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Fig.1 Morphological types of carrots
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Fig.3 Carrot image before and after filtering
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Fig.4 Overall structure of the network
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R 1 OETEHE. U5 E SRR S AR R M AT
Table 1 Effects of convolution feature maps, pooling method and
dimensionality reduction methods on model performance

W77 Rt 773k RS

R RFAE ; PR W%
Output features Pooling D1m§ns10nahty The number Accuracy/%
method  reduction methods  of features

/ 4096 74.48

AVP PCA 500 81.39

ReliefF 1950 75.85

B RRRE / 4096 84.07
1* convolution SPP PCA 1 000 86.06
layer ReliefF 1390 83.87

/ 64 55.76

GAP PCA 32 59.32

ReliefF 60 56.23

/ 4096 81.26

AVP PCA 500 88.83

ReliefF 2250 83.28

10 REE / 4096 89.10
10™ convolution SPP PCA 2000 89.17
layer ReliefF 2269 89.88

/ 256 59.60

GAP PCA 128 76.48

ReliefF 216 58.35

/ 4096 87.84

AVP PCA 256 93.16

ReliefF 2388 89.13

22 JRERZ ! 409 9370
22" convolution SPP PCA 2000 93.03
layer ReliefF 2452 93.40

/ 512 79.22

GAP PCA 256 86.38

ReliefF 481 80.15

/ 4096 91.47

AVP PCA 256 95.11

ReliefF 2010 91.79

5 40 REBE / 4096 94.53
40™ convolution SPP PCA 2000 94.17
layer ReliefF 2232 94.21

/ 1024 89.37

GAP PCA 500 92.34

ReliefF 880 89.82

/ 4096 93.55

AVP PCA 1000 94.68

ReliefF 3185 93.70

49 REE / 4096 92.24
49" convolution SPP PCA 2000 86.60
layer ReliefF 2977 90.71

/ 2048 93.55

GAP PCA 1000 95.31

ReliefF 1566 93.72

7E: AVP. SSP. GAP 73l A~ Filfl . Mgy, /- Fib:
PCA Fll ReliefF 735 43 s> 73l ReliefF FE4ET5 1%, R [

Note: AVP, SSP and GAP represent the average pooling, spatial pyramid
pooling and global average pooling, respectively. PCA and ReliefF are the
dimension reduction methods of principal component analysis and ReliefF. Same
as below.

ANEBAL T EXT R M RE S AN R . AR 1 AT,
TEAR ZHREAE T A R b Ak 2 1 R 5 K 20 /N HE 7 A
SPP. AVP. GAP, Xu[fgsEK A SPP A 3 MAF R
TAKAZ S B ARFAE AT SR, (RN AT AYEAS [F) R 142

S RURHIE, fESEFFE R EAT A SPP AR TAAME M T 1
FEEMZ, BT Z RS a Bl S a2
UCHIHSAE, DR A SPP MRS MERE I LT, 7658 1 )26
FURSAE | HERfR A F) 84.07%, LR AVP HIAERT R &
I 10 ANFE 4 s AVP T ACAZ RSH N TR Z B A
TERSY, i F & D0 sk e B AURHIE AR I Sh 3R HURR
fiE, 1M GAP FIBAAZ T SIRESFRRHER ST AH A, B
PAZEAR B R E B B USAE | AVP JREU AR Bt £ T
GAP, XHt S8 718 F AVP R G2 2 T-% H GAP
MRS . 7 1 208 SURFAE R AN [R) b Ak J2 6o A5 28 1 i 2 i
BN, RN EZSBUHE R R ST RN, A5G AR
/b, AN B 7 VSRS B R AE ZE BN o RS
49 BEBRUSME T, SR SPP HURE RV AEmg 22 1% F oAt
PR AL YRR, AR 49 EH B RRE R R G
TX7, {HH SPP SAAMERETTARNIME S, Ml FFRR
RIpERE, B9 AVP 5 GAP Mk R~FAEIE, PRt
KA GAP 5 AVP [ R RER I — 2L
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a. JA&

a. Original image

b. 1 E4i HAHIE
b. Output features of 1™
convolution layer

c. H5 10 JEH L
¢. Output features of 10™
convolution layer

d. 25 22 2 RHE
d. Output features of 22™
convolution layer

e. 5 40 JEH N RHIE
¢. Output features of 40™
convolution layer

B 8 ResNet-50 7Rl B4 & H i 45 A2 B
Fig.8 Output features of different convolution layers of
ResNet-50

f. 45 49 24 RFAIE
f. Output features of 49"
convolution layer
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EE ReliefF VA WIR, W REE DK N7 ik R A ot ] Bk
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St ZRIUSRHER S HITTREE. W& 1 il
LG, —SUmi A e [R5 M RE N %, R IELE T B4kt
T PR AT IR G dth 22 7 — B 23 2545 A B i L%
W, TR T AR AR
3.2 AET IR A M REELER
RHE—DRETH R B 3 SR B, AR 58 K A Y gl
A AR R AT B R o) o AR R 1, ERIERS S
PR B G 22 OB HRRAIE , A 90 i e R I 2542 LS
L2. L3. L4. L5 735N ResNet-50 %5 1. 10, 22. 40.
49 EHn B BRI ZR ) SVM BB, ik 7k, PRy
EINER 2 fs . SRR EE . B3R EE . Stacking J5% 453
B8] 3 MAFRRI OB, SRS F R HE
5 R B <BR B 2 <Stacking 7775 o B 5 52 DA ] B 1) 2D 4
BRNZ BRI, AR (PR RE SR TH AN 2 o AR AR
B RESAEIE S F I HER R HE T 45 AN F AR,
16f 15 2% 00 T e PR R TR A 5 4 1 0N i 1 R o ORI B
i, R ZE G o R B T B R TR 8 5 7 v
Stacking 77 V23 U & | FH #5152 284 7 56 41F S A1 X 4R _F 1) T
M2 AR H N GEMMREN G =G K28, Bt
DT RO OB SLE, K Stacking VAATIRAS AR
RIFEMAREE FHORS e, 18 98.40%, HHEL H—43 2881
REARTE T 3ANE S S LA E ARG HOG+SVM #1 LBP+SVM
BERIPERE A S T35 | EGAZTRIUHIERR L1 1ITERE,
UiBH CNN H SIHRBURFEA T N T Fshi BURFAE .

*2 RENEREELE

Table 2 Performances comparison of different models

TiH ~ '™ Dimensionality =~ The HEHf R ey 2
Pooling . L
Item method reduction number of  Validation Test
methods features  accuracy/%  accuracy/%
L1 SPP PCA 1 000 86.06 84.35
L2 SPP ReliefF 2263 89.88 86.93
L3 SPP ReliefF 2452 93.40 93.39
L4 AVP PCA 256 95.11 93.60
L5 GAP PCA 1000 95.31 94.71
[DEES
Hard 95.48
voting
Soft 96.45
voting
Stacking
B 98.40
LBP 2560 86.30 84.14
HOG 6 084 80.83 79.90

98.40%, W R i AR IR TT DL IE A X 70 25 R g 14 28 1)
ZRHRNES, ERFEEIKRIELE, BOYITER
B AR TE RN, AL — SO ATl o 1 3N o

TR HRRE

Classification confusion matrix
[l 2

e 078 ] 5
Broken

PUb A 13

Bruise

TR
Crack

TTSAH
True label

7 X

Furcate

W 127 6
Malformation

= A
E 3 1 e
Normal

Wi MUt R AX W I 1571
Broken Bruise  Crack Furcate Malformation Normal
TR Predicted label

9 Stacking AR f£ MK E _E 49 iRAFEME
Fig.9 Confusion matrix of Stacking model on test dataset

3.3 AEFEMIER 7B M RELLER

AHFFE LA ResNet-50 JyZhidas, 737 L FCN, U-net.
Segnet BARMIE H 3 FIASE AERLEE, 193] 3 FhorEit
7 Res-FCN, Res-U-net. Res-Segnet. 3% 3 7] %1, Res-U-net
LR R ELT, (EMEE B PAL MPA. MIoU 7374
98.31%-. 96.05%-. 92.81%, HEALR/N, A 024G, H
& P14 5> #1828 0.72s. Res-FCN  HJ 3 FLBE K T
Res-U-net, {HHBIAK/PNEH] 1.5G, AlkEHEBILH
W& fHH . Res-Segnet MR %, MIoU [N 88.68%,
{E BRI RSP M B Res-FCN 87> T 78%, JR AT
Res-Segnet &l 1 gmfid s (i i Z& 51, 1 Res-FCN
e S| T A ERRAAE, PIAE A AF S H E Res-Segnet
EE Res-FCN B iRie 547 i 15t W ASHIE 72 e vt 1) 10X 48 A5
RIS E, S H AT/ EIB8 DeeplabV3 T
AT EEER, Res-U-Net [ PA. MIoU 5 DeeplabV3 {4
2, 1fij MPA LT DeeplabV3", %! Kk /MU N DeeplabV3®
f—2F, FIEEE S FEEZRT DeeplabVv3', HtHIAH!
FLBLTT 0 48 S5 K T LABRE 73 B 3 T2 8

®3 TEISEIMEEIERE

Table 3 Performance of different segmentation models

#: L1, L2, L3, L4, L5 53514 ResNet-50 &5 1. 10, 22, 40, 49 it
HRUFTYIZA SVM RS, LBP. HOG /054 R AR J7 rkk/EE
77 SR BURFIE I ZRIF) SVM 25

Note: L1, L2, L3, L4 and L5 are the output convolution feature training SVM
models with 1%, 10™, 22™, 40" and 49" layer of ResNet-50, respectively. LBP
and HOG represent SVM models with features extracted by local binary pattern
and histogram of oriented gridients, respectively.

THEH Stacking J723845 AL A PE ISR ETRIE
FERE, B9 mlan, MERULIERRIR G H R HUBER G
TR X WEAIEEEHE M yraly 278, 203, 195,
194, 127 F1 418 1@, HHZHES AN 97.89% 99.02%-
97.99%+ 99.49% . 95.49%F1 99.05%, KR 5K A

Sy B AR B FHTPIEER P EL
Se muentation A W TE] I\Jixel AL Mean
gmo dels Model Detection .- o, ~ Mean pixel  intersection
size/G  time/s Y accuracy/%  over union/%
Res-FCN 1.50 0.67 98.20 94.54 92.48
Res-Segnet  0.33 1.32 97.28 91.40 88.68
Res-U-net 0.24 0.72 98.31 96.05 92.81
DeeplabV3"  0.46 0.92 98.38 95.77 93.17

3.4 Res-U-net JII&i1F2

Res-U-net 18 )I| Zk i 35 28 BN B S 37 R R 5L o, B
3N 0.25 F1 2, Ak 2868 9 Adadelta, ATV 2] %
Res-U-net 17 7E Il R S5 MGG UEE b FIAER R . 2k i
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10 . HETT%1, Res-U-net BIRILERT 50 #6112k
g, WERRZR PR B BEIRE TR, 250 FUIlZREL
JE A e R AR B TR e, 2T 300 f#l4E, 1
BSUEEE I HERR AR A5 5553 0N 98.40%F1 0.072, i 5
THH P28 e . 1T 400 2% oR ESORH AR A BV ] DA AR 28
PRI, T8 B = AR R BRI

10 0.40
809 0.35
308 % 0.30
507 5025
E06 — gk jf 0.20
g Training accuracy ~ + (15
0.4 Validation accuracy 005
0.3

0 50 100 150 200 250 300 0 50 100 150 200 250 300
5% %4 Epochs 12556 % Epochs

a. HEMHE bk

a. Accuracy b. Loss
B 10 Res-U-net ¥ A2 & 69 4 74 FFudf K
Fig.10  Accuracy and loss of Res-U-net during the
training process

3.5 IRBISEIZERATMUELE

9 E M L% Res-U-net. Res-FCN. Res-Segnet fi
R FIROR, RS H LRI 4 TR AR A7 A
A ()R 2 IR, AN R AL 2 B RO T A, G
B 11 FioR. mPETT AN, Res-U-net (¥4 %80 Sz +
JRAEFRICEE R, Res-FCN 43 #1| X 1800 2 A7 £ W 5 (1) 415 14
IR, Res-Segnet 73#| X I L G dAAR1C X /N, HAEES
TP A . JEHAE T Res-FCN Jlid_ b RAEEAZ AL B ELEL
FLRE &P, T Res-U-net 1 Res-Segnet 7F M 4% i 5
N BRI A A G R B . T TR0,
Res-U-net 75 % 20 R ¥ 4 38 T JE 46 brid ¥, % B
Res-U-net 73 #1280 R AN 52 TF 2B AR /N2 . B
I, VA AT, Res-U-net XfEHEE NAS[EI A7 B T 2480 35
BRI FRR . BHIIAT%1, Res-FCN. Res-Segnet.
Res-U-net BJANKEEIE b ) 1) M1RE 23 FOA TR, 1 WTX
SERR R I 1 2 2] B 1A IR XIERRAE . 25 b,
Res-U-net #5784 70 K5 B =y« B ESR, TIPENEAES NI
X E )7 FIA

y

I

=
| —=
o
&=

a. JRUAKRICE  b.Res-U-net 4 c. Res-FCN 4} d. Res-Segnet
a. Original E| e SrEIE
labeled images  b. Segmentation  c. Segmentation ~ d. Segmentation
by Res-U-nett by Res-FCN by Res-Segnet

Ee T HTHRADTR, T ATHREDTR; [ KEITH, IV R EIrR.
Note: | represents longitudinal shallow crack, I represents longitudinal deep
crack, III represents the crack in the head, IV represents the crack in the middle
and lower part.
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Fig.11 Visualization of different model segmentation results
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Classification and segmentation of defect carrots using deep multi-branch
models fusion network

Xie Weijun, Wei Shuo, Zheng Zhaohui, Yang Guangzhao, Ding Xin, Yang Deyong™
(College of Engineering, China Agricultural University, Beijing 100083, China)

Abstract: Detection of carrot defects plays an important role in the sale of carrots. The segmentation and extraction of carrot
crack regions have become necessary to automatically evaluate the crack degree of carrots, and further trim the area of the
crack. In the traditional detection of carrot external quality, different image processing was designed using the features of
different defects, showing high complexity while low robustness. In this study, a deep multi-branch models fusion network
(CS-net) was proposed to integrate the recognition of carrot defects and segmentation of crack regions. The network contained
two parts: the classification of carrot defects (C-Net), and segmentation extraction of carrot crack regions (S-Net). In C-Net,
the ResNet-50 pre-trained on the ImageNet dataset was taken as an image feature extractor of carrot. The output features in the
1%, 10", 22", 40™ and 49" layers of ResNet-50 were processed by different pooling methods, including Average Pooling
(AVP), Global Average Pooling (GAP), and Spatial Pyramid Pooling (SPP), as well as dimension reduction (principal
component analysis, ReliefF). The extracted features were then used as input of Support Vector Machines (SVM) to obtain
five classification models. Besides, the five classification models were ensemble with different fusion strategies (hard voting,
soft voting and stacking) to obtain the final classification model. In S-Net, the pre-trained ResNet-50 was served as the encoder
of segmentation network, and then the network decoder was designed to build the segmentation network of carrot crack
regions. The results showed that the output features in the 49" layer of the ResNet-50 with SVM model performed best with
the test accuracy of 94.71% among the single model. The fusion model with the stacking ensemble performed best with the
accuracy of 98.40%, indicating a better performance in the fusion model than the single model. Different pooling methods had
different effects on the performance of the model. In the low-level feature maps, the order of performance for different pooling
methods was SPP > AVP > GAP. However, the pooling methods had little impact on the model performance with the
high-level semantic features. It was found that dimensionality reduction reduced the number of features and then improved the
performance of the model. In the segmentation part, the constructed segmentation network with the U-net construction ideas
(Res-U-net) performed best with the Pixel Accuracy (PA), Mean Pixel Accuracy (MPA) and mean intersection over union
(MIoU) of 98.31%, 96.05% and 92.81%, respectively. The performance of Res-U-net was not affected by the cracking area
and different positions of crack. Comparing with Deeplabv3”, the PA and the MIoU in the Res-U-net were similar to those of
Deeplabv3", while the MPA was better than that of Deeplabv3’, and the model size was only half of that of Deeplabv3". In
addition, the segmentation speed of single image was faster than that of Deeplabv3". The Res-U-net reached an advanced level
in the segmentation task of carrot crack defects. The defect recognition and segmentation network have a positive significance
on the quantitative evaluation of carrot external quality and the automatic trim of carrot crack.

Keywords: image segmentation; deep learning; classification; carrot; external quality; fusion model
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