI RBEER DL R [B] AR 4

b, SSAEIRBUBIRBL OBEEE Resnet 323 W%, X — ik R N HAE BARRMIES +
R R A B RFHE B 1 RS . LR FTCAREARIEILE AT, FEB R T HMEFN
P SR ZE R R BRI SR o FETRZE WA 2% 18 R i 12 AT, VR R 2 30 U I — R T RO X R
BEE MR IRE ARG M, M HBEHAMBUE—RIITERNE. REmE,
LMK EHFEG LN, EIGIRES, HRERAMERIETZZEHRN, B2
NF, EMEAMBREEHRRE, XESMERLUERHSH, TEFREIEEETH
BRER. RN, MERILEEEEZTR, RIINGRRAMBRAE FEH NS E R
BN, RIMAKEK, SBSENBEZIRE/BEREE, #MSBMNERER
AR R TR R M BB TR T . AR ZIRAHT M 5| N T BkEKZEHE (shorteut connection)
REFMEELBE RN ST — R, ERKEITHENRMASEEZNH AN, XFm
GRS R BA RO ST BIE R ARHMERD, AOUSTHRR T H R TH K1
BB, EREEMB BB EIR. RERGHIEGAZIWMAER, W 3-7 i, 252
A (BasicBlock) FfEIIR (BotteNeck) , ENIEARMIZR T KIEES W,
FE A (BasicBlock) A TREMEL, BEHPIA 3x3 KIBHEAM, THEET— Relu
BUS REOHATERE . XSS H AR A BOIRBUR ARHE, RN ERERIETHE
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IR R A A AR ST

EASE R, MBS (BotteNeck) NMIEMETHREMEHRKEEMH, B@EE 1x1.
3x3 Ml 1x1 MBREHE, ERCSHEBENFER, KARRBEZHHRIARRERN
FIEER. Ixl IBREFERTRENF4, ERFFERERIMER, FBET T
HEZE; 3x3 MBI E N A TTHRBUZ O K R ERFHIE . XM ZEREEIT, /£45 Resnet
MEEAFREMITEBIFERRT, #MEEREHFETHEBAMAL, A RetinaNet 7R
H b AT 5 I SRR IR T /13 He.

Con2d [ P7

\2

Con2d P6

Con2d [ Ps

Upsampling

—> @ —p>| Con2d [ P4

|
| Unsamoling I

_— é———? Con2d > P3

3-7 RetinaNet R4 E54
Fig.3-7 The network structure of RetinaNet
{515 —42H7/2, RetinaNet MZKA T HE ML (focalloss) {EATRKEE . X—2
EA AR T ESGIREPIE. AERZ EFERA . RetinaNet ¥ 2% (] B4
gL 3-8 AR .

Relu
Vil i 52
Relu = \/\ BEE 1
WEE 1
WEE 1 BEE 1
3 — x }
(a) ‘X (b)IFR

3-8 REBIRNLGH
Fig.3-8 Structure of residual block
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AR MERE — e R (S BAEHEREAT SRR P2 5 A

DIFEEFEM 4%

fE RetinaNet B MIZEHIE R B, FHIEE& TN (FPN) KEFE R REEMIER,
s s R CERTH, BEEE LS R ZFIEE MRS &, Aok s 7
PR 2% B AR )RR AE SR HL R

N RetinaNet W48 Z5H 7, FPN LUAMRRAESE B 2 460 H BUAFAE P C3-C5 1R ARk
SR B, WXL EIAT FOREERAE, @R OB, MHER S HAZ
RHRSAE EAE R ~F RIA R ULED . BREE , ¥ LR RHE BT HE R, X — L2,
ARBREFHEE BEAERZLA, Me, REERTETIRERFIEMAER P3-PS FHEAE.
X AERKREE, BRRE TREFREEFESNEETHANEE, XBATEE
FHEERTRAA R KIS IR EE ST, NEEREHER B AniS B85 T IR S AR

TEMBAFE & F R RE S, P6 5 P7 MIE R NBELERE S . P6 Z2IBIXT C5 #
17— KR E ERBREMAR RN . ILIRCERBIEIE A RBTRZ RN A 33, BREH
2. FEEHISHR B RSB TERIEXT C5 FHEHHAT A TG SR IGRI R, & 2 Hh FRARARAE
BRI B & SE & SR BB K B AR AR AR . TAT P7 (28 s U 2 ) T
BR%L Relu XF P6 AT — IR BHEIE. AR, XBEMEBIRZK/NR 3x3, FKA 2. Relu
BoE RIS, f§18 Po EATHBRLHE, Gt — P RHBERE, WHEILHUS
B, ik P7 RS R AT K H AR SRR IER IS

ERHE S F PR E REHEE S, RS RS B veka il rdE B 14 & %4
Ko EEFHEEETEMERNEBRERSRERESRESY, RSB/, XESEN16E
WBHETEERMAATEESEE, AATRINBEKFER. SR, KEFEEHTIE
REERSWHE, RTHNEK, XE/EAGREMIERELHHMYRHER, #
FARTMEL /N E FF o

W FiR— R5)E B I HERE, B2 RetinaNet #1152 T 7 ANRFEE P3-P7.
TESERRE) BARRIIAE S5 B, X EeRefE B & 7] FLBR . Hodh P3-P5 REHRMEG T EEREH
W5 = & Z1E R, BE AT/ B ARl T Pe A1 P7 U KA A sl # By
BEMRRERFMERERS, TEATREHAARN. XFBHRS T 50E, £15
RetinaNet # A 7E [0 &Fp AN B RBER B AR, #F A0 BRI H a1 s ke v g
) R5EIBFM

7E RetinaNet LA ZERY S, S5 EIHFMIERHE & T E ML (FPN) 18— 24
SN EBRMGEHERE, X—RIFEEEENIERAE L.

ZEGRNEEBNMER R RECE AN, HFENDERE THAEZELT.
— M, ERETNGEATEAE EEAEEU K K BB HIEZ, X2  Hirfa il
{5 AW AR AT B B B D IR . TR IIRRIE L, W48 2R 48 2 =) B R AE
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BB ARFE LA

SR, fFHHEEMIEBAENAFERNYER TR Rn—FH, SR ERS
ABF, ZMGEER BN THARMNE, XELIRFHEEMNHEESERE. &
XA FEEETIE, &BRMEHE RetinaNet HRE R AER AR RN, #E
BB e AL EE R, NEEH BRI E RS RE /T X FF.

BlEF M IG5 8 FRERE LA, BN EMEURSBRERERE, REE
FAVIAS 3x3 (B IHRE BT B RERAE, DIRBUNAEAHEG R . AT, B2
HAEE - LEENXT, TEANAERERASRAHLENRERE L. BFIATM
MBS —BEAZHRERE, SUEERETERE FIARHEE B REA L, BE8uH
TR, AeNERETIERERR, XEFERBESZSHN THFEMEREENT
XK. FrF, BEEFRRLEHEGEBERERN 4A, XEFENE RN FAER
FESF, FENGMEEMUNGRAE (Bl EAMET A4, SE L%
PRAERD #HATEN, FEFE A MEERFEEXEER . BIXENERR, H
FF MR RO BRI E, FHERFNGE B YK, 9 RetinaNet #8452
TUREHRHG EARRIUAR G T R AT RIS 5

XMAREERIEFMESEERMENITVES, DAHKEBRFLRITHRE S
BERBREH, LFRMMRT RetinaNet #EIZE HAREMES  H &R EAY, F87
TRBERRREMERGET, ARG L Bk e L BMREE,
PR EH

TR % (Loss Function) RFARBEMNER THEHELERZ HER K/MIRE.
EAFPMES R G, SFERAASFRBBRLEE. Flin, EREESS, & ALEHR
REBETRE (MeanSquaredError, MSE) , 'EitEMNE S E LA K FHE
REBE, AXA:

MSE=-T%, (¥; - 51)? , (3-1)

Ky, RESME, §,2TUME, n 2FEAKE. KRR RET T I ESESEN
EFREH.

RIS, FERPRKREE T XHEHRL (CrossEntropyLoss) o XT3
B, HAN:

CE=-[ylog(@)*+(1-y)log(1-9)] (3-2)

Hob Ry ETHE (08D , yTME. XTEo0RHM, TXHREN—
N W

CE=-Y, yilog($) (3-3)

Ho k BEANEE, BF i BPELHE CGEFRZ one-hot iL) , 5 2TIANE i

RKIBEZ . 28 BT K R A AL O 1R I M 7 B 2 AR AL O TIOIU R 1, RSB 2 3 31
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TR =R B R T RSB IPRE H 2

HEI 2RI .

FEERBRAMES S+, AT BRI EREAN T RS, 7 RetinaNet HE g
B THEEIR (FocalLoss) , BBIIXAFMESEEPREARFARMHNE, FEHEE
B SRIEMERE AR IERE A, MR EE e RitEeE. HAh: |

FL=-a(1 — §)"ylog(y) ~ ay(1-y)log(1-9) (3-4

Koo fl yRATATHESE, ATHEHEARERONENESFERNNE.

R R B AR AR TR K RFVIGREFTEEENE W, 51 EMIRKR
KREAEHE B R S P I KRR AT I T4 R
4) FPN &Rtk

7E RetinaNet i, $HMESFEMZ (FPN) BE 2 EEM LK, X7 &35
SR EEHTEREEEEEEEY, FIRM T/ NERTS, EEEZRARHES,
BRATE L ISR .

AL, AWFRMKIT RetinaNet Hi%, $H712 55 FPN SLiRILEE . AT FE B0
B IR7EJ RetinaNet BiLEERY EARIL FPN SR EARRIE, TEHEARE 3-9 B4
VLB, 7 Bl oS, ARIBRMFHERESEARKNENEXGEE, REFTERA
BERANEMER, B UEEHAXETS: SEMMEENESFEENEUEE, HE
ERREE EEFRRE. AT ASRESEHEENRS, RIEFEER RetinaNet Hik
FITHHIEAR T —%H B FRBE, KR O0ENETREBEEEEESEEENE
BHIRERE, AmxtEiE BT AR iMe S8k, HEATE B AR IES P aets
g e AL B AR ]

FERAERMBRERRES, RITUZHE FPN KH/ENES. B, BBEH 3.1
BEAT TR . TREEREFLIRABSEENRS, FRSEES5ME NRHERE
4E FAHULED, FIRTRERE—ERE RS RWBELS, WIRFENREAR . 23 TR
FER C3_1 5 C4_1 #ATIMEEE . M FE 2 —FRIENEBEET, BTN
[FAFAE R 4y EEA R E, RREBARE SCFR i SRA £ X ME 38 B ES L L rE, AT SE
Hi-FEEEMFEEXER.

FTHRE—RBEE, BRSERBRETTIRE NENS C5_1 MeamEXR. [
B, BRTREENFEES C5_1 #TIEE, #—PEEEREINNEXEE,
HERSEEBEARE T RENEAEMER, XBATHEENEFIEUSE.

BJ5, ATH—PREAMRMAEEGEIRE, &R HERPITEREE. BH
BRERRE 2T EHNRERRFR, B UEE— RIS REERTER LB,
REHEAERREMX 5 BEHAFE. 28R EREE, RIBLEBIMRMERN FPN
t P3 £ PS5, XLHHAMERNE AEEN BislESREFEREK, ELHEMEFT Y
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£, BB TIREEE AR

Conv2d [—> P3

C3 — EeVeL|

C4 — P! Conv2d |[—> P4

Vv

(SN Convad

> | Conv2d |[—> PS5

39 MRULRKFHE S FIRME LR
Fig.3-9 The structure of the optimized FPN
5) EB LM

ERINHMEM S MXEREM BIMEE . AP, I—J%B’Jﬁhmiﬁlﬁﬁm
FOKMERE, BRURER AN GIAMES, 1ERRAREE o0 TR IEE R . RN
Bl 73 B = U] 2 (AR = A% DS @ E F 2 (8] FE 45 & ) CBAM (#ﬂi%&
BAEED RIS,

EARRFFE, CBAM #i5 A THEBA . BN BRRIE B & Jedt NIBTE R /TR,
EX—BRF, HMEMNFER, S5 TERB MR 2R ik, B
RRMHMNMEEEE AR IRNEEEEHRAAS 1 HEREMZ BB #SH R
M ER L L ZWEARE, FRBINANEETEZ R EMEMN, #EFEBIE Sigmoid
MRS HAFEE R S EERNER—(LE [0,1] XI[&], GEHFR T @EEF = I
BB . 255, BB T SR RHME E AR, BEERH R AR, BEE,
XA RHE B HOR N AR SR, iz, SXRHE R ERSANE AT
BRAHMALFIE AL, SERtE, KXl Rt TS, BEEER N 11
BRI RBEHE. A, FIA Sigmoid HEUEHEHIEE HEMFIE SN EF—
WR[0,1X 8], BEHEENESMARIEEMR, BARBE CBAM K. & 3-10
JE/R T CBAM HIZH.

I | 29

-—% e Lol S

ff;{itéﬁfﬂﬂ[ﬂ = (B0 |
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Fig.3-10 The structure of the CBAM attention mechanism

29



FERER-ERT (G DEERIT OB RERZE

3.1.4 MEVEN 5%

FERFARE, FHREE (AP) « BHE (P) . BEZER (R) LRERE (Accuracy)
B TS ER M gE . SFIR R EKMEREA I 0 — &R & VR 1EAR, HEER
EEEERN — N EEE EENER. BHERNE ERTNR S 5 BrE B8 1E
BEAHIELG] . B Bl 2R 48 1R IERA TR A IERE A & BTG SER IEREAREL B . “FI9REE . KRS
B BEZEATEAXMT:

AP = [ P(R)dR (3-5)
Accuracy = __ TPAIN (3-6)
TP+TN+FP+FN

Heb, TP RISHTNA 1, Lhrthh 1 M4, TN BHEBTNA 0, EHFEHLE0
HIFEA, FPRIGH TN 1, BN 0 HIREA, FN RIEHIRAN 0, KERA 1 BIREA.

tesh, AR TR, X EER R IR RITER AR i b X 23 K b A0
EEEARTSBARNER. R EARDT:

2 _ 4 _ Zk=1(si—p)? )
R? =1 - Helrhy (3-7)
RMSE = Zﬂ%”—‘z (3-8)
MAE = 23Ly]s; = pil (39>

Kb, RRETRERM, RMSE ETHTIRE, MAE BRTHANIEE, n £7
EURSER, s, Flp M RIFORE | REE RS B AL AT, § 27 SR T
.

324REHH
3.2.1 TRE I A ZE T EXRERRRLGR

RIEE T 7€ B Ak il U8 A R MK Faster R-CNN. SSD #1 YOLO X iX =4
PEEAERTTAX R, FHoRk L () TR BEEEUR RS A T X Mg, FF R EXMYIgid
. EX—E, WEMNWIIREFFIG, BP%]TKEBEGRRE, AHiAEE &
HWZH, CURERNMES S RILE EiFtee.

BEjE, A T#—PRAMEMRERE, REARFEMIEHTER %X —ER RS ITIX
=ANMERIFH—BIRANIEG. TN, BEFHSHEWIRAFEER,
RREENFTNE S, FHEAE KRS NT S B F 26
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ERBBRFE i

Zd—RFIMINGITEE, BENLSRERBRGHBEEIEINEL32 . &

IR 3-2 AU EM ST, TR, SREATBEINERMAL, %RA
EBZIMFEG, R=MMNEER FRMFIEFEXHNANREER LYRETEEN
’F. BAAME, X Faster R-CNN, HBEIRKIERFAT 21.96%, XEHREFZMLE
IRBI TR, R EERMIREELZ AL TP f4; AN, X PURBEEHELAT
16.21%, REAZMKIEERIRG] TP FEAFHERR TN FEASHNEE 11832 7T BE MR,
xtT SSD M4, HBEIRMFHERENFIEFAT 2.76%F1 4.05%, BIRETHIEE T
/N, (B FERT LR R S S A R T M RE MR T, TR T KRS I O T S T
FAKEAE. T YOLO_X M&% 1A E R FFIREE A LA T 5.51%FM 3.76%, X—&F
BB T IEB I TN R RRE W, FHRERIERERENFEN, WEERER
T R

AMXGOt, AT EIRAMIR AT 2 I SR B ISS 08, X8 LX) Faster R-CNN.
SSD # YOLO_X #RIFEfE AR E I IR ZNHFIHAT T MR, AELER
B 3-11 Frm . B 3-11 H AT AEWME H, it EB 22 S5 iR 2 00 H B B 801 5.
Ko, BEZNFMERERVERKESERTREATBEINER ., X—RRHFIER
R, MEREBRZMAES L, BERALEEVIGHH, RATBEFIEHRERDE
B&T—EORE, HE, EREMIEREESII%, BIEIRENRKEX
B, RATBEIEIEIBIE T ERMKSCER, XEWE TS FRE IR E
BILHSHEE, ERthEE TRIURE, B T VIZe EABRIERERE, FHE
—ERE LB T BARRINANRAL, ATORERK R, ERIRARETERX
MR XMIRAS R T IEB ¥ IERI B X4 a7 T R E K /1R,
NS IAH T R LB N R TH IS EEL.

32 IRFIRETFRMRBE R

Tab. 3-2 Comparison of the results of different detection models before and after transfer learning

BRI R o ommE op o TIRE e oy PR
(%) (%)

Faster R-CNN  69.10 70.09 75.80 85.01 0.015

TR SSD 88.61 80.23 87.44 93.09 0.012

YOLO X  94.94 79.67 89.03 94.62 0.010

Faster R-CNN  77.27 91.95 92.11 95.03 0.014

EREINE SSD 93.29 82.99 91.49 97.38 0.009

YOLO_X 96.15 85.18 92.79 98.83 0.008
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2 55 ¢ o
1.8 5t L - IR
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izl I 25
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0.8 L5t
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(a) FBEIA0
. 4 ¢ .
L8 5 il e
1.6 3.5 ¢ 4.5 | BITF4E
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(b) IBFEIR
A 3-11 IR F IR TR NIRRT K
Fig.3-11 Changes in the loss rate of different detection models
before and after transfer learning

Fhh, BHFE 32 ALIEMMEY, ERAEHE¥EIZE, Faster R-CNN. SSD.
YOLO X X =FEEI7E T ARBERG R MREHE S RINE T E2ENRA. BAmE,
Faster R-CNN HI#EHEIRT T 8.17%, SSD HIEHIEIRTL T 4.68%, YOLO X HIMEHIE
BIT 1.21%. FE, EFHEFEERER (LAMR) X—#i5 L, SfERGLRIHNT
BT HIRR , Faster R-CNN ] LAMR &% T 0.25, SSD ] LAMR F#{K T 0.15, YOLO_X
] LAMR B&{& 7 0.07.

E3-12 B2 7 = MR RIS R, Hohxt T B B R 16 N FOKHEE,
=R AERF I NEERMNEHESER L7, HF, YOLO X AT
B3] 5 AT R, MAERERES A ER R H 13 4, Faster R-CNN &4
LR 2 ST HT S 4 RIRERE I 12 4% 14 4, SSD BT % 31 i 55 Faster R-CNN 5 8I—#%,
EiERB 2GRN 14

TSI, YOLO X Wit B A, HPHREEAEI T 89.03%, L Faster
R-CNN =t 13.23%, bt SSD &t 1.59% . FEHERRE /7T, YOLO_X HIHERR A 94.62%,
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B R E AR

Et Faster R-CNN &t 9.61%, Lt SSD &t 1.53%. 7+ H7EFHRMHEHH, YOLO X
MR RIKK . FANEFERIBEIZE, YOLO X Mtk —SB3 3 T4k, H Pk
FE (AP &) i5%) 92.79%, L Faster R-CNN &t 0.68%, b SSD & 1.3%, HUerfisE
FERILF| T 98.83%, Lt Faster R-CNN 7 3.80%, Et SSD & 1.45%. THEBEENR,
YOLO_X Mt ¥ PH R R E AR 2 S 2 G E 020, HERHEA R BIE. 54
Tt RE, TWEREFERAIBEIZH, TREMAEREJZ)E, YOLO X #HIERM
H T EHERRAERE, AL AP, SERKERRNESPRIE T ERAY
MAMZS T, XMET YOLO X AR (TS5 i SRR FISLHE /7.

(b) R SRR
A 3-12 EBF AR TR M ERE RN ER
(a) FaterR-CNN (%) SSD (#) YOLO_X (#) (b) FaterR-CNN (%) SSD (#) YOLO_X (£)

(b) Fig.3-12 Detection results of different detection models before and after transfer learning
(a) Faster R-CNN (Left) | SSD (Middle) | YOLO_X (Right)(b) Faster R-CNN (Left) | SSD (Middle) | YOLO_X (Right)

3.2.2 &TF RetinaNet {88 % SERROL 1L B0 F 2K/ HAREEREM R 45 R

A7 LA RetinaNet ByAFERE, STEC T ARER SRR T B B KR BEREAT IR . 1
KIS EER BRI R 3-3 d1, HP RetinaNet SR R LU 1 FE i8R, RetinaNet-
FPN $8H 2%t RetinaNet B 4T & 7B M & (FPN)ZE M T AL IS B A, RetinaNet-
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TR = 4R RS SRR KRR R E R IZ R 4

CBAM WJZ7F RetinaNet RN TiEE SIHLHI IR,

IR 3-3 HESMIE RSN, 5955 F RetinaNet BIEIZEA F R AL M T
FIPEREAEAL . 24 % FPN ZEHI3EATIRALES, RetinaNet HERU7EJC 50k A AT £ 2T
BRI KA, TR ST 0.83%MA B3R, X kB AL R 75 1R 5 % 24 B ARET,
BARHREEE T HE—SRE, BHERET 143%, RRERENENERENSR
i, ERRBE LG EERN, T ERRBIEEE LI 2.99%, XKD HERERE
FREAE BB T KIEISIR, AT AT RO th B & R i B ARAA

7E RetinaNet Hik BB AFEZ AHEE, FRIET BERM. MEFHKE LF
T 0.63%, B HHTIR 5 2437 B0F0 B AR MR BI B8 /T TR, KRS IR 0.43%, #
—HIRF TN G RO, TERIRRE 1.81%, JiIBEZERNRE SR E
R R .

i EIRSEHE FPN S5 HtR AL FITE B A7 HL61 S X T B S MY, RetinaNet #4
RGP TR E NS, PR KIBIRE 2.84%, MLAMMLIL FPN L%
B, SSILT RACEK, 7 BARRMBnEs EAE T ER AR, MEERE 1.57%,
{EIE R AE 2T B AT I S s B EIRARTH T 4.6%, X R MAI U S v iR
BIEFF, TRIEERTEEABERIS R AR, WAHNE T RIIEES .

S A X HHOE TT LLIE BT M8 HH 450, 7E RetinaNet BiEHRIRTR4L FPN £5#7363|
AEBAE], B NS NEE BERFERORIZER, NEEREERTR T ON
FIREE T BRAMBARSH, HHE QNS BT E S SRR .

3.3 BT RetinaNet SES FMEL TR BIFEMRMER

Tab. 3-3 Detection results of small target mazie tassels based on multi-strategy optimization

of RetinaNet model
L] EEIRERE (%) FEHE (%) H B2 (%) PrEE
RetinaNet 95.23 96.35 85.66 0.012
RetinaNet+FPN 96.06 97.78 88.65 0.011
RetinaNet+CBAM 95.86 96.98 87.47 0.012
RetinaNet+FPN+CBAM 97.07 97.92 90.26 0.010

3.2.3 IEBF I THUER RetnaNet B F K/ BRI RLER

RNEFTALITE SR RetinaNet HEI FRBERIS I P FIERERIL, KHAET
Faster R-CNN. YOLO X BAK SSD =M& MK, R TIEREINEM L, S8u#
#] RetinaNet 1524 & - 1& i % LIS HIE
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ERBERF LA

R LGSR REE SN, AN RNERSEHT T ZEHE. 5
3.2.1 FAAEE B, Bk, BEGERGEIES—RITE 27001500 B &R, LIHBRER
R ZRNERGNERNBELW. 5, £ 52M E R EHE R IX AR R 3T
W&k, HHAMHBBEEFRE R BT EIMRAA. 85, ER—NRE _bx SR p it
REIEATITAS, DAGRIEMRAA M 00— B

SIS sE RN 3-13 IR 3-4 . ME 3-13 ATLLER], EENE KR ST R K
&, Faster R-CNN, YOLO_X.SSD PAK i) RetinaNet #2%4(RetinaNet+FPN+CBAM)
BB BN, WRBIFHERNES. R, HB3E 3-13 PEMBREE
BB ERMERER, Faster R-CNN A1 SSD BAIKFRMEE N B HR, RIIBRBRK,
HMIEZ T, YOLO X EEAMi M RetinaNet HEEI N R ERAEN M, REBE R
HERF MR 3k e B B A

fEAEE 3-13 FAMFEEMNAZ /D EREENEREN, SEMBNEIER
EMEE. EhItHBEER 43 4, H& Faster R-CNN EE{URIIE] 6 N BirtE
F, YOLO_X BCi:WlE 22 4, SSD EHkMIE| 12 4, Tiekifkhy RetinaNet H%I4E
EH A ERE, MRIIRIE 42 4, X—HBIEFR S RABUHA RetinaNet HAAE/NE
PR T E A A HERS . BE AR 3-3 PHREEEHITIEANSH, iti RetinaNet
BERILE B UM B R AT 3R € FOP S BE R AE . H B 38 5T HL Faster R-CNN,
YOLO_X F1 SSD B4 EE & . BIRIEM T 3K RetinaNet A 7E 2 A kM RE
EH S M T Faster R-CNN. YOLO X Fil SSD &#R, 7 FKRBEHEIESFEMN
HE mREREAE R, AT RERERRBAERIRAE T EATENER IR

R 3-4 FEMBRNME

Tab. 3-4 The results of recognition accuracy based on different models

BB 2 FR FHIFERE (%) FEH BE (%) BEE%) R
Faster R-CNN 92.11 77.27 91.95 0.018
SSD 91.49 93.29 82.99 0.013
YOLO_ X 92.79 96.15 85.18 0.015

RetinaNet+FPN+CBAM 98.83 99.01 92.89 0.008
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A 3-13 FEMRERT /) B #REEAIRAILER

Fig.3-13 Recognition results of small target mazie tassels by different detection models
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Fig.3-13 Cont
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AT S, £ T ERERE MTC AFFEHESE. ZBIEER D Lu FiEEB0
£ 2010-2015 FIX—BAK M RIE RN, @R ORISR BT S ™8R EEEREREN
KEH . MAUEARBELEIAENL, RET HHE 4 M FRER A3 6 M RRFHIEK
oEEGEE, BEEELILEE 361 BRA, EFRNE, ZBEEEMILRT EX
ME BN E S N RRBIEKI, TRAER 4R FRESYE, CRERMEZH
WA R R AR 2, R T SRR . RREEEERAER, HA
FERIERELRES, RICERE, R T8 —KEGR. 8 HEEN AT R,
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E TP R R BN BIEEIAT IS, SIS R E R B A SO A B e &
G, BUARTBEFMRCR, mIEEAR THENRS, ZRMEY T 2B RETEE S
FEERERMNE. R, MEBLIBRAREFHRRIVRN S, IAFAEE LR
fRRERR. RE MTC ATTEREECE T0+E, ENELENAAKRE, HEERK
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REERRE, FHREMMMFEER. HEFZM (WRBARE. AR ULIBEHIER
HIZHEME) « RE QR TEANLIAER AR BEE DL L B R 4R /N RS 4 3K
BEEARGER) FHHNEREERRRD, XEEENAE, BRI TET 289
SINFHIEBRYEN RS R EFE—EMRE . Hil, BEBEUENCERTIES
HEAE PR . EREKRBL LR F MBI R, & RERBIX RG], Al
IR RS, BAREER ERBRITERMRE, EESRRETANEREES
S, —H, EMBEESESTHEEERBSER, XEFREHTERIRY
TRERER, FRERFARENTHERE: H—07H, TEEAEMLRFEHERE
KIBIER, XRELFMAG ST, THRMLEN LR EREEGRT, SR
TR Y g N2 B 40441,

Hit, EKBENMAERS, RN 5L, S35 R
BATIER R —MEARE HRAn 5. BTk ILE B 7555 5 I SRR T R
AT AEA B Z it EEME R R AMETIR T, EARRSENRE. RERK, B
EEABREAEENARY K, TREERMKSHE. HIRFENERYE, ERRE
HIEm it E RS AR RKNE, a2 RN RS T B
BEIEE MR, RBEE ZRpRP LI SBEIRA, NERE SR &
REt K R IR N5 KBRS -

3.3.2 FRIEXSF R B AARE IR

I B 17 DXt B T A R R AT R 22 ST 15 RO TIRCR, 8 7 — 5t b
BAEAFRIEBEN F TR MM ERARRRR, RHFFOR 320 T & FMHE % (6000
WA, 5 AR EREREBRMERSRIS N S HLRE, S4H 64 5. I THE
Weh R E A EMEM TR, S0 RAX MK ERERCOAER 3-14 PEAT TR, 77
{EBT 50 & B R L EE A ) it Ao K AR A S IR AE, DA SE A7 St R AR R SR AR B 45 2R .

; \ = . 7
(a)RFET 336 (b) RABEE 16

@ 3-14 FERFERERLS
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Fig.3-14 The morphology of mazie tassels of different varieties

(d) *BE 958 (e) H#HRE 2008
31448
Fig.3-14 Cont

MRS b, BFA%A T Faster R-CNN. SSD. YOLO X PAK i) RetinaNet #
R0 F H AR RIAT S b, DA TRAFE bR ic B KBRS 2 AE, S &M
RRAIHRME R, RENXHAHE, PATHICHNESEHESBRERNNSER,
AT T RERES T, B RAEB RN S RSB R MR R, 29 HE
RN E S F RSN RS ENES . BRASTE RUWE 3-5 5.

¥ 3-5 FRIENRRFEMORMEER (n=64)

Tab. 3-5 Detection results of mazie tassels of different varieties

i REE 336 ELEL 16 R 19 #B A 958 JH¥E 2008

R? RMSE R? RMSE R? RMSE R? RMSE R? RMSE

Faster
R.CNN 0.90 1.82  0.70 292 0.83 1.55 0.94 1.08 0.80 2.06
SSD 0.86 2.18  0.57 472  0.86 146  0.95 097 0.77 2.63
YOLO_X 0.91 1.69 0.77 320 0.9 1.18  0.96 0.78  0.87 2.15

RetinaNet+
FPNACBAM 0.91 1.67 0.83 3.02  0.95 1.15  0.98 0.76  0.89 1.85

MEERFHTLLEH, EAF SRR TOREREAN S, #8958 MM ERMEE AAHEA
IR . BATS, 4%H Faster R-CNN. SSD. YOLO X PAK ik #t K RetinaNet iX Y
FhAE RIS AR 2 958 FEATHMIAS, H ke RE R 437004 0.94, 0.95. 0.96. 0.98, ¥R
%% RMSE 4> %14 1.08. 0.97. 0.78. 0.76. BIHLATLH|BI#RE 958 7€ 5 AN s+
IR VOMAE R I T BT RS R, X R % SR 0 KRR X T MR R T R
BEE AUERR IR R .

E2Z MR, FHAER 16 dFh RS R E . /£4E A Faster R-CNN. SSD. YOLO_X
DA J% B503E ) RetinaNet fEESHHTRIMIET, Hike RER? 4704 0.70. 0.57. 0.77. 0.83,
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BHRIRESBIRN 2.92. 472, 320, 3.02. HXFEHMARTES, HAFE 16 X Fixk
BRI A B

RANRAETHEH, FERFAMMFENERRNER=ET BELMH. K
JUER: 16 FIHERE 2008 X F A F R R BOAA 41, BARRD, XFMESRALES
ENERBH A RRABAEEE, FHERNSEFBOER, W 78
MR, TR 958, KREUHE 336, KI5 19 F=AMFMEEERK, mMASEBZmK,
B5IRH, AMIEERRE T EEEEGEE, FHLER SN E .

of Bt D o 0 A B A2 AS 5] o b ) TR R AR T P IR IR, YOLO_X ISRy
RetinaNet #RI%5 B BARE AT, 3 H YOLO X #EINt 5 MRFHkE RZE R 45
1£E] 091, 0.77. 0.90. 0.96. 0.87, HRIRXTTREUE 336 dFhKif, YOLO X HAIE
P 5 XU RetinaNet BEELAFEE M40, EEMARY, BitH RetinaNet A R?
¥ &, RMSE 2/, #—PUk B 7 BU# K RetinaNet AR BLH .

3.3.3 AN[EI R4 2 R X AR B 4 A BE RO M

AT TH 257 F 1R E] YOLO_ X BRI FIGH A RetinaNet %) 7E £ 3B B AA R oK &
LRI ERE, AT Ei#— B0t X AR R B 23 8 T X KRR
SRR, AT RRAEEE T 0 ERERR TR, FRE MM
BEMER 16 KEGEIE, NIRRT EEFLSAMEAMEEEX -FETEX
HERER AR R . B FOR IR EERR A RE RS, RESHRNE - R TA
[E) P 25 FE IR TIOR8 A P 4551 iR = (Mean Absolute Error, MAE) R & &40 &,
ZIRPRRE A S R U BTN R E AL R Z AN PR ERERE, APEERK
TR T EEKIE.

Wk 3-6 fion, ¥HFIHTETFEHEFEIIM YOLO X MR E ) RetinaNet #4
RTEA R R FFEE R T 4 AR FIENIRE (MAE) E, @& EH MR
BN FMEEEX-ZRMBURE, UREAFEMEREER TR tEmERE, A
JE SRR ERR N AR T E RIS HEEL.

AUEH, EHREMEFEET, PEEKRRMHZAEF MAE BEERBR, HH 958
A EEERTRE (MAE) BE/ANTFRLER: 16 MFAFHANEE. 4EMMH-FL
#3tiRZ (MAE) FEEMEE EMINMmIELA, SEB%I]EN YOLO X AN
BXTEE, Bt RetinaNet BRI A BFE 25 B 264 T B EREERA NS B 60 MAE (&
ZRE/N, EHRHE, R0 HNSE RetinaNet #E A7 RENFE, BHELNH
e
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% 3-6 FEIMERE R TAERENEMIRAER

Tab. 3-6 Tassel recognition results of different models under different planting density

conditions
R i o 45000(8%/  60000(#k/  67500(kk/ - 90000(Hk/
AH) AW) W) A )

REHE 336 0.77 1.07 1.26 1.66
HAFR 16 2.20 2.49 2.99 3.45
YOLO X 319 0.46 0.64 0.85 1.41
#LE 958 0.20 0.32 0.54 0.70
W% 2008 0.84 1.29 1.57 1.97
RAEHE 336 0.76 1.02 1.22 1.64
HAFR 16 2.08 2.47 2.98 3.37

RetinaNet+ 5 19
FPN+CBAM 0.42 0.62 0.83 1.38
- FREL 958 0.17 0.27 0.51 0.69
#HRR 2008 . 0.80 1.26 1.56 1.94

E: R MAE HEEENBMHSMMERETHER o4 KBEHTEEEERIGRE, LA

BB LUR L, SR @R, FETEERNES: MAE BEHK/DNE
I BE IR TT M, ERTRERL (R R ARE B S AR  — v, TR S M
AR E R TREIN, BNRESMEET ZEIEINZEEA. RARNTX—
PEMRIE, PHERE, BEEMETRER, TARAERZ ANZXESMELSFELER
FPE, XEFRRRARMTR TSR, EETEREE R RN MY, #m S
REANWIE A [, BT EKAERFARIERERAHBERER . LU 958
AB, ZaMEEES BB BREERE, EMHEESHERRTEFTENEEN
FHEE S, AERMRNRME 7ERN, FHmNREANED; MRAEL 16 Rk
SR, FESEBRA, EEREPISENEAR, FERTAER N i E KR
WA, B T BRARRRIRE.

3.3.4 R PRI BOHA RetinaNet HEEVEETD R A RN

LERNAGRY, BEANTEANEGARBRURE ITEES B, HRE
MERSHEERARE, TFE BB PEEN AT B0HER) RetinaNet BB JUFE &
M AR, RFAHTTHRER. HRAEATANMNM 5 KESEFEMRAXEAEE,
AT RIERGEIT R, BRIBEGM 5472x3648 B EBEIE 2000x2500 B F, #FRF
Fi EnviS.3 B ¥2 A 2000x2500 B R K EGHIT T RE, BRABISHFERN
1000x1250. 500x625 F1250x313 BEM=REH, DAMREMFERTFEANL 10 K.
20 KF1 40 K KATEE T REHNER.
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&l 3-15 A FEH 35 M EKREERE, £ PN 2000x2500 F1 1000*1250 B & B EE
B, AR BRI IR FE S R . AR S R 500%625 A1 250*313 REMEKZH, &
TS KR B T B, AR 250%313 43 R R T, EKMEREJ LAl A 2], dbbrT &,
S HEENT G RetinaNet ARG MIZCRBLMEBK, Rf, N TREXBEREIERMEXK
BMARME, BEREANKLE, TMIVTHEETEES, EalERERFHE
BAPIERK SR TR, RAMEFRNEREMTFERRPERNE @8 K TR, Bt
B BAE PN FTE MR R B, B R B — P R FE R B R 1R A
Bt

31
&

@ y “ 14 A
il AN\

(©)500%625 & (d) 250%313 & &
3-15 FEIS #E B R T 250 A RetinaNet SIBVERIZE R
Fig.3-15 Detection results of the improved RetinaNet under different resolution images
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3.3.5 SRR RE X203k Y RetinaNet 45 BVEE TS WS B AU %210

BRI RetinaNet B ZER I A MR CLRINBERYL, BLFRHRFIR
BEZRHERER—BRBRAER, FHARR 7 BERERI KBRS 5206 .
LI T R B IREIEE M K/ DARR R EKREEEE, HRHUOER RetinaNet 7Y
FEXT R A T EREEREHEATA I, DUGIRSRREN 63Klux HIEGONIRHELIE, Xf
BRENHHATRTIAY R, 4R WE 3-16 Fis, ALEEBUER RetinaNet RN T A
R R K P i FR AR A T B B TR . SRR 75% RIBRKCPR, 2ot
[ RetinaNet HEEI BRI B ) TR BEREEEBUAR D o T 2472 B RRAE IR A 50%
VO AP B, AR R R B M oK RS R T, M ARIHEREIT P52 100%.
SR, BEEREH—SHE, B3 FRME 150% UL I, RetinaNet HEGRIF|HE
KB ESARD, FROEEHRCRMERENRFE LT TAYEMN. SRR
B FRH 50% L B, MR WIFHERE, EHARTRERSEMKERR, K
RHEEFE >, FHEFE, FERFANBNERSEHEGRTIRERIENER
R, HERNEESEEK »
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(a) &8
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(b) FEME

3-16 NEARFA TetE RetinaNet BEBRME R
Fig.3-16 Detection results of the improved RetinaNet model under different lighting conditions
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3.4 KENG

HARAEALAN (UAV) SRELE KRG, 12 T EREEEUESR, HE T8
¥ SR A A 78 2 31 B 77 2 R BRAIE AN X B AS [R] R B 2 20 B34 FOK AR IR Al kG 2 B 2%
R, SRR, FHCREITERRIGEHES T RTRA, FEZHTIRY
AFFET R THEBVGHIEARIEE, MEARKREZIEE L, BEHEHES,
YOLO X #RIHH 5 # 5 T Faster R-CNN. SSD 265 #!, #f—5 %} RetinaNet {57 if
MR & 7ML (FPN) gt iTiitt, R SIANTER IS, 385 7 X/ B bri
TS AREFE . Beoh, BHAE AT T ARG 4 HE2R L SR EEAKCE dhfh DL R %,
DUR 5 13X 5 R 28 T 52 i 5 AR Y f e K AR A e 5 2R

ARAMERBHUTER: ERRATBAZINEAEL, TBEIEEZFRIT
Faster R-CNN. SSD #! YOLO_X =M E FKHERIR TS HtERe. RS, &
¥ %] J5, Faster R-CNN PG EHRF T 16.31%, SSD T 4.05%, YOLO X 32
FFT 3.76% FEIT R 1 R A RIS H o, YOLO X BRIV NN 7 - AT ik 96.15%,
AR R EOKHERRRT, YOLO_X A5 N MERE R 45 R B A R W HERA M . FIET, YOLO_X
I FHREEIE R 92.79%, AREL 1A AE R B #4528 T K HEARRE AR () & FE v 1 A £
EfE. AN, YOLO X HIUEREFEIAT] 98.83%, BB 7 HAEBIRILS TR M R
W LB B SE BKIERERE AR B

A5 TE RetinaNet B8 F)BERE B TR E @ FIEM L% (FPND HH, I TIE
EINHIES, BRI TS E K/ BRI BUIR . SRS REW, T
EREIRIER T, Bl 51 RetinaNet HiETEFIUREE (98.83%) « FEHE (99.01%)
FAEZE (92.89%) FHHBIRINHE . @it5 Faster R-CNN. YOLO_X F SSD Hi%LH]
XFLE, o RetinaNet BIETERSE DAKAAREFRM . 2R, o )E R BT BB 70 3%
REEA RS AT TR, Bhoh, JeRGRREX A Re g B &R ZEEIERA
LR, RIS MAEmLAMA T, MARNEE, RUTRCAHRRAMRTH
B oK. [N, S0#H RetinaNet SRR IE 52 T K f FoRFh i 2% FE A2, 72U
R EANEKFR, B8 058 (FTAFN 16) MHEBENEERS (&K . BEM
TR FERIG I, FORMERE AR IR 2 ARG K . A FUE L 45 & TE ANLE B AT
BN EAR, DERFT TREFRANEE ST, AR R TR E R T EE
SR

it b BSG#E ) RetinaNet A28 fBE Tl 8 5 =1 777 1) YOLO_X B AR P e % T
T RMEREIR I SE B, W LUR L, S RetinaNet B%! MAE {H 58 /), 18R HIERE
0, BAREZERAK, BF % RetinaNet BEE 7 = sehrp HHE K, B
ERIEEME MR EOELT, EATENEEEE /D, BELEOENE R &
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Fig.4-1 Experimental area
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H AT 52 REKEREAE A, BIERER 8K, FRERMPHEAE 22 %K. »
Gl A EBRE LA R EER DN RER M. AR R
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G755 .

4.1.2 ¥R &R

AT BEIRPEARFERAORYSE AR AR FHTRKT TIPS KRG, EHE
. Bt B REMEE L E I MERA R (E 4-2). BEIFRREEBRINE
#. BRESER. ZGERIHENAN— & BN HiEERMERAETH R
& 1) WiFi Jo£R18 5 BB A0 0 AN B H K RS232 LB EHEM . HER
SR LISEHSHRE . RGN, MRS ER MR ESE. SRt
BERAFEETEGFSIN 3D AZER. A ZRREREMRMSHIRNE.
TIPS RZGHEAN TAEIBEASEREEIE T ZHIEAEICRERBER.RE
BT HR AR SR BB RIS A B AR
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SEEE it
R
HIRISIE
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TreeQSMFAHREN ‘ Husia
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BAE
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Fig.4-2 Composition of the TIPS system

FFRE TIPS REGHEE=FHEMEIL(JEFE D5600),F & &N 2416 J5,18-
140mm /3.5-5.6 GEDVR 43k, 32 #F 7 52 £, = SV B e A5t
Bt (8] 9 1/320,56 B8 K/ F5,ISO(BINEE) A 6400, E141i#1E USB B HiRERE
BITFENL FE IR E T SDK HHTIEH, BEAERN 60 E KM BEaIEEH 24 RE
Mt BT WiFi EEEH BRI ERN 001 B. A THESRENE KRR
3D EEME, & T EFIKL KN 80em E A HER, BN AHE RRKER,
e 4-3 Fiw (E R E MRER T UE A EE2T R RA R L S MILERRER
MEE. ATHEERRFENAZTRARERERE X MY FE LSM&TT
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KER 25cm KL EFMBERMEL, 778 L1 M L2 B REMFEEHIERF 2
£T Visual Studio 2010 F& CHES A, EE SFM HiEKRERNWEBF
FIEEN 3D S REHHBAN TreeQSM HEFHAT KK R RS HER .
N 4-3 1 4-4 FiR, 2518 TIPS RS AR & H BRI R
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Fig.4-3 Image acquisition of TIPS

TIPS RETEZENNEBEH T AFERERBHGZHERE, LEREAN
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AR S 70%RELHMIE, B E. b, FTZEEGHNESREE 70%R U L.
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. BRSO ABERRHERK 0 0.8 K (D) , B ERIEREINAR
HNO0,=15°, ZR—NEHEEN 3D AZREBEERMEXNXESH. HRT=K
Bhja, Bai%ExB3REIREAR, FET - MERRRE=%KEH.
VN E R EEYMEGRE, #mEEYN D RaERNAE. HRTHEA
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BHARATE 10 2. Fik, #ig b, KA 461 MEKERIEGA#T 1552
kil

4-4 TIPS 5549
Fig.4-4 Actual object of TIPS
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4.1.3 BEHEEKEMRE S B SR BBIRE

KR ALMEREEEERKE. 2RKE. 25 IBAESE, rERE
SHHEMAMREER (IEARBMAE) « KM T 52 SREKBEFESTI A
1, AR R A o i BB RS M 4 22 B B R OK AT IR T000m 58 — 5 s Z [ I 3 43
ARAENENEERE T ORNAKR, EERMNERERNOERAEERZM
BRAESE, HERESENEREENR 41 in, FIEKEHERNERST
N7, WEFRANERSHER Imm, 2EAENERZWE 4-5 Frw, MEMA
K TEKKEEN 0.1 K.

Q)

v

(a)

M 4-5 SEAENRTEE
@ESH b)ZRITE

Fig.4-5 Schematic diagram of branch angle measurement

(a)primary branch (b) secondary branch

%41 RESENRREE

Tab. 4-1 Schematic diagram of phenotypic parameter measurement

g SRR CBRAL: cm 8L ©) &1

? F R (Trunk length) L;
438K (Branch length) Ly

43 K7 %1 (Branch number) Number

ofall L,
718 f1 £ (Branch angle a
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Wk 4-2 fioR, RESHAK BB EIE R EFEH 20 SRA-FAEM 32 #E
KEBEGFFIEE, SHRMERREPTZE, 82 24 7%, B3t 72 kAR,
52 BRBER B THIRTE 3744 5k Eg . WK 43 IR NERIEKE. B8 KE.
IR, SEAESEEARNSIEESMER. ANBIEAIAERE, EREEX
BAERRME, HBH4RTIER TIPS REARRWSAEZHE X, Y. Z FHEHZERR
BERRBENNARN, FUMNIET 4 HRNYMEAR S =, & RU0E 4-4 iR,
HEN=Z#LAZ8TE, ChHhERBERTEHX.

£ 4-2 MRBIENR

Tab. 4-2 Measurement data summary

frE s SHRA AR KERK
Al 958 (HEERED
A2-FR 15 (BEED Rl HRRREAS
AR . e SHKE
" A3-FIE 168 (L EHER) 20 72 K EMR, 52
Ad-FTAER 16 CREBERD ABAR BB 3744
ESY
AS-REHE 336 (CGREERD R KEE
A 32 Mgl 32

#+ 4-3 SON S2 A B KRB BHERIH

Tab. 4-3 Situation of measured phenotypic parameter data of 52 mazie tassels

A BAfE(em)  B/ME(em)  PifE(em) ERRH ik
THKE 39.6 16.0 27.84 5.48 L,
SERK 236.5 51.9 103.92 44.03 Sum of all L,

SrE 32 2 10.97 6.57 Number of all L,

SEAE 6.5 41.3 18.22 9.15 a
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Tab. 4-4 Volume measurement of several regular objects with different shapes

Fa AR R SMAFR (em?)

11643.52

2260.44

62326.64

HE. SFM KB T 2B REKE & ERRREM BN SRERER
3D A BAG A B AN ER IR ) N AR s5 (3], Zhang S ANUIZE B ANUIRE BB
J& 5 SFM Bkt ATHBHT T 3D EE, ERRAZTIEF AR T AL
FREFR TS 2546 A0 JBR 4R B RO 4, R 2B AR T KA ) s RS . Sun S AL
FIF SFM EE T 0 =445 8 iR Sz RSN EERMTE T
T BB E . Zermas 25 AR SFM EHE T KBRS = @ 44
FIRERIEMER S, SFM HEERITREWAE 4-6 AR,
HRERSHEVIGI SHREENT: B TRABRBRKNEESH, XA SIFT &%
R Z REFTEHA T, B k-d RMERERETE, ETRKEEZELI
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Fig.4-6 Point cloud reconstruction and spatial scale calibration
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Fig.4-7 Generation process of point cloud for individual maize tassel
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Fig.4-8 The results of point cloud reconstruction of 52 mazie tassels
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Tab. 4-5 Phenotypic parameter extracted by different algorithms
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Fig.4-9 Flowchart of mazie tassel parameter extraction based on the TreeQSM
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Fig.4-10 Point cloud facet collection generation based on TreeQSM
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Fig.4-11 Schematic diagram of the bifurcation identification process
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Fig.4-12 Point cloud cylinder fitting
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4-14 DERERERBH

Fig.4-14 Distribution of spatial scale correction factors

# 4-6 BREESER

Tab. 4-6 The results of volume calibration

W5 WER (em® SR (em®) RELIE

1 11846.87 11643.52 1.75
2 2315.52 2260.44 2.44
3 60325.11 62326.64 3.21
4 2798.56 2910.21 3.84
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Tab. 4-7 The analysis results of TreeQSM
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Tab. 4-8 Extraction accuracy of uncorrected main spike length and total branch length

ZHR R2 RMSE
FHKE 0.9515 26.23
SBRKE 0.8914 190.50
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Tab. 4-9 Extraction accuracy of four phenotypic parameters after calibration

Er 3 Eih N R2 RMSE MAE MAPE (%)
FHEKE 0.9637 1.72 1.33 4.65
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S AE 0.8572 3.77 2.73 19.67
STEEE 0.9726 1.28 0.37 9.17
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Fig.4-17 Extraction accuracies of the four phenotypic parameters
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Tab. 4-10 The results of maize tassel point cloud reconstruction based on the Artec 3D Leo
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Fig.4-18 The results of topological reconstruction of some maize tassels
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Tab. 4-11 Extraction accuracy of Faro Focus S350 scanning data
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Fig.4-20 Extraction accuracy of four phenotypic parameters
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Tab. 4-12 Three-dimensional topological reconstruction results of mazie tassels
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KEZ H XI5, F I, TreeQSM T 882 E R MBI 2B S = B NG S oL R
IR AR T, 2R K T B8 %448 50%5F, TreeQSM R ) B 2 T K HEREHR
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THIBRT, ERTEMERERLK 3D Be. IR 413 FiR, 52 MEEFRE
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Tab. 4-13 Topological reconstruction of mazie tassels
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4.3.4 B A EMEG B R RE S RN

¥ TIPS 3KER 9 EHR 4 A4, B AR R A BRI MR S B TR R = 4
HENEW. F—4HiKkE8 LE. FERNTENEE 72 sk BERAER,E_ZFHY
HREXE LR FEMTENBERMBNHE, 77688 um( L EFHE). ul( -
ERHTEM m(FEMTE),EMEEYT 48 REG. XBHEH THARER
BAEX 3D EEFYWE,EAEE HARBEITLL 30°. 45°, 60°. 75°. 90°F1 105°
MEMREERE LE. FEMTERRE 72 RERMERE, ENRKEE N
ph30. ph45. ph60. ph75. ph90 1 ph105. & 4-14 B/R T B H & H)— 8 F Kk
MR 3D EEE R, UMK R BT AABRAENEBRAEGH 3D R EER
ERFEMANBREEKFEAMNEARBREGEENAS T, LR EREER
{a1,3D B 5 A =% EFHMEZE 30%LL T, ph30 &4k, stsh, 5 FB ph30 2
SN A &, 18 TreeQSM R ELE TR MR T 90%, Bl EIGREK
BEN=Z4AEMERNTYWERZE K THBEAENEZWH.

70



LB AR AR

£ 4-14 ZHFRIPERGER

Tab. 4-14 The results of 3D topological reconstruction
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Tab. 4-15 Phenotypic parameter extraction accuracy based on different image combinations
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Fig.4-21 Phenotypic parameter extraction performance based on

different image combinations
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Fig.4-22 Point cloud reconstruction of compact maize tassels
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Fig.4-23 The topological structure of mazie tassel branches
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Tab. 4-16 The extraction accuracy of the branching angle
2R R2 RMSE MAE MAPE
515 (>200) 0.8778 6.761 1.29 4.74
I3 F B (<207) 0.4139 4.37 3.73 35.98
4.4 KNG

Bl RGOS EESIERENI T RETNRBRE, A AR TR T
—NET TreeQSM EIA(TIPS) B E KBtk 3D KAV E R4, TIPS FTLAEZ)
IRE T K HERE R B R, SR FE R B B N S  R B S M AT AL B IRBLF TreeQSM %
RCRIRENERKE. SHKE. SEBENSABESRARYSE AT TIPS
MRS BRI R R, SIAE K A M R GAH L, TIPS FERA 8. BIER
A BEENEERESITERE TR EARB ZRGATKREHRUSH
M ERME T H B, TIPS fFAlEA TREREE XNRUSHIINE, FlankEE
A AEREABKE B EERN—EEEFHNENRYESEIRME TAMTH
fE R R AR L T A AR AR &S . TIPS FFAEFH I TreeQSM {UE A FIREVEA
BYNRESH AR EST .. XE—ERE LRSI T TIPS MIRA.

H I, TIPS R4 AT 4E B, EKBERMN B IREMRAEE LR T A
T, UARHE W R 584 B 30, 1X % S BRI IR & T2 F M LAY KB R
MR S EPGEIREN B35 547 TRV 77, 7] DARE IR R B S R AT HERE
5398, % H BUE & FORAE P IERETE A, A B bR I 1 SR 6 J130H% .
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5 BT ERER-ERBNSBEERR

MR MR SO F A RIEERZE, 2BAFTERBIRRHNER
HERRES R ER IR, K5 TORMBL ) BUE BT REMT, BRERFAZE
HANTPRC TSR AR, RUENSEIRIANRENEF TIPS R%
SERRE, BJE I P R TR BRER R VA SR B 1 XA e B TR |

51 B 55%

5.1.1 EIEHR

B HHE KRB LR R = A A RSB I E TIPS MREM T, XEAR
BER. Wk S-1 PR, HREIRET 409 AL, RETHEBEHEK 1227
KEKBHEER EMEALSSHRR, B4 72 KEB) , K398 4 1194 4
AR ER=BIRINEN . X 398 HERKMEH B RKSE M- 5 /R K
- BEERIR (BMCMC) A STRUCTURE #4420 4 A 45 BR800 81 43 ) . 3X
Sk BUS R KM BRI AT BEL: BGRFIERH (TST) FRFh G BIRE B i
AR SR, B EHBERDEH R RFEKWZ LR, HHX M5
PR R BER PR APUR HFRE /U9, JEREFT (NSS) FIEEFT (SS) EAKMAHIER
EE LB AR Duvick HHRIEFRANRRF RN TR FHATHEHT N,
NSS $IHFARAE, HiFEREMAES, ZFMHEMERK, B, 5SS B
&, 0SS #RF NFEA, AR AR IR, A REE, BARK, &%
5 NSS MR &R UFEERFHE . i X5 X2 BT 2 5HS Tiricsk
SRR B AL/ MER B E T8, o, A (SS)/ B 28 A, JEREFF(NSS)
AEF 1754, REFERF (TST) S8F 140 . HK 55 MEER S BIME
KT 0.60, #HHELAEER (MIXED) .

® 51 BREWHN
Tab. 5-1 Maize tassel materials
MRS MRS E RIS
TST 420 Poir/ MR, PR, PURRE. TTEMREE 5
NSS 525 BAME. BRRES, ZMHEXNER
SS 84 B, AR, EFFRE. FERER

MIXED 165 A
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IR 5-2 FoR, AR E SR S A SN EEKE Lt 28K E Lb. 41
¥ & Branchnum. ##EH# La. WE# Le. WK E Ld. ®iEHAKEZ Lm PLEHE
& Lp. #AKERHN 2 M EWN ERIKIEL B FRZEFTE —WHES. &K
WREAFEESAENERRAEREZNENEE. TAKEMNNEIRER
BRET, HHMPIERRA 1 2RORTHITH. La WERRFE EAANEFREX
HWHERAKEHE, T Ld 8002 WSS — ANk S B ERE T 7 KRR & TS
FKE, HER Lc MR ANFHEERZKFHE, SNBIE> AERWER 5-3 i
o

®52 RESEBNEBREE

Tab. 5-2 Schematic diagram of phenotypic parameter measurement

it SRR CBRAL: cm BEE ©) &E
F K (Trunk length) L;
43 # K (Branch length) L,
3K #(Branch number) Number of all L,

A EL1%(Stalk diameter)

L.
FFH HAE(Main spike B
diameter)
WK (Stalk 2
d
Length)
KT 2 B4R (Maximum ) -
canopy width)
7ok JZ =1 (Canopy height) e
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Tab. 5-3 Basic information of measured data

4K BAfH(em) &H/ME(em) FE{E(cm) FREAK B/

FEKE 56.50 14.50 30.50 5.25 L,
ITRARE 40.6 16.90 28.73 4.01 L
Numb
S E 38.00 2.00 12.37 6.22 Hmber
ofall L,
WER 6.15 0.14 0.73 0.66 L
FEER 10.00 0.35 1.00 1.03 L,
WKE 50.00 6.00 19.44 5.55 Ly
BRAREEER 38.50 1.80 10.37 6.70 Ly
BREERE 36.30 3.00 18.32 4.50 L,
5.1.2 [RIER Z AL

- ERTHEELEIEY, BT SSHEHERIGE B KT (U 5 RS
STRIBE, oL, R EEERRANT RS RABIEEBRALE, UE
KRS ZHIE L AF), WE 5-1 i, WEIESAZFRT —RIIKELHES
B, EPaESEET AT EE SBER (SOR) Hit5 DBSCAN (BIE T
BRI R RE R AR BERAE, HENE THERIUE &4 5 1A s
ZHIE . BET S, S B2 B MATLAB2017b “F&3REH. EiZF &+,
B A “pcdenoise (noisyData, NumComponents',numComponents)” & {58 i &
FAESE . R H R “numComponents” SEEERBIER, £33 LKA SR,
BAKEBREN 0.1, UHREFRERESNEN, RAEEREAZEIENR
SBRFRHIE.

admHEELER, & FEHET %K K "DBSCAN
(eps=0.5,min_samples=150)"RIKRE . %R EUKIE LR 2 005 o MRHAE, HHEH
FHERBEE SR AR, WSS R 20 S = B0E RS IR A A
MRz, X—BEAHIECHEREER 5-1 FUER. BEWTRET TER.
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Fig.5-1 Point cloud separation of maize tassels

5.1.3 RES WM M2 RN

RYUGEERMAAT TreeQSM HEFMMA (Convexhul) Hik. #idiXL)7
FAREUIE AR T T3 5-4 . TreeQSM B35 412 N A FIREUR R =4 4514
HEUS T HERBE B, ZEEEZNMRERATT M.

FeRTRIAF AR, FIA TreeQSM HiEMU K HiZ RGN B TERN EX
BRI E W R ZER x. y. z AN TR RERRER, XIEH JRIEAS
=S . thAh, EANRBSETUNE ST E1E 2 6] FIAH X R B PI4ExT R4
>0.9U0, FESRENFFEKER, HULEEXBRWIKE, TreeQSM BEBIERINEINE
BEBRFILFRREA CBFRMBRIKEALIR) « BN Ass UL BTG B
AR, KEMEREEL . AE N b AP 2 Bl s i AL brt eS8
FWMKE, #MARFENKE. X TEHEELNMER, B2 AR LA
BHRERTERNFIE. ROFTEHKR TreeQSM2.4.1 A, TreeQSM H LA
#NZ%: PatchDiaml. PatchDiam2Min. PatchDiam2Max. BallRad1 1 BallRad2.
AT, Xf PatchDiam1. PatchDiam2Min F1 PatchDiam2Max #4171 %, LA
SREL F KRR = PR S IR IR BUAR SRR B S HUS . A SEOR BN wE
SHEREINFIR B FH TreeQSM HiERRIRM S =z BHRELEREEYEE, &
BT RERIE, UHRERNRESHERZBEAIFELAMMYIEE.

Wk 5-3 s, EITIESH TRIVEREE XOY #E-FiE LM aEHE
R (B 5-2a) FEAER (B 5-2b) o EiEEARFIEZEE MATLAB (2017b
FRAD AR R EERRE, RPRRNBEENE=EASHEHRER 1.
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Fig.5-2.Convex hull volume and convex hull crown area of mazie tassel

® 54 FEWERBHRT S
Tab. 5-4 Phenotypic parameters extracted by different algorithms

kB ' RELFEIR
FREKOLD
73 B (Lb(all))

43 # #((Branchnum)
WiHZ(Lc)
FHRER(La)
WK E (L)
RAEZ B4 (Lm)
7 /2 % (Lp)

TreeQSM

357 fE(Crowndiam(AVG))

B HI R (Crownarea)

Convexhull
84 F(Crown Volume)

5.1.4 HAFE

5.1.1 HRE, XA RERE =ZFhEXRME>E (NSS. TST. SS) ,
XL T KA R 4322 STRUCTURE #A@E S 7047 % &M 0 FARIC SR SR HEWT 3L
Fr BRI BHA S K . IRIER—F oA (NSS. TST 5k SS) M TR T 60%,
ZA R AR B R B4y B KA S, IR B B RAET 60%, NZEM B
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KERE” (MIXED) £5lH. BTG ETERETEEHRITH, FILEHTR
S ETRI IR 2E (GFC) Bk, BFFLFIA TIPS RAIRAUT 1194 4HF KB 4
MRS, HBRTRENTERTNMEFESE , BERIAFAERSEZ
[A] RERE A5 #) R B B 22 T DA RO i ERE R B S SR B A B o B T AT 4

FHARAREHEHERRE (GFC) BiEN EXRBBRESHIT RN
MEFTRHIS R, BAEMER (GFC) 2—MMRMER, o M THENRIR
Sl TFENASE. PLEES]. SRS U R EME BFEEE SIS, mil
BRIEE (GFO) AWTHIERUARKRBERTZ/1RE, MIEEEE o TR
BARKT . SEBEHRE (GFO) FAGEIRERE URERE, M=
RBRR. AEHNEARATNS, RALELRBZEUWTULLE 5-5.

PISa L G B0 s e R X, FFBEVLAE YIS RB LR U. REEENE, ¥
GG R B B AR R L A R AL uy=1 G i AATHL, k RFI%L BUETEREM 1
1D . FAARGE SR ANRBERTH L, EHENIER

E%;1ujk
RERBEZNET 1. XN —EBIER, KABRIER U
75 260 .. 169 2549
80 343 . e17 12434
115 33,5 .. 51.7 46158
11.6 260 .. 485 1361.4
0.11 0.07 ... 0.04 0.04
_|004 0.17 ... 0.06 0.11
0.05 0.07 ... 015 0.03
0.10 0.07 . 0.13 0.08

TR IHESNEHNSHBRF L . B, kK BpRBHERE, kN
11, B RECAEEERN 2.

1194 .m
Vi= Zisy ujexi

1194

Zi=1 Uik

BERFL (RO REE T HEAAREN:

0.99 1 0.77 1 r 1.04 1 r 0.36 7
2.86 2.54 291 1.20
0.81 1.19 1.04 0.41
0.46 0.56 0.88 0.22
1.60 1.57 1.34 0.73
vy =} 0.05 |[v2=| 0.05 [|---V10=]| 0.06 |V11 =] 0.02
0.09 0.07 0.10 0.03
14.53 16.14 16.84 6.45
0.20 0.24 0.38 0.09
1.14 1.77 3.97 1.65

1110.52- 1136.21 1305.34 149,42

THEEANYEE A BB ROy, B LEBEEE, K8 EMmERuT:

dix =l[xi-vidl|d11 = /(7.5 — 0.99)Z + (26.0 — 2.86)%+... (254.9 — 110.52)2 =185.6
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dy = /(8.0 —0.77)2 + (34.3 — 2.54)7+... (1243.4 — 136.21)2 = 1257.4

di194-10 = /(115 — 1.04)% + (33.5 — 2.91)%+... (46.15.8 — 305.34)? = 4385.3

di04-11 = /(11.6 — 0.36) + (26.0 — 1.20)2+... (1361.4 — 49.42)? =1142.5
BB AR RECREHREEEME U, Bl UFRIEN TR IZWT AR
THE:

Uik=— 7
ife 5
z;;l(—dlif)m-l

He i M0 k RFRATHAINE, jRRIRNOEE, REMAS m, Fitdt
HEEKRRN 2.

1
ey = 0.23

() (e G
ERFERE Un..Unuun REFRBEEERE U. EREPER 2T 4, BEERE
BERERE U WO E A 21 8 R BOKIBARIR SR 2000 :

Uy1~=

#5-5 MITHRIR% (GFC) hEETRAEN

Tab. 5-5 Definitions of main variables in gaussian fuzzy clustering (GFC)

BB AR s Ei::p4

oo/ d@ERERFHER, B X={x1,x2..xn},XF dR&—
HEALIRE X

MERREERH d 4 E

RRE k MREHKHL, ER—NIERR, TR
%%[F‘[} Vi B )

ANZRRAERHEE A P R E

BER— nxe MR, TRy RTAHAR X BTHEX
FEERRE u

B‘Ji}%g! ‘ﬁﬁEO < uiksl ’ #HX‘J-:F'EE%:E@ i

THHEEMNEE fx BN RET Ovi BER, LR/
BMIEE da ‘ ‘

THRERMEN, ZA8rIRE ek

5.1.5 EEWRMN 5%

BT AL FUERARE (Accuracy) « ¥EHABE (Precision) . HEIZ (Recall) F1F1
T E MG R AT EE, AT 0-1 208, [EHKUE SRR /X
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PPAME R BRI E B IR A 2k, Hib B0 F.

Accuracy = (Tp + Tn)/(Tp + Tn + Fp + Fn) (5-1)
Precision = Tp/(Tp + Fp) (5-2)

Recall = Tp/(Tp + Fn) (5-3)

F1=(2*Precision*Recall)/(Precision+Recall) (5-4)

Hr, Tp: BN 1, SRt 1; FP: TR 1, {HIZFRA 0; Fn: FRAA
0, {H3EFRA 1; Tn: THMA 0, SEFRLM 0.

S28REHHR

5.2.1 R = HhMTRERSR

AR, & B =/12% (PatchDiam] . PatchDiam2Min #1 PatchDiam2Max )
(11 43 714 0.005. 0.0005 F1 0.005 FZE, 986 NEERRINLIL T =4 RINER,
FRINZEA 80.3%. BT H— B HBESE, RMEERNEEHENMNE 1944, &
BRINEIEF 97.3%. ERERNEELH THERI TRE, FEFB5HE
PAIER 75, SERBAE B HERR LB LG 1T T 2 51

Bl 5-3 IR T E4r R I S5 TreeQSM EELEE R . ZEREH, TreeQSM
WA BIE R R LR KA. FEEFRMAER: —MEIRAB T, 8
TIES S BEW X 4y F—MEEEREIRGH . XS R A A B
RIRIAE R, MHHLZ T, W TREERKMHERE, TreeQSM A REIEH LR
FREMSE, XWEH—SRIEHEENRI S D ERMS.

--------------------------------------------------------------
-------------------------------

(a) =R (b FER (o)A E

5-3 TreeQSM i EHaERE R
Fig.5-3 Reconstruction results of TreeQSM topological structure

522 REZETR MM SENER
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§FH TreeQSM AR SHNE TR LERESE, FEH#AITRIE. RiET
FE R RAHER M BRI RN, R AFBIEERLENLIERE P £ 34 3 39
Z 6], (BT 84%MIBEAR IE R 36 B 38 2 [6], XKRAEMFEZRMTREH
R AR S AR XT8N

AT T FRREE 11 MSBEE S AEN, W 5-4 Fros. BRT 0 E
BEREYHEAMA, HMEmER,. B S-4A)FENSHE 2 A8EERR
S BEE AR AR ISR 0 A, b, BN EER AN T EE, AN
RREE, 5-4 (B) EFHEMANMSEINER Le MERER La LK 54 (B) K
A A4 F] CrownVolumeConv S5 HISUE A B A M 1K Ak br gl AN
EX. NE 5-4 FaT BB EF B, #K Ld fiE8EK L P e, FiE. s/ME
MBREHKTUNEE. XFEELEN TreeQSM MRIRML T B MK E T,
MAESHEBRARENE, ARG ERTET2ME. i, BARRER
Lm. && Lp. WERZ Lc MIFHER La MNEESRIEZAFERKER. X
FERATEASREANDSEEHNE, EMANEBEREERD, B4
ERRPMEIRE. B 5-4 (B) #, FHEMEESR Crowndiam(AVG). EAHKE
Lb(all). 7E R Crownarea #1424 F CrownVolumeConv 32 1# A TreeQSM #2HX
MR, EEEENLE, FHEEELERAERIER HF. Z0KEEMARE
AERALEEEZE, FHTREARNESNKERBANEX, "HRM RN
SEHEK, A EAREEBRRROEER, BACNITEX. K 54 AR, X
MUANRESHFFERAERHTHME, RIET 50%RREARE A E T {E
T

60
SEM{E & SEMME FORME
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5-4 BRRDERSHANESSCRES
Fig.5-4 Data distribution
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shoh, AR T BRI 11 AN SHHR RN, SERWEK 5-6 Fim. 4T
EREY, IRBNRMESHEN BRI R, KRR H AR,
MRt Feah R IR T E AR AR

56 HENRBSHTRELER
Tab. 5-6 Results of the variability of the extracted phenotypic parameters

RESH - BREREHCY)
WEKE (LD 26.8%
FEK (Lo 16.9%
5+ H %80 (Branchnum) 55.6%
BANEEZERZ (Lm) 63.4%
FHER (La) 18.3%
P08 (Crowndiam (AVG) ) 64.6%
#E M (Crownarea) 58.2%
SHELEA (Lb(all)) 67.1%
wERE (Lp) 23.7%
WEZ (Lo) 16.9%
MEAF (CrownVolume) 82.9%

E: BRAY (CV) REEAGHEEZSHEMNE.
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5.2.3 RESWHX MR EEMSHER

A 5735 A Pasternack Hi< 255, MR T B TreeQSM REUH F KR 11
MRS FEMHERE. WE S-S i, BESEEES SoBKEZE, L
RABERESNEERZ RKHE RS, Wl 09. FHERERSEHTME
A AR KA R, EHET 0.8, MEEZ T, ETHER. MEAHEK
F& 2 [R] B AH S AR K

—1 |. 000

= 0. 7590

0. 5180

M 55 RBSHNEXH

Fig.5-5 Correlation of phenotypic parameters

fEFBEN AR EETEHE 11 AERRESHMEERINE 5-6 Fras. ATLL
EH, HTERMEHIE, REENH=ARESELHIESTEHEE (W
Branchnum) . S KEE (HI Lb(all)) MEREKE (1LY . BREENSHZ
EEE AT (Bl CrownVolume) . E#FIHERE (Bl Crowndiam(AVG)) PAK
AR (B Crownarea)

87
hE4IM  hitps://www.cnki.net



FOKMERE = 4R R B HEMRAT R ORI R 248 o

|ogs
0.8 - FU-L
0.74 0,56
0.6 4 -
(l_.‘p
0.5
0.43
0.4 4
0.3 “"() 8
0.2
0.1 j ' ‘
0.0 H—"Lbpd L 1] L
o Y WA e »0 \,f> \\,» (ef’ @ \»
(\"’ q‘\
o2 \‘0 59 w\“ (;(0 b‘
o

5-6 RESYEENHF
Fig.5-6 Ranking of phenotypic parameter importance

5.2.4 FEIFMEMBSEERER

A FIEHEIERRE (GFC) Hi%k, XTI KR 11 MRESH
FH 104 (AMEFELEETD #HITHRER. BRBHRERN 4, ERREEE
92000, THEEMEERRETEMNEANNME. MEMEAR TR TR E X5 KT
R, BMEFE>0.6 B, KHEA S4B NSS. SS. TST B MIXED KA+ . & Rin%k 5-
7 Fi7R. BRI GFC By 4 FHREBER, 1TRALHFREERP I T RIEERL
B2, RYPNEMERNBEENTFBEHEEAE—, AXB/PMKIKA NSS. TST.
MIXED #1 SS. EH=FEINNEIKF, NSS F TST M1 HBHEFE T HIR 67.7%
A1 78.5%, HEIZEN 70.86%F1 74.05%, F1 WA FIAN 0.69 1 0.76, HEHE. 4
[F#., F1 B{EDHER, NSS MRRBERERT TST, HP—NMEEERE, NSS
43 BURTRL ) R BUHRAE 4 B TST SRS KU, st 78 43 2K 45 SRR A2 7E MIXED
Al, NSS 1 TST HIMEERE ML, BHREL 0.6, X% NSS # TST M EE 5
AR T —EFRERIBENIE, NN T S804 K075 — P& NSS M TST 4¢
KU RIRE
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Tab. 5-7 Results of Gaussian Fuzzy Clustering (GFC)

LR

A MIXED Nss ss TsT EME  R#ME HER g

3R (%) (%) (%)

SS 10 76 21 26 85.34 15.79 2500 0.19
Ei4+  MIXED 23 49 13 20 81.24 21.90 13.94  0.17
KR NSS 82 372 34 63 72.19 67.71 70.86  0.69

TST 50 18 16 311 83.84 78.53 74.05 0.76

S84 165 525 84 420

5.2.5 FRIRESHAHAATHIREER

RS, BRI 11 MREUSEHATHENAS, REFREEMT. &
BHEEGME 5-8 i, BILHE 7THARES, wich A Bl G, FEEHHEET
—MAEGS-NSH. BREABIENRE (GFC) BEHTHMERRE, i
N 4K, HIKEER0.6 HITHHE. EREENE, SEBINAEGFNG
WeHERRAESS, BN RIXFRE AR, GFC BiELEE#HITRER. ARSI
BHRER (%59 TLAHEFH, SS A MIXED 51 iR B A1 7 [5] 2755/ AH X
Bk, NSS 1 TST HRREHEHE SHEHENR DO MBEHEK. FAZNAE
C |4 & D, HFAEHIEE TR, XR\SBKEME BTN TTREE,
HEZREEK. MERKSERENGE —DRELD, BHREHR—P TR,

% 5-8 TESHBES

Tab. 5-8 Different parameter combinations and classification results

#H | SHAE

A Ld,Lt,Branchnum,.m,Lp,Lc,La,Lb(all),Crowndiam(AVG),Crownarea,Crown Volume

B Ld,Lt,Branchnum,Lm,Lp,Lc,La,Lb(all),Crowndiam(AVG)
C Ld,Lt,Branchnum,L.m,Lp,Lc,La,Lb(all)

D Ld,Lt,Branchnum,Lm,Lp,Lc,La

E Ld,Lt,Branchnum,Lm,Lp,Lc

F Branchnum,Lm,Lp

G Lt,Lm,Lp

89



FRMERE =R RS SRR R R B R S AT

59 FRIBHAES TR RER

Tab. 5-9 Different parameter classification results

BHHEE A KPR R

PAgit MIXED NSS SS TST W#W#E  KWE BEZE FI

(%) (%) (%)
SS 3 63 22 28 86.93 18.97 2619  0.22
443  MIXED 8 18 19 85 76.63 6.15 485  0.05
g3 NSS 148 305 30 23 64.74 60.28 5810  0.59
TST 6 139 13 284 7538 64.25 67.62  0.66
L4 165 525 84 420
BHHEEB LhREE R

4F MIXED NSS SS TST ##E HKHRE FEZE FI

(%) (%) (%)
SS 11 51 0 29 85.34 0.00 0.00
4% MIXED 23 74 0 36 78.89 1729  13.94 0.157
SR NSS 99 271 64 57 60.30 5519 51.62 0.53
TST 32 129 20 288  73.79 6141  68.57 0.65
5% 4 165 525 84 420
BHAE C SERrgE R

i) MIXED NSS SS TST W BHE HAREZE Fl

(%) (%) (%)

SS 27 54 0 20 8451 0.00 0.00
4% MIXED 35 86 0 34 79.06 2258 2121 022
@R NSS 94 264 68 76 5821 5259 5029 0.1
TST 9 101 - 16 290  78.56 63.71  69.05 0.69

B 165 525 84 420
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Tab. 5-9 Cont
BHHAED Lhrg R
4% MIXED NSS SS TST #HE  KHE HBEE FI
(%) (%) (%)
SS 27 92 15 34 81.41 8.93 17.86  0.12
443  MIXED 21 61 0 45 79.06 16.54 12,73 0.14
@R NSS 70 230 69 157  50.50 43.73 4381 044
TST 47 142 0 181  64.15 48.92 4310 0.46
ISk 165 525 84 420
BHHEEE SRR
4% MIXED NSS SS TST EEE  HHE dEX F
(%) (%) (%)
SS 33 8 0 30 80.49 0.00 0.00
443  MIXED 6 108 15 50 72.19 3.35 3.64  0.03
#R  NSS 82 217 31 156 51.68 44.65 4133 043
TST 64 114 38 184  62.14 46.00 4381 045
BS% i 165 525 84 420
BHHEETF Lhrgs R
4% MIXED NSS SS TST #H#E EHE  ZdEZE  Fl
(%) (%) (%)
SS 43 104 0 49 76.55 0.00 0.00
433  MIXED 23 116 0 14 77.22 15.03 13.94  0.14
g3 NSS 72 215 66 193 46.31 39.38 4095 0.40
TST 27 9 18 92 61.22 40.53 21.90 0.28
S 165 525 84 420
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Tab. 5-9 Cont
SHAEG LhrgER
ot MIXED NSS SS TST  ##iE HHwE  BEZE  FI
(%) (%) (%)
SS 11 126 8 86 74.96 3.46 9.52  0.05
443  MIXED 12 63 0 35 78.98 10.91 727  0.09
@R NSS 89 209 61 168 46.90 39.66 3981 0.40
TST 53 127 15 131 59.46 4018  31.19 035
584 165 525 84 420
5.3 g
5.3.1 FEIFAFELEROLLE

FEGEFHERENERGFEER. EAHRG, STHTEFFE RPLEEHET
7%, BISZEMENL (SVMD) . BEVIHRM LK A58 (BP) MEMLE, TH=
FASTREE, B LERE. BRRER (HCM) MR C HERE (FCMD
MIREHRR. WARMAMBHENEGL, £/ 10 MRESERR 4 KTERIES
R, Bk, AFAMEAMERR 10 MRESERILERE R HEEIEL7: 31
FeBIBENL S 4 20 LHYIREFMBAELE, RIS FRE 42K A & 280 HeEl it
HEBH. RBLERWEK 5-10 fiR, EHBOX =MYLEEIEIERN, BHHRARE]]
SEMBIEE FMWAEERS, BHRAEAFAEE, HINBEELE 50%3 60%
ZMa), WL LB ENEREEERE T EIUENESEN . ATREELSRK
B, XEMTERTAEERAS, EMNZARNERBARE . RREAX=MT
BRI B ETE, HAERTERRYES LIRS B TR IS 5 /R

% 5-10 T AENREIAER I RER

Tab. 5-10 Classification results based on different machine learning methods

RF SVM BPNN
BEE GER RBiIFrER JI%E RiEgE V33 ISFEE
s (%) B  FBEG%)  EE%) K& (%) ¥ FE (%)

1 93.24 46.48 61.90 57.7 54.17 53.52
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Tab. 5-10 Cont
RF SVM BPNN
BIEE
.~ WEER RIEER JEE JEEREE RIEERSE  JIGER

FE(%) B%)  BE%) (%) (%) (%)

2 88.49 53.52 54.76 49.30 61.90 53.52

3 90.10 54,93 57.14 50.70 60.71 56.34

4 97.11 50.70 52.98 47.89 60.12 46.48

5 86.99 49.30 60.71 49.30 55.36 49.30

6 88.24 57.75 62.50 50.7 47.62 57.75

7 96.75 56.34 57.74 42.25 59.52 43.66

8 ~96.81 57.75 64.29 39.40 55.95 56.34

9 95.49 57.75 - 60.12 46.48 55.36 60.56
10 88.24 59.15 56.55 53.52 56.55 52.11

11 96.11 52.11 58.33 45.07 53.57 45.07
12 91.05 54.93 61.90 52.11 60.12 46.48
13 86.92 52.11 61.30 45.07 41.67 42.25
14 90.73 54.93 60.71 50.70 59.93 52.64
15 92.94 47.89 57.14 49.30 57.14 49.30
16 85.61 47.89 60.71 39.44 51.79 52.11
17 93.67 50.71 63.11 52.10 52.38 53.52
18 92.68 52.11 55.36 45.07 62.55 52.11
19 88.35 49.30 53.57 56.34 55.90 38.03
20 92.94 50.71 64.29 57.75 56.55 43.66
SEHE 91.73 52.82 59.26 49.01 55.94 50.24
FRHETT % 3.67 3.75 3.46 5.32 5.03 5.81

WX R 5-11 F RS =FRETENFRER, TURNENIRNREE
L HEM R (GFC) 1k 6%-13%. AIREMRER GFC EREMME. MM
DA K St IEAS 43X AR B0 BURR BT i, A Bt 50 o A T K k)43 B 1 43 SR 0 e 2
ETHER, JAFEAEIE G2 H T BUERS 2 FIRHE .
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Tab. 5-11 Classification results based on different clustering methods

GRS
Bk YRl MIXED NSS SS TST ##E  FHEE HAEZFE Fi
(%) (%) (%)
SS 11 24 0 16 88.72 0.00 0.00
K-means MIXED 65 109 15 68 75.53 25.25 39.34 031
NSS 72 229 46 184  49.95 43.16  43.62 043
TST 18 163 23 152  60.48 4272 3619 0.39
SS 24 30 0 5 88.02 0.00 0.00
MIXED 22 24 0 16 84.67 35.48 1333 0.19
HCM
NSS 84 302 61 252  53.10 4726 5752  0.52
TST 35 169 23 147  63.15 4770 4929 0.48
SS 3 2 0 1 88.27 0.00 0.00
MIXED 54 109 15 89 72.86 2022 3273 025
FCM
NSS 76 302 46 68 65.41 6138 5752 059
TST 32 72023 252 75.29 6649  60.00 0.63
B 165 525 84 420
532 FEIDEFRTHER

BI T B OB BB R oAU, R, “JBE& (MIXED) "RESEAE T KM
AR R KR . A RFERZBRRBE (MIXED) "5, MIERSHMREERERE
F MIXED [#EAR EH 4B 2] SS. NSS B TST KA+, £RME 5-12 Fir.

EFAEEIREEREERN: NSS: 605 4>, SS: 133 4>, TST: 456 4>, K5
ERIX 10 NMBETFRE ST BB RE (GFC) » TEF—MREL P NSS 1
S RHETE N 55.67%, BEIHEK 64.96%, F11H 0.60; HEE - NMRAELERD, TSTH
REHEN 52.92%, BREIZEK 35.75%, F11{H 043; FEHE=NRRERF, SS KKK
FEA 18.89%, HEIZE 18.89%, Fl {HN 0.22. SMUKSKFRALL, BXHEHE
FMABZEYR F1{EHEE T,
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Tab. 5-12 Results of different classification methods

SEFREER

ARl NSS SS TST H#HE (%)  HHE%)  HRFE%) FI

NSS 393 76 237 56.03 55.67 64.96 0.60
S

TST 122 23 163 63.31 52.92 35.75 0.43
g B

SS 90 34 56 79.48 18.89 25.56 0.22

patid 605 133 456

5.3.3 FURME SSCME RS RV E

TEABT T, FHx R K TR e AR

Rl g, BE S HME.

r AR R R BAT (T SERRI
BEIE) 2 4 8 A SEBRI E R & B RBIMERIT R SRR S GFC
SRR 1194 HFEAME, W4 RINE 5-13 B, 5TINE R LBHEE
FR L, STMECHE (4 73 K UERA FE 278 i, o, NSS M R HERERR = 1 9.54%.

TST M5 RMERERE 7 10.86% (FIN{EXS NSS 1 TST W7 KKEHE 7270 K
55.19%M1 61.41%) , HFEFEHFHRE T 13.11%F 10.24% (FR{ERIEE R 5552
51.62%%1 68.57%) , 1REMREERE, (B2 T SCiiEds REER RO, Ktk
8 A T 70 R R BTN A 5 i S M E, HaRMERe8m

% 5-13 FAESRHRESAEROELR

Tab. 5-13 Comparison of classification results between predicted and measured values

KA EHIRS HiE BMURES
KA 48] MIXED NSS SS TST | X% MIXED NSS SS TST i5HIfE(%) HEZE
SS 1 51 0 29 13 43 0 19 0.00 0
wi  MIXED 23 740 36 | g 20 62 1 29 17.86 12.12
R NSS 99 271 64 57 | HUiR 108 334 66 41 64.73 64.73
£ TST 32 120 20 288 | HR 24 8 17 331 72.27 78.81
5% 165 525 84 420 165 525 84 420

5.4 XE/IGE
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ERFARET ERER, N=Z4#EWERNSHIRNL LB X8
ABEHE, WBARAAR B T KM B R R B S BRI T, AN T
ESHAZREIRT, BIPE TXESES RS BTG . £2FHE—&F
BRI TIPS R24ELI 1194 HE KBRS 11 MRBESHHIKE, FET GFC
RBEZE, BIRRMEHRRSHEHITRE, T EXAMRER 2R, S
T ANRBSHERBIM B RPN BERRBEN LI FETREHE:

(AR I RGLE R E IR E KRS MR BT H B G BRI EM
M, FFAREETER S DBSCAN HiEME & LR RERE A BT,
MREE,

QX TFEXRMES BTN, SHEEEHFA: 5% E (Branchnum) >
RAHKE (Lb(all) >EBKE (L) >WER (LD >FFERZ (Lp) > & (Le) >
FHHEBER (La) >HEKE (Lm) >EMFA (Crownarea) >EEFHER

(crowndiam(AVG)) >MEEFR (crownVolume) , XHER T ASE 40 B LKA Kl i
HRUSHNERER.

Q)SHETUEBHRIELEENHRAR (RF) . XHEAEVL (SVM) MR FEHE
LML (BPNN) HEMET k-EEKE (K-means) . BIREE (HCM) HItE
¥ C HMEEE (FCMD) BEML, LB 5K H GFC BiLREE A B 4B NSS H
TST &%, HE S HIEE 67.7%F1 78.5%, BKREKIXF] 70.86%F0 74.05%.

4yt LB SE BRI RS R, RENEHHEN S BRBHEL
TR 10%AE4, B—FHESNEEKRRERE R, H—hHEHETSENLA
HARFECRRSRNEERE, HkAH A rEREEE &Nt ANE.

OYVEGFI R 5 Fhris BB X TR EEIT A RSB E 2. B RXE K
AT AR E RIF QR KRR T SHO0 £ AR RUFAT T, FHE
AHAERERN. 25 SRERLERER. SHENRREEEEME. SRt
PA R IEAS S AR R BURAE, 5B 50 FRARL I B 73 B4 M DA KB A Y
FERRHEAE R, UL EA BT TR .

ORVUEEFEANER. AHAPIEHEE. THKENEBKENER
HURREHRELERASERH, TRERMES BN EERERERBEEER
B

96



B E AR

6 ERER =G RB B REE IS4

6.1 H S %

6.1.1 HEREA KRB KR

FEEA =R TIPS RFEHRWMT 398 HAAFETEAEMOEH. BKEEH
KE). MKESENN 11 MRESHSHCEREN ISR R 8 =2 R E8R A
BA 2010-2023 FEHJE K EAKKERITITEE, HaMELS CIMMYT (EfRERDE
MR GESIEE), T MBI EXN A ERYNEHSEIRBEESITERKE,
SFKEMEBESRBSHIRNERED T —MEEMORERE, FFHAE
WA TR SRR H T RERRBREREEAKR, ZERNT EBHHIEH
R EMRERR, ER THEIEH. BRE. RKES=ANEHSH
TMBAREARBSERAN .

B, MRBHOWRKE. BKE. 2BERBELEHITR I, ShER
mk 6-1 fion. WEKELRIEEN 4-32.5 cm, RE-0.07, EEF-0.02; BKERR
JEE N 16-59.83 cm, MRIE 0.75, W&E 2.75; B REE N 2-38 cm, {R/E 0.97,
W 1.97. FRGHEE RR I MERR § XK B S iRE X B 7E-1~1, KRN
T3, BB ZHRRBTRNBEEREHE, B8 ESOMMBEERMCRE, &
B F#AT EER A KB (B 6-1).

®6-1 WKE, BKE. SHEBERBGHEIMA
Tab. 6-1 Descriptive statistical analysis of TL,PL,BN

MR Fiy = - BEY #Xtp 2N
% WEE A & fir & BAE RE EE
REKE  18.88 4.86 19.12 18.91 4.63 4 325 -0.07 -0.02

BEKE 3078 542 30.42  30.61 4.72 16 59.83 0.75 2.75

SFE 1187  5.83 11.67 11.45 5.44 2 38 0.97 1.97

E: REPEAHA em.
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Fig. 6-1 Histogram of TL, PL and BN

6.1.2 £ XELE XTI

FERBERGH KB RRBKEGNEBAXREREREES, 48782
EHZANET B73 SEFEFEH (version 5b.60) HEiLF#E. TIEMEREEA S
BT 264 Ji/ =1 & SNP #r1d4E0%), KA GAPIT &V iR & R I R

(MLM) Xt FRMREAT T EERERBEI T (GWAS) .

% &% Bonferroni 7E& 1EH I BAARIE L AR FLF BA B, AL P /M T 1E-
SYERNBRME, TR RBAL S THiE. CMplot. ggplot2. psych % R 2 HHIFHE
B SHIES .

6.1.3 GWAS & B E ThRE T

FEIFEIRTG B2 REKA SNP AL s, DLESURP4 (LD WaE+50kb B E T
WXBHNEHEEBEFEERER. FikEFMOYPERET MaizeGDB # 1 &
(https://maizegdb.org/) IREXINEE(S S, (£ ID translate hREHATER id AT
1k 1 omicshare 7E£8F & #1T GO/KEGG ZhAeiER, HFi#—SEnHEYE
SR,

Ak, RIRANT e EFERE R EIRBTIEN, #—P8E T ERAH
AAMEREN R AEE, £/ qteller TR EEEFABEEARKRE
B, BB AR SRR BB . /B EHREHCHR TR =
RIEHFFE .

6.1.4 fRIEEE A P AR ST

B R R R TR R L I B RIS RHE SRR T, AT B X%
AR BEPWNRERER, BT XS EERER TR . BT RNEN
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FEETHZERE, REERHETAERIT, HE SNP NESTERNRE
A0 o

6.2 ZHRESH

6.2.1 £ X ELE XKD 4T

N TE N2 TE 3248 TR R B A SR B MR BB AL 5, AR AR 264
Ji/NE R E SNP #AT&ZEE AR T, £/ GAPIT A+ # MLM XK
B BKE. 258s 5T, P /NF 1E-S fENRE M RE T B3 8
fir REIFIE, FIFH LD ZREER 50 kb fE N X (A% 2 % SNP A7 _E Tl ZER,

FSRAE G B R AT 3 — P AR IZHE . '

RIE GWAS TR, O BRILIHFIED 215 NEEAM A, BERMS
I AT HIRE 62 Fios, o 1. 2. 34 4 5 B @A R 220 33, 220 17, 224
BEME, 6 7 8. 9. 10 SREKEFHE 7. 11, 4. 13, 64 NREM S EHE
FEEMR, MoXEINEZE SNP FEES, W1 SHEMK 23.110-23.264 Mb X (7]
N, BEZSMREEA A, 454 chrl.S 231181901 chrl.S_231182001 .
chr1.S 231182050, P.value<1E-8 k2% ;: 10 54 fk 1.08-2.01 Mb X[AIN, 1
chr10.S_1677960. chr10.S 2011750 chr10.S_2011769 &% pi, P.value< 1E-7 tRiE
Z. FRREBEMANRERNZX AT RFERI BT EMCER.
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P.value

logu(p)
-

Observed -log(p)
N\

oo @ : : s : . : : & Expected -logio(p)

The number of SNPs within 0.1Mb window size

OMb 33Mb 66Mb 99Mb 165Mb 231Mb 297Mb
I NN
STRREI W 0

\ 1l AR
NN o
Mo R

o iy

10 IR

o | :
o | 1 i
o TN R TR T i

6-2 DEHH GWAS BIRWHE. QQ EMER N <BEM

Fig.6-2 GWAS Manhattan plots, QQ plots and salient point density plots of BN

BHE GWAS T4 R, BKERBIIHFIER 277 NEEM S, EEMAH
SATINE 6-3 Fim, HAF 1. 2. 3. 4. 5 SYEAMASHIA 58, 22, 24, 25, 534
BEMA, 6. 7. 8. 9. 10 SHAESHF 35, 164 22, 12, 10NMNEBEMH. {E
BIERRE, MAXAENZE SNP FHE4, W01 544 12.209-13.690 Mb X
W, FEZAMREZENMA. FH A chrl.S_12209833 . chrl.S 13362950 .
chrl.S_13690126. chrl.S 34114605, P.value<lE-8 # 8 3&; 7 541K 102.17-163.51
Mb [X[a] N, FFTE chr7.S 102170705, chr7.S_106493122. chr7.S 111197200 .
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T X IREE KA R R E T AN HTH 5080 FR A FRER DA e 1 T S 0 45 g 7 B
S8, FHF R 5 5] B EERT FORMEREAT IR A, R4 TR =45 E
R AE, FFR—E B EEEGREEE, A AEENERFIIE=
HETRRUENMEE=HEHWSH, RAEETRINSGHWERSEHITREHF
B ERAARATR 8. &5 AR RS M RS kT
GWAS 43#71, FIFRAYE L% TAMMRERFFHTIAETE, HWEBERESE
BSEMMKREEML . EiEa F, R RS TRERHA SRR R
EH, AR GRYEFZERR. XHAHNENEEIN EXBERETERS
HHFBERRNNHA, AERNLRMEREFRZIENE M2 iR a2
HEIRMB AR, SHANFERARELLOT:

()%t R IR B 2 =3 5 i R BE AR A A P IR B R #4038 B A I SR 4R 1Y)
R, FREBFEINTEERIRF T Faster R-CNN. SSD. YOLO X BiHIfR
AR, B EBES)E YOLO X MEHRERS, FIOREERN 92.79%, HEHE
] 96.15%, HEWREEN 98.83%, BEIZEN 85.18%, X F KMEMARAKREL . [
B, EFXH AR R/ TR BEREAS M A0 (9] B, SRAIXY RetinaNet AU ATRHES F
W28 (FPND A F SINE R STHLE 7 REZF R T FKRERARNEE,
FHIRERE N 98.83%, FEHIE N 99.01%, BEIZRN 92.89%, 3 HiZAiEX A RFME
I SRR AR, ARSI MR % 2
Y FE N TORIERRREAT THRE, B T HERE R, ARG RANTKREMEE
o P R A B R T — M KRR F B
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QAW FTET TreeQSM (TIPS) WIHFHFFK T —E4H X AR FTOKBERIM =4
REBNNE RS . TIPS (e HINRETKBEER, RECENEWRISH,
FEIR B RBF TreeQSM BIERIBIMEF FKERBLEMRESH, HLIET TIPS
RS, EREARRY. SHETENRGML, TIPS ERAEAN. BIEXK
., EHEULBERESSITRERESETHERENS . ZRENEKREMNTE
MR RIURE TH R ER. TIPS RHERATHNELEERNRESHE, W
RSB AEMEIHKE. BRA—BEEFHNENRE S, mERREE
AR, REETAMTRBRTR.

(3)ET TIPS AL T EXEREBRHX BIIRE. AzEW. REUSHIRN
LTE, @I GFC BRHEE, HIRBUM MRS HUHT R T E KA
W8, EREH, AESEMEEBEREMRESETRMEIT 208 253
£ (Branchnum) >S4 H&KE (Lball)) >EHEKE (L) >WER (Ld) >FF#EE
£ (Lp) >E&E (Le) >FHEBEER (La) >WKE (Lm) >EEFR (Crownarea)
a2 FHEZE (crowndiam(AVG)) >MEEFR (crownVolume) , GFC F2J71%t
T NSS A1 TST WFh 3 BA R RIS E 2 LB 67.7%F0 78.5%, BIEIZRAE]
70.86%70 74.05%, FLLTFIAH LA S FARC KT AT ERA R BRI 71
FHik, TR BiE. KA, AN ERME S AR RESNSENE.

(OEFERZHEMEPRBESERALHER R, RARALEEEMLM)

Xt 264 TIANFAE SNP #HATRERAXEKST (GWAS) , REMHT T ERRR
REMER (FBKE. WKESEE0 r@fEEa. a2 503 423 SNP iz
B, REZANRAARARISHEERE, AR EXEAIGE FREBEESE
R BEBEREFAE B, BT 4 50kb FREYINPERRIER, ikl 962 MRiEE
B, ThEeiER &k GOKEGG EEATERKFESESEKKT . HEHLEE. BFR
B, E5FS5RERANSERE. #—FPHEGHEMNBIETHEMOER
GRMZM2G471529 1l GRMZM2G140763 SifFEMHR S EM %, HE5BEME QTL &
MERMBEHNE. B ZHEEE, AFAMUARH T HEEREHRBREMRS
RIEFE, EYBER T HBSRE . BE PG S5 NEHRER RN S
HMERRSERAS TS, NEETRBIES FEMRM T EERRSHER
RIE

7.2 BT R

BB R —: /N B ARHERRAS I ) B Y AT
FERPARMI R T TR/ B iR R AR (B sk, EAR) » &
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R R AL SR 2 IR R R, R BT B- SRR S8R =10
— B RER, BT FIWEEEY . BEKMBREARERE, B e
A2 M3 B RetinaNet FrESTFHEMLZ (FPN) , MEZRE ETXEEU
8/ B ARFFERENEE 77 SIAMNBEE IS, LRBERE R T IREEENE
HERE . ZBRBAOR /MR IR BE IR T AT WASE/KF, AR T @
I/ B AR iR gt 7 RER S HELE, HESRM A TR e N RoE it M @ A
HH ERIT
BIFT R ZHRUBITEAREREN

BERAFAREEAR GRA-RER-CERR MZO0REA, HE“BEERM-
HEEBE-ZHZ W ZHRAUEARKR. BFEHRK TIPS F &R S B LM,
BKE LM (SFM) S5RPREGM B EEA (TreeQSM) , B M ST F KRR
SHAZNEZAREERS 11 REMSHRI BRI, REBRBERTIEKR
EERTT. ZBASREEDREF AN R A LR, AR
BEMRETEEE. REE. RRSHREL TR, EEwiloi-RE-HiER>
% 4 CERBT AL B SRR 1 B A
BT R = FRM RS BL-R B SRBR JL R T IR 8 A

 HWECS BRSNS R BT, TR A R =

M SHAE M B LR BRSBTS ERE (GFC) B, #R
NSS/TST %4 Bkl 5HESBHE. TEHEIMESHNEMERME, WEEI X
KREBRENTRIERENE, BURMSHRRINT . SRR T LD T
TOAKHREE F P A e AR AR, SR T AR BY TR A 53 2L g 2 i FEd 3K,
NEVTIRe R FE A ¥ 5ERAFZHNRERE TR RIS, HESFMERN AR
R 1) BRI Bl ) B R
fFT A BT IKEBEMNEREBKRBERZHE

AR SEERNENEENEREHNSH (OB FBKE., K
B, MEmERMAKIEE, NERRBTIN, B GWAS 5HTHE, BTk
MR MBREER, HERRERBEUNTMER, AEDHRE SRR
Bk,

13 ARRE

AT F BRI, RMF IR I MSEHRE 2SI MR TR
LI R AKMEREHIR A AR, 1REF R BR T BEE B/ B ARBUD FHRKITE L,
FiAbE X B AT E R E AR ORERRR B A E TAERE K. AR HE A

115



KRS = 4 F RU(5 SRS HE AR AT B OC B MR 28 R 42408 7 A

BT S EE ETERIER AR, R 7 RAR. BRI KRR T
SWFE, IFSLIL 7 2N KRB E AN EMRYESHN R BEREL M HZBAR L
TR BB DA AR A S T TH I @ SR A, R BN S RE, B
A BAG R TR KBS MR SRR b, X KR
Sy BVBEAT TR ST HT, FERRIOTRM T NSS F4 TST WFp 4y BUAT R}, (RIS XA ] 43 864
BHHAT TSN R S HERESF, I FM TIERR MRS EEM.
W FE T A FUIR AU BOR A = A i R A R B S B U s | M A E K
OB WK BRI EEHIT T GWAS 24, HitBl A 5k e mEsSeE
R R EE, (B, ZRTEERANBARR ), ZHRLEFEE—EMRR
e, TEH—FHHA:

(WEBEERMFBRGE, A TETHKENHANTXFEREAL. £KE
IRAA LR MR, HECUH B ORI SEFrA S FH R, MAEERAET, %
SZBLR EREREET, SEORMERE KR TR, EXERAS, Rl
PN K EAR oK BT AR, FEREW X BUK 7 PR MR AT SEi L T
PIRERR ), X B SR BT R &8 1 BRIR A B, RETREZES] . IFENI S
RTHEHEA, I—RF B SA 3515 B RIALEERE ), SEELXT AN [F 73 e MR (1) &
RG], AT AR HEAO AR TR g Rt T S AR S #F .

QX TEAR TIPS #£4, HEREBBARE. BINZRATUEH T HHK%
HERE AT, BRORHMPR 1] 7 HAE KR A = R IR R, LU R Sl E(E R
PRI T oK o MR RIX — R, 5 ETT K — Fb 2 T A TR AR R B A =i B 3R HL
FB, MHZERSBREER, G AN, HEARIENEE, SUE T
TR H R RIS RE, WA, TIPS RGN TreeQSM HiLTEAbFHLE
PR I FOKBERRES, 2RI EM S iR, MRS HEERAERYE. JFER
RN AE R, RAEERE, SINELENRIN T, REEEE 5
CERITERRRE RN, MR REIS BRI ARG HETE

CINEREISHIREMAENRTE, HEl TIPS RA LT ERETHEMRNEE, H
S NSS A TST TS EA Friem . XIEREFEMAEYE M TIEFFETE—E
JIBRTE, TE AN MR R EUE 1. Hit, RAFEHRERRSHMIR
BUGEE, BTHEEMWIR, SMNEANZEATEAMERER Oss. Ko Jug. &
FUREES) « mEMR O CRRER. B, g, (URkEHD ) &£
HERTEE, B F RTEEN TORMERERIHIE . @il £ 4 R A ISR
FES T EIE, BlaneiE ot MBS IREE %%, IREXSAFE MM R
P TMAEE, Ny MR ER AR RE, 31 KR TAERK .
BRI TT R R
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(4) AFFUBLHERERKE. 2B 8. WKES 3 M RBIPRSE & ik
B EHEAT TS RZR N, EREMRIEEFNEE. BETHELLRER, R
KFIHEARREE LSS GWAS BATERNEMKM KRG FBEREET: D AlFH=E
BE-HRURERR, FOEZ R THESHRESH 2) RERMESLHYHIE,
B eQTL. RMAMARPAFL LS BRIHMREREFTLREE: 3) FFRILAHE
SRR AE I MR A RN AN IR ELAR, ML R R . A LI E (R2
E2IN SR LAz EEN b
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